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Abstract: This paper presents the results of an experimental investigation undertaken to evaluate different purging solutions to enhanci
the removal of multiple heavy metals, particularly chromium, nickel, and cadmium, from a low buffering clay, specifically kaolin, during
electrokinetic remediation. Experiments were conducted on kaolin spiked with JCNi(ll), and Cdll) in concentrations of 1,000, 500,

and 250 mg/kg, respectively, which simulate typical electroplating waste contamination. A total of five different tests were performed to
investigate the effect of different electrode purging solutions on the electrokinetic remedial efficiency. A constant DC voltage gradient of
1 V/cm was applied for all the tests. The removal of heavy metals from the soil using tap water as the purging solution was very low.
When 1 M acetic acid was used as the purging solution in the cathode, the removal of chromium, nickel, and cadmium was increased t
20, 19, and 13%, respectively. Using 0.1 M ethylene diamine tetraacetic acid as the purging solution in the cathode, 83% of the initial Cr
was removed; however, the nickel and cadmium removal was very low. A sequentially enhanced electrokinetic remediation approact
involving the use of water as a purging solution at both the anode and cathode initially, followed by the use of acetic acid as the cathodk
purging solution and a NaOH alkaline solution as the anode purging solution was tested. This sequential approach resulted in a maximu
removal of chromium, nickel, and cadmium of 68—-71, 71-73, and 87-94%, respectively. This study shows that the sequential use o
appropriate electrode purging solutions, rather than a single electrode purging solution, is hecessary to remediate multiple heavy metals
soils using electrokinetics.
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Introduction 1993; Eykholt and Daniel 1994 Contaminants collected at the
electrodes are then extracted and subsequently treated.
Heavy metals, particularly lead, chromium, nickel, cadmium,  Several studies have been reported that investigated the appli-

mercury, arsenic, and zinc, are a major public health concern atcability of electrokinetics to remediation of soils contaminated
many contaminated site®).S. EPA 1995 Electrokinetic reme- ~ With a single heavy metal, most often leddamed et al. 1991;
diation has a great potential to remediate heavy-metal- Pamucku and Wittle 1992; Acar et al. 1995; Reed et al. 1995;
contaminated soils, including the low permeable clays and/or het-Acar and Alshawabkeh 1996; Yeung et al. 1996; Coletta et al.
erogeneous soils at these sites. It essentially involves installing1997; Wong et al. 1997; Yang and Lin 1998iowever, at many
trenches and/or wells that encompass the contaminated soil zonecontaminated sites, different heavy metals often coexist together
Electrodes are then inserted into these trenches or wells, and dn the soils. Chromium, nickel, and cadmium are the heavy metals
low DC voltage gradient or DC current is applied across the elec- that are most commonly encountered, and they have been found
trodes, which are strategically determined as either cathodes ot Numerous contaminated sites, especially at electroplating,
anodes. As a result of the induced electric potential, the contami-€ather tanning, metal finishing, and pigment industry si@s
nants are transported toward either the cathodes or the anodelPSen et al. 1997; Reddy and Parupudi 1997
depending on their charge, cationic or anionic, and the direction ~ The electrokinetic remedial efficiency largely depends on the
of the pore water flow(Pamukcu and Wittle 1992; Segall and types of heavy metals that are present and the composition of the
Bruell 1992: Acar and Alshawabkeh 1993: Probstein and Hicks SOil (Reddy and Shirani 1997; Reddy et al. 1997; Chinthamreddy
1999; Chinthamreddy and Reddy 1999; Reddy and Chintham-
1associate Professor, Dept. of Civil and Materials Engineering, Univ. reddy 1999. For (_axample, Chromll_lm can eXISt.m wo forms,
of llinois at Chicago, 842 West Taylor Street, Chicago, IL 60607. E-mail: hexavalent chromiuriCr(V1)] and trivalent chromiunfCr(lil)].
kreddy@uic.edu Cr(VIl) exists as anionic complexes, while(Tr) exists as cation
°Graduate Research Assistant, Dept. of Civil and Materials Engineer- and/or cationic hydroxo complexes. During electrokinetic reme-
ing, Univ. of Illinois at Chicago, 842 West Taylor Street, Chicago, diation, CKVI) migrates toward the anode whereagIICy mi-
IL 60607. grates toward the cathode. The geochemistry ofvOr and
Note. Discu_ssion open _u_ntil September 1, 2003. Separate_ discussion%r(“” is quite different; for instance, the adsorption of\@n in
must be submltte_d for individual papers._To ex‘tend the closing date. by soil is negligible at high pH; however, the adsorption/
one month, a written request must be filed with the ASCE Managing precipitation of CAll) in soil is significant at high pH. The tox-
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sible publication on July 10, 2001; approved on June 20, 2002. This paper'cIty of Cr(VI) and Cflll) is also quite different. Q1) is known

