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Abstract: Numerous sites have been contaminated with polycyclic aromatic hydroca®diHs), and these sites pose a significant risk

to public health and the environment because PAHs are often toxic, mutagenic, and/or carcinogenic. Furthermore, these sites are ofts
difficult or costly to remediate because PAHs are hydrophobic and highly resistant to degradation. The in situ flushing process using
surfactants and/or cosolvents has shown great promise for sites possessing uniform and high-permeability soils, but it is generall
ineffective for sites containing heterogeneous and/or low-permeability soils. Thus, for difficult soil conditions, electrokinetics can be
integrated with the in situ flushing process to improve soil-solution-contaminant interaction. This investigation was conducted to evaluate
the effects of two different low-permeability soils, kaolin and glacial till, on electrokinetically enhanced flushing. Each soil type was used
in three bench-scale electrokinetic experiments, where each test employed a different flushing solution, deionized water, a surfactant,
a cosolvent. The results indicated that the contaminant was more strongly bound to the glacial till than the kaolin, and this was attributec
to its higher-organic content. The glacial till also generated a greater electrical current and electro-osmotic flow, and this was probably ¢
result of its higher-carbonate content and more diverse mineralogy. Based on the contaminant mass remaining in the soil, it was appare
that the surfactant or cosolvent solution caused contaminant desorption, solubilization, and/or migration in both soils, but additional

research is required to improve PAH removal efficiency.
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Introduction cially when the hydraulic conductivities are less than about
107% cm/s in magnitudgRoote 1997. PAH sorption may pre-
Polycyclic aromatic hydrocarbotPAH) compounds have been  dominate in soils with large quantities of organic matter and/or
found to be toxic, mutagenic, and/or carcinoget@ar 1964;  (jay/silt-sized particles because organic matter contains sub-
Harvey 199], so it is important to prevent the transport of these giances with similar hydrophobic characteristics and clay/silt-
pollutants into the environment by remediating the source zonesg;,qq particles have large surface areas as well as electrical
where high concentrations of PAHs exist. The United States En- charges associated with the@ohnston 1996 Consequently, in-
vironmental Protection AgencfUSEPA estimaf[es that 3,000 to novative techniques are needed to remediate PAHs from low-
5,000 former manufactured gas plaiGP) sites are located germeability clayey soils, and electrokinetically enhancing the in

across the United States, and many of these contaminated siteg; : :
) : o ) itu flushing process with surfactants/cosolvents has great poten-
contain substantial quantities of PAHE/SEPA, 2000. Since tial gp 9 P

there are so many former MGP sites and they exist in a broad Basically, electrokinetics involves the installation of electrodes

range of different geographical areas, the site conditions and the, L . :

. . . into wells and the application of a low-electric potential across
types of soils that are present at these sites may vary conS|deranyfhe redetermined anodpositive and cathoddnegative elec-

In situ flushing with surfactants/cosolvents has shown the ability P p 9

to remediate PAH-contaminated soils that have a fairly high- trodes. The electric potential induces a number of physicochemi-

hydraulic conductivity(Fu and Luthy 1986; Ganeshalingam et al. cal processes including the phenomenon of electro-osmosis,

1994; Roote 1997 but this remediation technique is often inef- Which can transport a solution through clayey soils at a flow rate
fective for heterogeneous and/or low-permeability soils, espe- Much higher than a conventional hydraulic gradigbasagrande
1949. Surfactants/cosolvents can substantially increase PAH de-

sorption and solubilization, and the increased flow rate due to
electro-osmosis greatly improves soil-solution-contaminant inter-
action. If PAH desorption and solubilization occur, the
of Civii and Materials contaminant-laden solution should migrate by electro-osmosis to-
Engineering, Univ. of lllinois at Chicago, 842 West Taylor Street, wards the electrodes, where the solution can be removed from the
Chicago, IL 60607. wells and treated using bioremediation or other conventional
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gation that was performed to evaluate the effects of soil type on
the removal of PAHs by electrokinetics. Bench-scale electroki-

netic experiments were conducted using two diverse soils, kaolin
and glacial till, that were spiked with phenanthrene as a represen-
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tative PAH. Deionized water, a surfacta3%o Tween 80, and a a compact soil system, electrophoresis is less important since
cosolvent(40% ethanal were tested as flushing solutions. The larger colloid-sized particles are typically restrained from move-
measured parameters during the tests included the electric currentment.

cumulative electroosmotic flow, and cumulative mass removal,  Although the electrokinetically enhanced in situ flushing tech-
and, at the conclusion of the experiments, the soil was extrudednique has great potential, the effectiveness of the process can be
and the hydrogen ion concentratidgpH) values and residual  highly dependent on soil-solution-contaminant chemistry. By ob-
phenanthrene concentrations were measured along the length oferving the H-S equation, it can be seen that changes in the sur-
each soil specimen. The results were analyzed to assess the eface charge of the soil particléseta potentialand changes in the
fects of soil composition on PAH desorption, solubilization, and pore fluid propertiegsuch as dielectric constant and viscokity

electrokinetic remedial efficiency. influence the electro-osmotic flow. In addition, the electrical gra-
dient may not be uniform through the soil, so the electro-osmotic
Background flow is generally not uniform spatially or temporallizykholt and

Daniel 1994. Therefore, the average electro-osmotic conductivity
f(Ke) through the soil commonly varies with time, and, as a result
of these physicochemical changes, the electro-osmotic flow may

understanding of electrokinetic treatment. Initially, it should be C&2S€ Or even reverse in direction. Furthermore, soils may be
recognized that under an electric potential, the electrolysis of extremely variable and complex substances, both structurally and

water occurs at the electrodes according to the following reac- compositionally(Mitchell 1993, and contaminant chemistry, de-
tions: sorption, and solubilization reactions, as well as the mass trans-
_ port mechanisms that occur during electrokinetics may signifi-
. +

At the anode: 2b0—0,(g)+4H" +4e cantly complicate the process.

At the cathode: 4HO+4e —2H,(g)+40H" The electrolysis reactions greatly affect the remediation pro-
cess because the ionic products™(ldnd OH) may electromi-

Although a comprehensive review of the physicochemical pro-
cesses that are involved in electrokinetics is beyond the scope o
this paper, a brief overview is presented herein to facilitate an

Thus, the electrolysis reactions cause an acidic solution to be, .. --q/or they may be transported by electro-osmotic advec-
generated at the anode and an alkaline solution to be generated on towards the oppositely charged electrode location. Thus, an
the catho_de. The primary contaminant transport mechanisms t}.1"’1t<';1cidi<: (H") front of solution may move from the anode towards
occur during electrokinetics are electromigration, electro-osmosis, . .

. L . the cathode, and/or an alkaline (OH front of solution may
and electrophoresis. Electromigration describes the transport of .
o : . . - - move from the cathode towards the anode. The rate of electromi-
ionic species present in the pore fluid. This process is largely ration may also be affected by ionic mobility. and. since hvdro-
responsible for generating the electrical current, and it includes 9'34¢ y y Y, and, Y
the migration of H and OH towards the oppositely charged gen ions are .smaller and have a greater mobility than hxdroxyl
electrode. Moreover, under an electric potential, electro-osmotic ions, the acidic front generally moves faster through the soil. The

' ’ reaction kinetics, or the rate of the electrolysis reactions at the

flow is produced because the locally existing excess ions migrate lectrod | ffect th . d t of th
in a plane parallel to the particle surface towards the oppositelye ectrodes, may also aflect the generation and movement ot the

charged electrode, and, as they migrate, they transfer momentun{!Ydrogen and/or hydroxy! ions. Incidentally, for low-acid buffer-

to the surrounding fluid molecules via viscous ford&ykholt ing clayey soils such as kaolin, the inflow of'Hons has the
1992. Electro-osmosis depends on the net amount of ionic mi- effect of causing the mineral surface charge to become more posi-

gration towards an electrode location, and, in low-permeability V& Which, by H-S theory, decreases the electro-osmotic flow
clayey soils, the net ion migration may be high and it could sig- towards the cathode. Shapiro and Probst@93 and Schultz
nificantly affect the decontamination process. The following (1997 have found that the addition of a pH buffer to the anode

Helmholz-SmoluchowskiH-S) equation is often used to estimate '€S€rvoir helps to counteract or neutralize the electrolysis reaction
the average electro-osmotic flow velocity.f) (Eykholt and at the anode, and the result is a higher and more sustained electro-

Daniel 1994: osmotic flow and greater contaminant removal. Since the pH buff-
ering technique would complicate the comparison of the different

B Deol E soil types, it was not employed in this present investigation; how-

e n X ever, a companion study using kaolin soil was performed to as-

sess the effect of using a pH buffering solution at the anode

According to this equation, the flow velocity is proportional to the ;
(Saichek 200g

electrical gradientk,), zeta potentia(¢), and dielectric constant )
(D), and it is inversely proportional to the viscosity). The () There have been a number of laboratory studies performed to
term represents the permittivity of vacuum (8.854 €valuate the electrokinetic remediation process and contaminant

x10"2C/Vm), and the dielectric constant and viscosity are transport by electro-osmosis for soils contaminated with various

properties of the pore fluid. The zeta potential depends on the zercPrganic compounds. In several investigations, the compounds
point of charge(ZPC), which refers to the pH at which the net Were relatively soluble compared to PAHs and high-removal ef-
charge on the particle surface is zero. Generally, when the pH isficiencies were obtained by using ordinary purging solutions such
below its ZPC, a soil has a positive zeta potential and the electro-as distilled or tap watefAcar et al. 1992; Bruell et al. 1992;
osmotic flow occurs towards the anode. Conversely, when the pHShapiro and Probstein 1993; Schultz 1997he study conducted

is above the ZPC, the soil has a negative zeta potential and thedy Bruell et al.(1992 is of particular interest because they em-
electro-osmotic flow occurs towards the cathode. Alternately, the ployed several different organic compounds with a range of aque-
electro-osmotic flow velocity is given by ous solubilities and conducted experiments and used calculations
to predict contaminant removal from kaolin by electro-osmosis.
These researchers determined that an organic chemical with a
where K, is referred to as the electro-osmotic conductivity. Fi- relatively high-aqueous solubility and low adsorption, such as
nally, electrophoresis is the migration of charged colloids, but, in benzene, toluene, trichloroethylene, or m-xylene, could be easily

Ueo= KeEx
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Table 1. Properties of Soils Tested

Property

Kaolin

Glacial till

Mineralogy

Kaolinite 100%
Muscovite: trace

Quartz: 31%

Feldspar: 13%

Carbonate: 35%
lllite: 15%

lllite: trace Chlorite: 4—6%
Vermiculite: 0.5%
Smectite: trace
Particle size distributiotASTM 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| 1.0<10°8 8.8x1078
Organic content%) Near 0 2.8
pH (ASTM D 4972 4.9 8.2
Cation exchange capacifyneq/100 ¢ (ASTM D 9081 1.0-1.6 13-18
USCS classificatiotASTM D 2487) CL CL

removed by electro-osmosis, but a chemical with a low-aqueous Experimental Methodology
solubility and high adsorption, such as hexane or isooctane, was
transported at a much slower rg@ruell et al. 1992 The sorp-

tion of an organic compound to soils is often described by a linear
isothermC,=K4 C,,, whereCy is the concentration of solute  The soils that were selected for this investigation were kaolin and
(phenanthrenesorbed to the soilC,, is the concentration of the  glacial till, and Table 1 shows that the mineralogy and physical