is part of theJournal of Geotechnical and Geoenvironmental Engineer- {0 be toxic, while the toxicity of Qill) has not been established.
ing, Vol. 129, No. 3, March 1, 2003. ©ASCE, ISSN 1090-0241/2003/3- Currently, the remediation of Q1) in soils is being given the
263-277/$18.00. utmost priority (Mattson and Lindgren 1993; Haran et al. 1996
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Fig. 1. Bench scale electrokinetic test setup

Other toxic heavy metals, such as Ni and Cd, commonly exist asremoval of multiple heavy metals, particularly chromium, nickel,
cations and cationic complexes, and they migrate toward the cath-and cadmium, from a low buffering clay, specifically, kaolin.
ode during electrokinetic treatment. When(\@n, Ni, and Cd These test results helped to identify the most effective enhance-
coexist, the synergistic effects of these multiple contaminants on ment strategy for the removal of heavy metals from this soil.
electrokinetic remediation need to be addressed.

In low buffering soils, such as kaolin, the pH of the soil de-
creases to 2-3 near the anode and increases to 8—12 near thExperimental Methodology
cathode due to the electrolysis of water at the electrode¥/ICr
attempts to migrate toward the anode; however, it is adsorbed to
the soil in the low pH regions, thus hindering complete removal
from the soil. N{ll) and Cdll) attempt to migrate toward the Fig. 1 shows the schematic of the electrokinetic test setup used
cathode; however, they are adsorbed/precipitated in the high pHfor this study. Reddy et a1997 have described this setup in
regions, thereby hindering their complete removal from the soil at detail. The setup consists of an electrokinetic cell, two electrode
the cathode reservoir. Although significant migration of heavy compartments, two electrode reservoirs, a power source, and a
metals occurs toward the electrodes, the actual removal of themultimeter. The Plexiglas electrokinetic cell has an inside diam-
contaminants from the soil is usually insignificaiReddy et al. eter of 6.2 cm and a total length of 19.1 cm. Each electrode
1997; Reddy and Parupudi 1997; Chinthamreddy 1999 compartment consists of a valve to control the flow into the cell,

In order to remove the heavy metals from soils, different lig- a slotted graphite electrode, and a porous stone. The electrode
uids, other than water, must be used in the electrode reservoirscompartments are connected to either end of the cell using
The selected liquids, also known as purging solutions, should screws. Electrode reservoirs were made of 3.8 cm inner diameter
induce favorable pH conditions in the soil, and/or interact with Plexiglas tubes and were connected to the electrode compart-
the heavy metals, so that the heavy metals are removed from thements using Tygon tubing. Exit ports were created in the elec-
soil (Pamucku and Wittle 1992; Eykholt and Daniel 1994; Acar trode compartments, and then thin tubes were inserted into these
et al. 1995; Coletta et al. 1997; Puppala et al. 1997 ports to allow the gases generated from the electrolysis of water

This paper presents results of an experimental investigationto escape. The other end of each of these gas tubes was connected
that was undertaken to evaluate different purging solutions for the into the reservoirs to collect any liquid that was removed along

Electrokinetic Test Setup
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Table 1. Composition and Properties of Kaolin in kaolin. Table 2 illustrates these test conditions. A constant DC
Property Value voltage gradient of 1 V/cm was applied for all the tests.
For the first testEKK-Cr6-Ni-Cd), tap water was used in both