Materials

solute in the aqueous solution, akg is the soil-solution distri- and chemical properties of these soils differ significantly. As seen
bution ratio or partition coefficientKo et al. 1998h. This equa- in the table, kaolin basically consists of the clay mineral kaolinite
tion is often valid over a limited range, particularly whey, is whereas glacial till is largely composed of quartz, carbonates,

low (Li et al. 2000. Assuming a linear isotherm, Bruell et al. feldspars, illite, and other clay minerals. The particle-size distri-
(1992 predicted that a 90% removal of benzef@proximate bution shows that kaolin has a greater percentage of clay-sized
solubility= 1,780 mg/L and experiment#l = 0.89) from kaolin particles, and glacial till has a considerable amount of larger,
could be accomplished in 314 days using 2.01 pore volumes ofSand, and silt-sized particles. Clearly, both soils have a very low-
water, while a 90% removal of isooctanéapproximate  Permeability, and they are far below the Pocm/s magnitude
solubility=2.4 mg/L and experimentak4=24) from kaolin that is considered appropriate for in situ soil flu§h|®oote
would require 4,731 days and 30.2 pore volumes of water. 1997. For this investigation, one of the greatest differences be-
Previously, electrokinetic experiments were performed at the IWeen these two soils is the organic content. Kaolin is virtually
University of Illinois at Chicago (UIC) to remediate a non-organic w_hlle glacial till has a relatively hlghjorganlc content
phenanthrene-contaminated glacial till soil using various cosol- of 2.8%. Kaolin also has a somewhat lower-cation exchange ca-

vents, but these experiments were only moderately effective atpacity than gIacia] till. Kaolin is ofte;n used in.electrpkinetic re-
PAH desorption, solubilization and removdl et al. 2000. Sub- search because it ha_s been StUd'.ed extepswely, i .ha.ls allow-
sequently, a series of batch tests were conducted to investigate0 rganic content, consistent and _unlform mineralogy, it is fairly
PAH desorption and solubilization from two types of clayey soils, ngrzea_?ﬂ\lﬁ’ E;glilr: ihsaz Zc:g\év-ggrtllt? gl i);%h%r:%gb%?gﬁ)?gggtm_
kaglm andf gl?C'?l tll lIJsmg: a _\/atlrl('esty_o;sltzrfzza(t)c(;[;n_':% a CO;’ Otlvﬁ nt, kinetic testing because the amount of experimental variation as a
lnstsap?g;%;gngﬁozgs\ggmrgm uof ?Ik::e eability of tﬁgesuzgctant /result of soil heterogeneity is minimized. In contrast, glacial till is

. . a highly variable soil with a relatively high-organic content, com-
cosolvent solutions to remove PAHs from the soils, but the mass plex mineralogy, and wide range of particle sizes, but, since field

transport and removal mechanisms that occur during batch testsyiis are often quite heterogeneous, glacial till is more represen-
and those that occur during electrokinetics can be quite different. (5tive of the soil conditions commonly found at contaminated
Thus, Reddy and Saich¢R002 conducted a series of electroki-  sjtes. In other words, although testing with kaolin soil is benefi-
netic experiments using the best surfactant and cosolvent solu-cja| for analyzing electrokinetic variables, such as the effects pro-
tions as determined from the batch tests to evaluate PAH remOVﬁ'duced by the ﬂushing solution or Vo|tage gradient, it is insuffi-
from a soil by electrokinetics. This earlier study, however, was cient for assessing the effects caused by soil heterogeneities, such
limited to only one type of soil, namely, kaolin. Additional re- as the presence of different minerals and organic matter.

search conducted to investigate the effect of soil type on electro- A neutrally charged contaminant, phenanthré3&% pure, G,
kinetic removal of PAHs using surfactant and cosolvent solutions H,,; Molecular Weight=178.2), was selected as the representa-
is presented in this paper. tive PAH compound, and it has an aqueous solubility of 1.1 mg/L
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Table 2. Electrokinetic Testing Program

Test number Soil type Purging solution K42 (mL/g) Voltage gradienfVDC/cm] Approximate test duratiofday9
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 210 1 168

5 Glacial till 3% Tween 80 10 1 229

6 Glacial till 40% Ethanol 20 1 236
aSaichek(2002.

bLj et al. (2000.

and a logK,,, of 4.57 at 25°C(Schwarzenbach et al. 199Be- 1997; Reddy and Parupudi 1997; Reddy and Shirani 1997
sides the baseline tests that used deionized water, one surfactangchematic diagram of the electrokinetic reactor and the entire test
namely, 3% Tween 8(polyoxyethylene (20) sorbitan mo- setup is shown in Fig. 1. The reactor simulates one-dimensional
nooleaté solution and one cosolvent, namely, 40% ethanol (1D) contaminant transport under the combined influences of
(C,HsOH) solution were used. Table 2 lists thg values and test  electrical, hydraulic, and chemical gradients.

durations and summarizes the variables and the number of tests The reactor consisted of a cell, two electrode compartments,
conducted for this study. Thi€4 value for deionized water and an anode electrode reservoir, a cathode sample bottle, a power
kaolin soil was not determined due to the low solubility of supply, a multimetetProtek Model B-84%5 and peripherals, such
phenanthrene in water. as C-Flex tubingCole Parmer Instrument Companwiring, and
stands. For all the electrokinetic experiments, the power supplies
were either Protek DC models 3006 or 3033 or a Hewlett Packard
DC model 6205B. The reactor cell was made of plexiglass and it
The electrokinetic reactors used in this study were similar to those had a 6.2 cm inside diameter and a 19.1 cm length, so its volume
used in previous electrokinetic research at UlReddy et al. was approximately 577 cin Each electrode compartment was

Electrokinetic Reactor
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Fig. 1. (top) Overall schematic of electrokinetic test setup @bdttom details of electrokinetic test cell
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also made of plexiglass and contained Whatman filter paper, atration in the effluent had reached a steady-state condition. At the
porous stone, and a slotted graphite electrode. The #1 Whatmarconclusion of testing, the soil was extruded from the test appara-
filter paper retains particles with diameters greater thandi tus and divided into sections to analyze the spatial distribution of
and the porous stone retains particles with diameters greater tharthe pH as well as the residual phenanthrene remaining in the soil.
250 uwm, and both the filter paper and the porous stone were usedThe soil samples were sectioned into five parts approximately
to prevent soil particles from entering into the anode reservoir or every four centimeters along the length of the reactor soil cham-
cathode sample bottle. The filter paper was placed between theber. Representative samples were taken from each soil section for
soil and the porous stone, and both were placed in front of the the determination of moisture content, soil pH, and phenanthrene
electrode. Gas vents were provided in the electrode compartmentgoncentration. Soil pH measurements were determined using a
to allow gases resulting from the electrolysis reactions to escape.soil to water ratio of 1:1 as described in ASTM Method D 4972.
Generally, 10 mL of deionized water was added to 10 grams of
soil, and the pH was measured using a Digi-Sense digital pH
meter that was calibrated using standardized pH solutions. Soil
For all the electrokinetic tests, the soils were spiked with phenan- Water contents were determined using ASTM Method D 2216.
threne at a target concentration of 500 mg/kapass of
phenanthrene/mass of dry 9pilvhich represents the typical PAH  chemical Analysis
concentrations that are found near source zones at contaminated
sites(USEPA 2000. Approximately 1.5 kg of glacial till soil and ~ To determine the phenanthrene concentration in the soil, a dry
1.1 kg of kaolin soil was spiked for each electrokinetic test. Ini- representative soil sample weighing 10 g was thoroughly mixed
tially, the phenanthrene required to yield the target concentration with about 10 g of NaSO, (Fisher Scientifig, and the mixture
was measured and then completely dissolved in about 500 mL ofwas placed into a Whatman cellulose extraction thimble. The
hexane. Hexane was used because phenanthrene has an extremdljenanthrene was then extracted using a Soxhlet apparatus con-
low solubility in water. The hexane-phenanthrene mixture was sisting of a 250 mL flask, a Soxhlet extraction tube, and a bulb-
subsequently mixed with the measured amount of soil, and addi-type Allihn condenser. The procedure is outlined in USEPA Test
tional hexane was put in so that the soil-hexane-phenanthreneMethod 3540C(USEPA 1986. The solution used in the Soxhlet
mixture could be easily stirred and blended homogeneously. Theextraction process was 190 mL of a 1:1 mixture of hexane and
mixtures were stirred with stainless steel spoons, and all mixing acetone(Fisher Scientifi, and the process was operated for at
operations were performed within glass beakers. The motivation4—6 cycles/h for at least 24 h. After the extraction was completed,
for this mixing technique was to ensure that the phenanthrenethe volume of the solvent remaining in the Soxhlet extraction tube
would be distributed evenly throughout the soil. The soil-hexane- and flask was measured, and high-pressure liquid chromatography
phenanthrene mixture was then placed beneath a ventilation hoodHPLC) analysis was performed on a sample of the liquid. The
for nearly a week until the hexane completely evaporated and thesoil was usually highly contaminated with phenanthrene, so the
contaminated soil was dry. Occasional stirring was necessary dur-solvent-phenanthrene liquid samples obtained from the Soxhlet
ing the drying period to increase the rate of drying and further extraction were directly analyzed using the HPLC. In addition to
ensure uniform phenanthrene distribution. A sample was taken tothe soil analysis, the liquid effluent samples from the electroki-
determine the actual initial concentration of phenanthrene in the netic tests containing surfactant/cosolvent-phenanthrene were di-
soil, since a portion of the contaminant may volatilize along with rectly analyzed using the HPLC.
the solvent, hexane. The initial mass of dry soil that was placed A Hewlett-Packard Model 1100 HPLC equipped with an Al-
into the reactor varied slightly from test to test, but it was ap- Itech Econosphere reverse-phase C18 column X266 mm, 5
proximately 800 g for the kaolin tests and around 1,000 g for the M particle siz¢ and a diode array ultraviolet detector was used.
glacial till tests. The detector wavelength was set at 254 nm. Before injection into
After the phenanthrene-contaminated soil was dry, it was thor- the HPLC, the samples were filtered through a Q.22 particle
oughly mixed with a measured amount of deionized water in a retaining Cameo 13F Teflon, polytetrafluoroethylene, membrane.
glass pan, so that the soil water content would simulate field Each sample was injected via a manual injector with au20
conditions. The target water content for the kaolin soil was 35%, sample loop. A mixture of water and methanol 25:75 was used as
and the target water content for the glacial till was 20%. The the mobile phase at a constant flow rate of 1.0 mL/min. The
moist soil was then placed into the reactor soil chamber in layers, HPLC was calibrated using standards prior to performing chemi-
and each layer was tamped into the chamber using an aluminumcal analyses.
pestle so that the amount of void space was minimized. Once the
soil was fully packgd into the ghamber, the reactor assembly Wasé)uality Control
completed, the peripheral equipment was attached, the anode an
cathode compartments as well as the anode reservoir were filledThroughout the electrokinetic testing, the plexiglass reactors and
with solution, and a constant, 1 VDC/cm, voltage gradient was reservoirs were either specifically constructed for these tests, or
applied for the required time duration. Initially, at the start of they were thoroughly washed using an acid cleaner and detergent
testing, the cathode compartment was filled with deionized water and visually inspected to ensure cleanliness. The electrodes, tub-
and the anode compartment and reservoir were filled with the ing, and connecting pins or hose clamps were all new for each
selected flushing solution. test. Furthermore, all the glassware, such as vials and sample
During the testing, the electrical current and the inflow volume bottles, used in the electrokinetic tests were new from the manu-
and effluent volume at the anode and cathode were measuredacturer and certified to be clean. All of the testing equipment,
periodically. Samples of the effluent were taken so that the such as the multimeters, power supplies, and pH and electrical
phenanthrene concentration could be measured. The tests wereonductivity meters, were in good condition and were calibrated.
run until the current greatly decreased, the effluent volume sig- A conscious effort was made to ensure that the chemicals used as
nificantly reduced, or it appeared that the phenanthrene concensolvents or during test operation were new from the manufacturer

Testing Procedure
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and that they were fresh and of high-grade purity. The deionized 100.00 P e
water was tested to verify that it had an ionic conductivity near —a 3% Tween 80
Zero. o 10.00 —A—40% Ethanol
The calibration standards for the phenanthrene analyses by
HPLC 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. The linearity of
the calibration graph was always checked to make sure that the

Current [mA]
2
o
»

regression coefficientR?) was close to one, and sample blanks, 0-10

without contamination, were injected regularly to ensure that that

the system remained uncontaminated. Duplicate standard samples 0.01 + , , : :

were commonly injected to certify a uniform response, and to 0 50 100 150 200 250 300

ensure that the calibration graph and the baseline remained stable. Elapsed Time [days]
The syringe was rinsed with solvent several times between
sample injections to reduce contamination carryover.