Mineralogy Kao"”“_e: 100% the anode and cathode reservoirs. This test served as a baseline
Muscovite: trace experiment. For the second t¢EiKK-HAc), 1 M acetic acid was
lllite: trace used in the cathode reservoir and tap water was used in the anode
Particle size distribution reservoir. Acetic acid was introduced from the cathode reservoir
(ASTM D 422 to depolarize the cathode electrolysis reaction and maintain a low
Gravel 0% pH in cathode. For the third teEKK-EDTA), a 0.1 M ethylene
Sand 4% diamine tetraacetic aciEDTA) solution was used in the cathode
Silt 18% reservoir and tap water was used in the anode reservoir. EDTA
Clay 78% was used to investigate the complexation of heavy metals and the
Atterberg limits(ASTM D 2487 transport of heavy metal-EDTA complexes. For the fourth test
Liquid limit 50.0% (SQEEK-1, tap water was initially used in both the anode and
Plastic limit 27.4% cathode reservoirs to allow the transport of heavy metals toward
Plasticity index 22.6% the electrodes. Subsequently, after 310LhM acetic acid was
Specific gravity(ASTM D 854 2.60 used in the cathode reservoir to maintain a low pH and 1 M
Moisture—unit weight relationships NaOH solution was used in the anode reservoir to maintain a high
(Harvard miniature compaction test pH. The solutions and concentrations were selected for counter-
Maximum dry unit weight 14.4 kN/fh acting the electrolysis of water at the particular electrode. These
Optimum moisture content 27% solutions were used to enhance the solubility of the heavy metals
Hydraulic conductivity 1.0x10°8 cm/s and prevent their adsorption/precipitation.
Cation exchange capacity 1.0-1.6 meq/100 g For the last testSQEEK-2, tap water was used initially in
(ASTM D 9081) both the anode and cathode _reservoirs, as in the_fourt_h test
pH (ASTM D 4972 4.9 (SQEEK-]).. Then, after approxmate!y 500, 1 M acetic acid
Organic contentASTM D 2974 Near 0% was used in th_e (_:athode to maintain a low pH and allow the
Unified Soil Classification System cL transport _of catl_onlc heavy metals toward the cathode. Tap water
(ASTM D 2487 was continued in the anode reservoir. Subsequently, after about

1,350 h, 1 M NaOH solution was added to the anode reservoir to
increase the soil pH and to allow the transport of\@j into the

with the gases. A power source was used to apply a constantanode(1l M acetic acid was continued in the cathode reseyvtir
voltage to the electrodes, and a multimeter was used to monitorshould be noted that the tests conducted in this study were aimed
the voltage and measure the current flow through the soil sampleat assessing the relative performance of different purging solu-
during the testing. tions when used at the selected concentrations. For the fourth and
fifth tests (SQEEK-1 and SQEEK3J2 the rationale for deciding
what time to change the purging solutions was based on the heavy
metal concentrations and the electrical conductivity of the solu-
Kaolin, which is a low buffering soil, has been characterized in tion in the electrode reservoirs, as well as the electrical current
detail and has been used in related investigatigteddy et al. and electroosmotic flow values.

1997; Reddy and Parupudi 1997able 1 summarizes the com-
position and properties of this soil. The soil was spiked with
Cr(VI), Ni(ll), and Cdll) in concentrations of 1,000, 500, and
250 mg/kg, respectively, for all the experiments, to simulate typi- Approximately 1,100 g of dry soil was used for each test. Potas-
cal electroplating waste contamination. A total of five different sium chromate, nickel chloride, and cadmium chloride were used
tests were performed to investigate the effect of different elec- as sources of Qvl), Ni(ll), and Cdll), respectively. The re-
trode purging solutions on the electrokinetic remedial efficiency quired amounts of these chemicals that would yield the desired

Test Variables

Testing Procedure

Table 2. Electrokinetic Testing Program

Initial Soil Conditions
Test Water Dry

Anode purging Cathode purging duration content density Redox EC

Test Designation solution solution (h) (%) (glen®)  pH  (MV) (mS/cm
1 EKK-Cr6-Ni-Cd H,0 H,0O 260 40.6 132 536 268 1,884
2 EKK-HAC H,O 1 M acetic acid 120 32.9 1.4 5.63 268 1,884
3 EKK-EDTA H,O 0.1 M EDTA 340 36.5 1.3 451 333 1,371
4 SQEEK-1 t=0-310h H,0 t=0-310h H,O 710 32.6 14 456 330 1,638

t=310-710h 1 M NaOH t=310-710 h 1 M acetic acid
5 SQEEK-2 t=0-500 h H,0O t=0-500 h H,O 2,250 33.3 14 6.73 205 2,200