After the electrokinetic tests were completed, the cumulative 100.00 - —
f ph threne collected in the effluent samples and the Glacial Til o oonized water
mass ol phenan the el amp —A— 3% Tween 80
residual mass of phenanthrene remaining in the soil were added to 10.00 —A— 40% Ethanot

determine the total measured mass. This total measured mass of
phenanthrene subsequent to testing was then divided by the initial
mass of phenanthrene present in the soil prior to testing to com-
pute the mass balance. The initial mass was computed from the
mass of soil placed into the reactor times the initial phenanthrene

Current [mA]
3

concentration. Relatively good mass balances1(Q%) were otos

found for the experiments, demonstrating that the phenanthrene

losses were not significant and the testing procedures and quality 0.01 . : . K

control were adequate. Discrepancies in the mass balance may be 0 50 100 150 200 250
caused by uneven contaminant distribution within the soil, detec- Elapsed Time [days]

tion limitations in the chemical analyses, or contaminant adsorp-
tion to the electrokinetic equipment, such as the plexiglass cham-
bers, the electrodes, porous stones, tubing, and/or sample bottles.

\olatilization of phenanthrene along with the solvents during the gays. Apparently, compared to the kaolin soil, the presence of
extraction procedures may have also caused mass balance differsgjts and carbonates and a higher amount of mineral dissolution

Fig. 2. Comparison of current in kaolin and glacial till soils

ences. slightly increased the electrical current and conductivity in the
glacial till sail.
Grundl and Michalski1996 found that the current increased
Results and Analysis over time in electrokinetic tests conducted with glacial till, and

Pamukcu(1994 showed current values that fluctuated, increased,
and decreased in different tests conducted with field soils. There-
fore, it seems that with heterogeneous field soils such as glacial
Fig. 2 shows the current in the kaolin and glacial till soils for the till, the long-term current may be highly correlated to the miner-
three different solutions, deionized water, 3% Tween 80, and 40% alogy, and in some instances it is possible for the current to in-
ethanol. The current values follow the same trend in all six tests. crease over time. It should also be recognized that the electrolysis
Initially, or within hours after applying the voltage, the current reaction at the anode causes an increase ‘ofidfis, which are
reaches a peak value. Then, for about a week, the values decreagben transported through the soil specimen by electromigration
rapidly, and, over the next few weeks, the rate of decrease gradu-and electro-osmosigAcar et al. 1995 The movement of this

ally declines. Finally, after approximately 50 days, the current acid front through the soil may increase mineral and salt dissolu-
attains a relatively stable or long-term value that basically indi- tion and thereby increase ion solubilization and electrical current.
cates the electrical conductivity characteristics of the solution dur- ~ As shown in Fig. 2, the kaolin soil test using the nonionic
ing electrokinetics. By comparing the results for the two soils in surfactant, 3% Tween 80, had a slightly higher long-term current
Fig. 2, it is obvious that for all three solutions the long-term value than the baseline deionized water test. There is evidence
current values are approximately ten times higher in the glacial that nonionic surfactants may possibly acquire an ionic charge
till than in the kaolin, and this reflects that a consistently larger (Rosen 1989; Edwards et al. 1994; Ko et al. 199&ind, there-
amount of ion solubilization was occurring during the glacial till fore, the sorption or presence of monomers and/or micelles may
tests. Clearly, the changes in electrical conductivity that resulted change the solution chemistry or the charge on the soil surface, so
from using different types of solution were minor compared to the there is an increase in ion solubilization and a higher electric
changes in conductivity produced when using different types of current results. In the glacial till soil, the 3% Tween 80 solution
soil. Generally, the long-term current values in glacial till were had a long-term current value that was nearly the same as deion-
observed to fluctuate slightly more than in kaolin, and this is ized water, and this may be due to the greater number of ions in
attributed to the more diverse mineral composition and possibly solution. Hamann et al1998 showed that at high ion concen-
non-uniform mineral dissolution. In the baseline deionized water trations, the conductivity of an electrolyte could actually decrease
and 3% Tween 80 tests, the current in the glacial till soil remained because there are a greater number of interionic interactions. In
fairly high and may have even slightly increased after about 100 addition, it is likely that more surfactant sorption occurred in the

Current
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glacial till soil due to its higher-organic content, and, conse- 1800

i B Kaolin —@— Deionized water
quently, a lower number of surfactant micelles were present in 1600 - —a— 3% Tween 80
solution, and this led to a reduction of ion solubilization. In either 1400 - —A—40% Ethanol

soil, glacial till or kaolin, the results show that the 40% ethanol
flushing solution had a lower long-term current than the other two
solutions, and this is attributed to its lower dielectric constant and
the reduced amount of ion dissociation.

Electroosmotic Flow

Cumulative Electroosmotic Flow

As mentioned earlier, electromigration is the transport mechanism LY. . . . T .
that fundamentally drives the electro-osmotic flow, but phenan- 0 S0 100 150 200 250 300
threne is an uncharged compound, and the surfactant and cosol- Elapsed Time [days]

vent were also nonionic or uncharged, so electro-osmosis was

deemed to be the primary mechanism responsible for contaminant

transport. Essentially, the surfactant and/or cosolvent were neces- 1800 racial T
sary for enhancing phenanthrene desorption and solubilization, ,, 1600 -
but electro-osmosis was required to increase soil-solution- ‘é 1400
contaminant interaction and, after the phenanthrene had been § _ 1200 1
solubilized, electro-osmosis would be the most important mode of § E 1000
contaminant transport. W g )

The soil porosity of the kaolif46%) and the glacial til(30%) 2
can be used along with the total volume of the reactor (57%) cm g %09 —e—Doionized water
to estimate the size of a pore volume for the ka¢#65 mL) and § 400 1 —&— 3% Tween 80
the glacial till (170 mL) soils. Similarly, the dry mass of soil that 200 1 —A— 40% Ethanol
was placed into the cellapproximately 800 g for kaolin and oc - ‘ - - -
1,000 g for glacial til} can be used along with thH€, values to 0 50 100 150 200 250 300
estimate the number of pore volumes that would be required to Elapsed Time [days]

solubilize the contaminant mass. These calculations indicate thatFig_ 3. Comparison of electro-osmotic flow in kaolin and glacial till
over 1,200 pore volumes of deionized water would be necessary .

to remove the phenanthrene from the glacial till soil, whereas
significantly lower-pore volume&9 pore volumes for 3% Tween
80 or 118 pore volumes for 40% ethanulere calculated for the  first week when the current was high, and then the flow rate
surfactant or the cosolvent. As shown in Table 2, lowgnvalues glightly decreased as the current reduced. Comparing the two
were measured for the kaolin soil, and the number of pore vol- sgjls, it is apparent that the higher conductivity and ionic migra-
umes reduced to 9 and 33 for the 3% Tween 80 and 40% ethanokjon in the glacial till resulted in a significantly higher-cumulative
solutions, respectively. Fig. 3 shows that for both soils the cumu- ejectro-osmotic flow for all three solutions. Average electro-
lative electro-osmotic flow volume was much less than that re- gsmotic conductivity K.) values of 2.4610°° and 3.15
quired based on thié, values to remove phenanthrene. However, x 1076 1.18<10 % and 2.5% 1076, and 0.8% 10 © and 1.29

it should be noted that the mass transport and removal mecha-x 10-¢ cnm?/(s volt) were computed for the deionized water, 3%
nisms that occur during hydraulic flushing and those that occur Tween 80, and 40% ethanol solutions in the kaolin and glacial till

during electrokinetics can be quite different. soils, respectively. Since the electrical gradieft)= (AE/L)
As previously mentioned, the electro-osmotic conductity  was equal to 1 VDC/cm for all six tests, these sakqevalues
is related to the electro-osmotic flow velocity, by ve,= K Ey. were equal to the electro-osmotic flow velocity with units of cm/s.
For the electrokinetic tests, th€. was computed from the fol- 1o compare these electro-osmotic flow velocity values to the fluid
lowing equation: velocity produced by an hydraulic gradient, the hydraulic conduc-
Q\[1\/ L tivity values for kaolin and glacial till, ¥ 1078 and 8.8< 1078,
Ke= (T) K) (E) (from Table 2 respectively, can be used. For instance, the lowest-

electro-osmotic flow velocity, 0.8210 ¢ cm/s, occurred in the
where Q=cumulative electro-osmotic flow in cin t=elapsed test using the 40% ethanol solution in the kaolin soil, and the
time in secondsA= cross-sectional area of the electrokinetic re- approximate hydraulic gradient for this test would dyé=0.82
actor (approximately 30.19 cf); L =distance between the elec- X107 81x10 =82, or a pressure head of about 15.7 m for a
trodes; andA E=difference in voltage. As observed in Table 2, 19.1 cm length of soil. This large head loss suggests that solution
the electrical gradientH,) = (AE/L) was equal to 1 VDC/cm for  transport occurred mainly as a result of electroosmosis.

all six tests. In contrast to the electro-osmotic flow velocity, the It should be recognized that water is a highly polar substance

hydraulic flow velocity is given by =k i, wherek is the hydrau- with a large dielectric constant, so ion dissociation occurs more
lic conductivity andi is the hydraulic gradientXh/L) or pres- easily in water than in a lower-polarity and lower-dielectric con-
sure head loss per unit lengtHoltz and Kovacs 1981 stant solution such as 40% ethafidamann et al. 1998Accord-

Fig. 3 shows a comparison of the cumulative electro-osmotic ing to the Helmholtz-Smoluchowski theorfH-S theory, the
flow produced during the six electrokinetic tests performed using electro-osmotic flow is proportional to the dielectric constant of
the kaolin and glacial till soils. The trend of the cumulative the fluid, the zeta potential, and the electric-field strength, and
electro-osmotic flow somewhat correlated with the electric cur- inversely proportional to the fluid viscosity. By H-S theory, water,
rent in that the experiments exhibited a little more flow during the which has a high-dielectric constant and low viscosity, should
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produce a greater electro-osmotic flow than a 40% ethanol solu- 500
tion, which has a lower-dielectric constant, or a surfactant solu-
tion, which may have a much higher viscosity. It is also useful to
observe that the electro-osmotic flow is directly proportional to
the zeta potential, which is partially a function of the charge on
the mineral surface and may be affected by changes in pH
(Eykholt and Daniel 1994; Vane and Zang 1997

The largest difference in cumulative electro-osmotic flow be-
tween the two soils occurred with the 3% Tween 80 solution,
where, after approximately 160 days, the flow in the glacial till
experiment was more than double the amount in the kaolin test. In , .
the kaolin soil, the 3% Tween 80 surfactant appears to inhibit or 0 50 100 150 200 250 300
hinder electro-osmotic flow compared to deionized water, but, in Elapsed Time [days]
glacial till, it seems that the 3% Tween 80 had very little effect on
electro-osmotic flow, and the flow was nearly the same, and at
times greater, than the flow measured in the deionized water test. 500

| |~@—Deionized water Kaolin
—h— 3% Tween 80

gl
N
1]
S

B
(=]
o

T {=&—40% Ethanol

Cumulative Mass Removed [y

In kaolin, the surfactant solutions lower the electro-osmotic flow g 4s0 | :g:‘;’;'::}";;‘er Glacial Til

because it seems that the monomers at the soil-solution interface g 400 | _a- 40% Ethanol

affect the diffuse double layer region and/or ionic migration in é 350

that region. Moreover, it should be remembered that nonionic & 300

surfactant monomers may acquire charges or sorb to the surface g 2s0 |

of the mineral and/or become protonat@&bsen 198§ and this =

could cause the mineral surface to become more positive, thereby .;z;

changing the zeta potential, which by H-S theory, could reduce E

the electro-osmotic flow. In other words, nonionic surfactant 3

monomers may increase the mineral surface charge, and, subse- : :

quently, reduce the electro-osmotic flow, and this appears to be 0 50 100 150 200 250 300

the case in the kaolin soil. Glacial till, however, has a high- Elapsed Time [days]

buffering capacity, so the Hions may combine with other spe-

cies that are present, such as carbonates. Consequently, the sufig. 4. Comparison of phenanthrene mass removal from kaolin and
factant monomers that are sorbed to the mineral surface in glacialglacial till soils

till may not become protonated or attract Hons, and the min-

eral surface charge and zeta potential could remain negatively

charged. The mineral surface could even become more negativelyow-contaminant mass removal. The highest-cumulative mass re-

charged when micelles are present if the micelles attréctdﬂs moved was about 45@g of phenanthrene, and this was measured
away from the_ mineral surface, and this could help to increase thej, the test using 40% ethanol in kaolin soil. However, compared
electro-osmotic flow. to the initial mass of roughly 400,0Q0g this amount of mass was