t=500-1,350 h H,0O t=500-1,350 h1 M acetic acid

t=1,350-2,250 h1 M NaOH t=1,350—2,250 h1 M acetic acid
Notes: Soil, kaolin; Contaminants, Cr(\4#)1,000 mg/kg, Ni(Il}=500 mg/kg, Cd(ll}=250 mg/kg; DC voltage gradient, 1 V/cm.
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concentrations were weighed and then dissolved individually in cedure. For this procedure, approximately 1-2 g of a representa-
deionized water. These contaminant solutions were then added taive sample from each section was weighed accurately in a coni-
the soil and mixed thoroughly with a stainless steel spatula in a cal beaker and then mixed with 10 mL of 1:1 nitric acid (HNO
high density polyethylen€HDPE) container. Atotal of 375 mL of  The mixture was then stirred thoroughly. After stirring, the beaker
deionized water(35% moisture conteptwas used to represent was covered with a watch glass and heated to 95°C, whereby it
typical field moisture conditions. The contaminated soil was then \yas refluxed for 15 min. The sample was then cooled, 5 mL of
placed in the electrokinetic cell in layers and compacted uni- -oncentrated HNQwere added, and it was refluxed again for 30
formly using a hand compactor. The exact weight of the soil used iy ‘Thjs |ast step was then repeated once. The conical beaker
in the cell was determined and the soil was equilibrated for 24 h. was then covered with a ribbed watch glass, and the sample was
The pH, redox potential, and electrical conductii§C) of the allowed to evaporate to 5 mL. The sample was cooled, and 2 mL
remaining contaminated soil in the HDPE container were mea- f deionized wat 43 LI £30% hvd d
sured both before and after equilibration. The electrode compart-0 elonized water an mL o 6 hydrogen peroxide Q%) .
were added. The mixture was warmed to observe the peroxide

ments were then connected to the electrokinetic cell. In each elec- . . .
trode compartment, filter papers were inserted between thefeaction and heated until the effervescence subsided. The sample

electrode and the porous stone as well as between the porou'@s then cooled, and the addition of 1 mL®} was continued
stone and the soil. until the effervescence was at a minimum. The maximum amount
The electrode compartments were connected to the anode an@f H20, added was less than 10 mL. The sample was cooled, and
cathode reservoirs using Tygon tubing. The reservoirs were thenS mL of concentrated HNOand 10 mL of deionized water were
filled with potable water. Potable water was selected because it isadded. This mixture was refluxed for 15 min. The sample was
the most likely source of replenishing fluid at most field contami- diluted to 100 mL and centrifuged to separate the supernatant.
nated sites. The elevation of water in both reservoirs was kept theThe supernatant was analyzed using an atomic absorption spec-
same to prevent a hydraulic gradient from forming across the trophotometer(AAS) to determine the concentrations of total
specimen. The pH, redox potential, and electrical conductivity of chromium, nickel, and cadmium. Aqueous samples from the elec-
the potable water used for the tests were measured, and thesgode reservoirs were directly tested using AAS for the contami-
values were 7.20.1, 150+ 25 mV, and 28620 n.S/cm, respec-  npant concentrations.
tively. The total dissolved solids and hardness of the potable  Alkaline digestion was performed on the soil sections in ac-
water were approximately 200 mg/L and 60 mg/L CaCQe- cordance with the U.S. EPA 3060A procedure, which extracts
spectively. The electrokinetic cell was then .connected to the only Cr(VI) into the solution. For this extraction, approximately
power supply and_a constant DC voltage gradient of 1 Vicm was, g g of soil sample was weighed accurately and 50 mL of ex-
applied to the soil sample. The electric current across the SOIItrac'[an'[ solution was added. The extractant solution was prepared

sample as well as the water flow, pH, redox potential, and elec- . . : .
- S . by dissolving 35.09 g of sodium bicarbon&fe28 M) and 20 g of
trical conductivity in both the anode and cathode reservoirs were sodium hydroxide(0.5 M) in deionized water to make 1 L of

measured at different time periods throughout the duration of the

experiment. The test was terminated when the current stabilized,S°!Ution- The soil-extractant mixture was then heated to 95°C for
when no significant change in the water flg@lectroosmotic 60 min with continuous stirring. The sample was then cooled and

flow) was observed, and/or when no changes in the electrical e PH was adjusted to between 7 and 8 using HNthe sample
conductivity or the contaminant concentrations of the electrode Was then diluted to 100 mL and the supernatant was obtained by
reservoir solutions were measured. These parameters were indicacentrifugation. The supernatant was analyzed using AAS to deter-
tive of the changes taking place within the soil, and the absence ofmine the C(VI) concentration. Gfll) concentrations were then
these changes would signify that near equilibrium conditions calculated by subtracting Gfl) concentrations from the total
were achieved and the trend for contaminant fate and transportchromium concentrations determined based on the acid digestion
would be evident. procedure.