The high acid buffering capacity of glacial till is probably  aimost negligible. Although there was not much mass removal in
responsible for the higher-cumulative electro-osmotic flow in the apy of the tests, the results show that some solubilization occurred
baseline deionized water and 40% ethanol tests. Kaolin has &y, the tests using surfactants/cosolvents, but, since the solubility
low-acid buffering capacity so the high"Hconcentration gener- ot phenanthrene is so low in deionized water, no phenanthrene
ated due to the electrolysis reaction at the anode leads to thgyas detected in the effluent when this flushing solution was used.
formgmon of an acidic front_ that is transported thr_ough the soil paHs such as phenanthrene have a tendency to bind or associate
specimen by electromigration and electroosmd#isar etal. \yith organic matter because organic matter often contains hydro-
1995. As the acid solution migrates into the kaolin, the charge on yhopic sites and characteristics that are similar to PAMisans
the mineral surface increases, thereby changing the zeta potentialg; 5| 1980; Chiou et al. 1998; Gillette et al. 199Fherefore,
and, subsequently, the electro-osmotic flow in the region near thegjnce glacial till has a higher-organic content, it was expected to
anode reduces. Conversely, in glacial till, carbonate minerals arepe more difficult to remove phenanthrene from glacial till. This
present that buffer the acid generated at the anode, and this keepgypectation was reinforced when the 40% ethanol flushing solu-
the pH high, the zeta potential relatively unchanged, and the {jon was used, because, as shown in Fig. 4, a significantly higher
electro-osmotic flow is basically unaffected by the electrolysis yemoval resulted from the kaolin than the glacial till soil. It
reaction at the anode. The lower flow of the 40% ethanol com- spoyld be mentioned that at the conclusion of each electrokinetic
pared to the baseline tests in both soils can be attributed to theexperiment, the solution in the cathode compartment was ana-
significantly lower dielectric constant for ethanol, and, according lyzed, and, as seen in the 40% ethanol in kaolin test, occasionally
to H-S theory, the electroosmotic flow velocity is directly propor-  thjs final sample caused a peak in phenanthrene mass. This peak
tional to the dielectric constant. in mass is probably because some phenanthrene concentrated in
the solution contained in the cathode compartment and it did not
flow out to the effluent sample bottle.

As seen in Fig. 4, the 3% Tween 80 flushing solution removed
Fig. 4 shows the cumulative mass of phenanthrene removed bysignificantly more phenanthrene mass from glacial till than ka-
the three different flushing solutions during the electrokinetic tests olin. The electro-osmotic flow of the 3% Tween 80 solution in
performed using the two soils, kaolin and glacial till. The results glacial till was more than double the amount in the kaolin test,
show that for all six tests each of the solutions produced very and the extra soil-solution-contaminant interaction could have

Cumulative Mass Removal
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for all the solutions. The electro-osmotic flow in all the experi-

Kaolin —@— Deionized water
12.0 - . ’
—&— 3% Tween 80 ments was dllrected from the anode towards the cathode, so OH
—A—40% Ethanol electromigration counteracts the electro-osmotic flow. Thus, when
10.0 1 .
the 40% ethanol solution was used, there was a lower amount of
80 | electro-osmotic flow to counteract OHelectromigration, and, as

pH

seen in the figure, this allowed the OHbns to move further into
6.0 | the glacial till. The electro-osmotic flow for the 3% Tween 80 and

deionized water tests were similar in glacial till, so the pH profiles
] W were also similar.
Generally, when the electro-osmotic flow reduces, it allows the
20 - - - ' concentration of ions generated by the electrolysis reactions to
0.0 02 0.4 06 03 1.0 increase. These ions will then move towards the opposite elec-
Normalized Distance from Anode trode due to electromigration, but, depending on the direction,

electro-osmosis may hinder or aid ion transport. In kaolin, the 3%
Tween 80 and 40% ethanol tests had a lower-electro-osmotic flow

12.0 | F@=Deionizedwater|  Glacial Till than deionizegl water, s_,o this allowed thé ldoncentration near
—&— 3% Twesn 80 the anode to increase in these tests. The low pH exacerbates the
10,0 | [72=40% Ethanol situation because it can increase the charge on the mineral sur-
face, which changes the zeta potential and further lowers the
o 80 electro-osmotic flow. In contrast, the greater electro-osmotic flow
a produced by deionized water in the kaolin test allowed additional
6.0 - inflow of high-pH solution and less time for the electrolysis reac-
tion at the anode to concentrate thé kbns, therefore, the pH
4.0 4 near the anode was slightly higher in this test.
20 ‘ . : :
0.0 02 04 06 08 1.0 Residual Phenanthrene Distribution

Normalized Distance from Anode
) ) ) ) o ) Fig. 6 shows a comparison of the residual phenanthrene distribu-
Fig. 5. Comparison of pH in kaolin and glacial till soils after {jon in the different soils, kaolin and glacial till, at the conclusion
electrokinetic remediation of the electrokinetic experiments. Since phenanthrene has such a
low solubility in deionized water, the tests using this flushing
been responsible for the increased removal. Furthermore, it isSOlution did not show any phenanthrene migration, and the slight
important to recognize that both the tests employing the 3% Variability was most likely due to small differences in the initial
Tween 80 solution had a low amount of contaminant removal contaminant distribution. It was encouraging, however, that the
compared to the results from the batch téSaichek 2002 so profiles showed evidence of some phenanthrene migration to-
there may not have been sufficient soil-solution-contaminant in- Wards the cathode with both the 3% Tween 80 and 40% ethanol
teraction and/or the kinetics, or reaction rate, may require extra Solutions. PAHs are often associated with organic matter and gla-
time for solubilization or micellizationGrimberg et al. 1995;  cial till had a greater organic content, so the phenanthrene re-
Yoem et al. 1996; Patterson et al. 199®loreover, although the =~ moval from glacial till would be more difficult. Comparing the

Tween 80 concentration was significantly above the critical mi- tWwo Soils in Fig. 6, it can be seen that in the section nearest the
celle concentration investigators have found that surfactant sorp-a@node, both the 3% Tween 80 and the 40% ethanol solubilized

tion may continue well beyond this poimpenne” et al. 19931 less phenanthrene from the gIaCiaI till than kaolin. Although or-
Adeel and Luthy 1995; Ko et al. 199B8aand the contaminant  ganic material dissolution may increase under high-pH conditions
may then partition to the sorbed surfactant. (Laor et al. 1998 and phenanthrene could subsequently bind or

complex with the dissolved organic matter, Figs. 5 and 6 indicate

. that the high-pH region in the glacial till did not result in greater
Comparison of pH phenanthrene removal. In both kaolin and glacial till, the 3%
Fig. 5 compares the pH profiles in kaolin and glacial till soils at Tween 80 and the 40% ethanol tests had cleaner soil sections near
the conclusion of the electrokinetic experiments. For all three the anode, and this is probably due to the greater amount of soil-
solutions, the results clearly show that glacial till had a high-acid solution-contaminant interaction, or flushing action, and the
buffering capacity, because the pH in the glacial till was well over higher-electro-osmotic flow that traveled through this region. In
6.0 near the anode. Conversely, kaolin has a low-acid buffering addition, the low pH in this region could have caused clay particle
capacity, so the electrolysis reaction at the anode generated a higilocculation, whereby the soil formed a more open structure that
concentration of H ions, and, for all the solutions, the pH was allowed additional soil-solution-contaminant interactigrambe
near 4.0 near the anode. Moreover, the idns in the kaolin soil and Whitman 196p
migrate into the soil due to electromigration and electro-osmotic ~ As seen in Fig. 6, in kaolin or glacial till, the 3% Tween 80 and
flow, so the pH conditions for the kaolin tests are acidic along the 40% ethanol experiments resulted in some contaminant desorp-
length of the profile. In glacial till, the H ions generated at the  tion and solubilization near the anode. For both the kaolin and
anode are buffered due to the high-carbonate content, so there is glacial till tests using the 3% Tween 80 flushing solution, the
minimal amount of H migration, but, as seen in the figure, OH phenanthrene concentration was less than the initial concentration
which is generated by the electrolysis reaction at the cathode,in the two soil sections nearest to the anode, but it was signifi-
electromigrated into the soil and raised the pH near the cathodecantly higher than the initial concentration in the soil in the

344 | JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / APRIL 2003



800 and the cumulative mass removal, and, at the conclusion of test-

—@— Deionized water|  Kaolin
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Fig. 6. Comparison of residual phenanthrene concentrations in
kaolin and glacial till soils after electrokinetic remediation

middle section and section or sections nearest to the cathode. For
the 3% Tween 80 flushing solution in kaolin, the fourth section
from the anode had a concentration that was close to the initial
phenanthrene concentration, and the concentration in this region
was lower than the middle section and the section nearest the

cathode. Due to the variation in pH or electrical gradient, signifi- 4

cant pore pressures may resilykholt and Daniel 1994; Eykholt
1997, so it is possible that the flow and, consequently, the con-
taminant distribution, was uneven through this soil section. For
both the kaolin and glacial till tests using the 40% ethanol solu-
tion, a lower than initial phenanthrene concentration resulted in
the soil section nearest the anode, but this contaminant mass
seems to have been distributed fairly evenly throughout the re-
mainder of the soil profile. Thus, it seems that for both the 3%
Tween 80 and 40% ethanol solutions, a greater amount of soil-
solution-contaminant interaction took place near the anode, and

ing, the pH and residual contaminant concentration in the soil
were measured. The following conclusions can be drawn from
this study:

Generally, PAHs bind and associate with organic matter, and,
since glacial till has a higher-organic content, phenanthrene
seemed to be more difficult to remove from glacial till. Fur-
thermore, phenanthrene and organic matter association was
even more evident considering that a higher amount of
electro-osmotic flow and soil-solution-contaminant interac-
tion occurred in the glacial till experiments.

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

The high carbonate content in glacial till results in a large
acid buffering capacity that is advantageous for counteract-
ing the electrolysis reaction at the anode and, consequently,
increasing the electro-osmotic flow. The reduction i H
concentration due to carbonates appears to be particularly
beneficial when nonionic surfactants are present, because the
surfactants molecules may adsorb to the mineral surface and
become protonated at hightHconcentrations. The sorbed
and protontated surfactant molecules cause the mineral sur-
face to become more positively charged and this results in a
lower electro-osmotic flow. The acid buffering capacity of
glacial till prevents high-Hi concentrations, and the glacial

till test using 3% Tween 80 had more than double the flow of
the kaolin test using 3% Tween 80. Furthermore, the higher
flow in glacial till as compared to kaolin was probably re-
sponsible for removing more phenanthrene when the 3%
Tween 80 flushing solution was employed.

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

this produced phenanthrene desorption and solubilization. TheAcknowledgment

contaminant-laden solution then migrated towards the middle sec-

tions, but it appears that changes in the soil and/or solution chem-This research was funded by a grant from the National Science
istry in this region caused the contaminant to sorb, become Foundation (Grant No. CMS-0100073 The support of this

trapped, or precipitate back onto the soil particles.

Summary and Conclusions

The objective of this laboratory investigation was to examine the
distribution of phenanthrene under different soil conditions and to
assess phenanthrene removal using electrokinetics combined wit
surfactants/cosolvents. The experiments employed two clayey
soils, kaolin and glacial till, to compare the effects caused by the

agency is gratefully acknowledged.
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