At the end of each test, aqueous solutions from the anode and
cathode reservoirs and the electrode assemblies were collected
and volume measurements were made. Then, the reservoirs an@uality Assurance

the electrode assemblies were disconnected, and the soil specimeji]he reproducibility of the testing procedure and results was veri-

éled by performing selected replicate te€Bhinthamreddy 1999

and subsequently preserved in a glass bottle. From each soil sec/© ensure the accuracy of the test results, the following precau-

tion, 10 g of soil was taken and mixed with 10 mL of deionized toNS were taken(1) new electrodes, porous stones, and tubing
water in a glass vial. The mixture was shaken thoroughly by hand Were used for each experimerig) the electrokinetic cell and

for several minutes and the solids were then allowed to settle. TheCompartments were soaked in a dilute acid solution for 24 hours
pH, redox potential, and the electrical conductivity of the soil as and then rinsed first with tap water and finally with deionized
well as of the aqueous solutions from the electrodes were mea-water to avoid cross contamination between the experimésjts;
sured. The moisture content of each soil section was also deterchemical analyses were performed in duplicé¢the AAS cali-
mined. bration was checked after testing every five samples; (8hé
mass balance analysis was performed for each test. The contami-
nant mass that was accounted for after the electrokinetic testing
was within 210% of the mass of the heavy metal that was ini-
Contaminants in different soil sections were extracted by per- tially added to the soil. These differences were mainly attributed
forming acid digestion in accordance with the U.S. EPA 3050 to the nonuniform contaminant distribution within the selected
procedure(U.S. EPA 198%. Total concentrations of chromium, soil sample for chemical analysis and to the adsorption of con-
nickel, and cadmium were determined using this extraction pro- taminants onto the electrodes and porous stones.

Chemical Analysis
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Fig. 2. Current and electroosmotic flow variations: unenhanced Fig- 3. Contaminant distribution in soil after electrokinetic
conditions treatment: unenhanced conditions

to 11 in the vicinity of the cathode. The pH changes that were
observed are fairly consistent with other reported electrokinetic
studies. Due to the smaller ionic radius, the mobility of ahibin
is approximately twice the mobility of an OHion, and some
Fig. 2 shows the current, current density, electroosmotic flow, and researchers postulate that this is the reason whydrs migrate
electroosmotic velocity variations for the test that was performed farther into the soil as compared to OHons (Acar and Alsha-
under unenhanced conditions, i.e., using water in both the anodewabkeh 1998 The reaction kinetics and the type and concentra-
and cathode reservoirs. In this test, the current increased from artion of the ions at the graphite electrodes may also affect the
initial value of 3 mA to a peak value of 38 mA in approximately generation rate and migration of the"Hind OH" ions, and the
30 h, and then it started decreasing. The current then decreased teffects of the electrokinetic transport processes, electromigration
a low value and stabilized at approximately 2 mA. The maximum and electroosmosis, should also be considered. The observed mi-
current density for this test was 1.25 mA/nfihe current density ~ gration of Cr, Ni, and Cd was consistent with the changes in the
value stabilized at 0.15 mA/choward the end of the testing. The  soil pH.
electroosmotic flow was negligible during the first 20 h, and then Chromium speciation is primarily a result of the pH and Eh
it started increasing. A maximum of 140 mL of electroosmotic (redox potentialin the soil-solution environment, and Chintham-
flow was obtained in 260 h of testing. The electroosmotic velocity reddy (1999 presents an overview of chromium geochemistry.
increased to a high value of<110™° cm/s in the first 40 h, and  Basically, CtVI) species are generally soluble and mobile, and,
then it started decreasing. An average electroosmotic velocity ofin an oxidizing environment, Cv1) exists as HCrQ under very
6.7x 107® cm/s was observed during the test. The velocity values low pH conditions, C;O3~ under low to neutral conditions, and
are consistent with the range of values reported in the literature CrO~ under alkaline conditions. Conversely, () species
(Mitchell 1993. often precipitate and are generally immobile.(IC) commonly
Fig. 3 shows the distribution of Cr, Ni, and Cd in both the soil exists as a soluble €F cation under low pH conditions, but
and the electrode reservoirs for the test conducted under unenprecipitates as GO; or Cr(OH); under neutral to alkaline con-
hanced conditions. The pH distribution is also shown to further ditions.
explore the observed heavy metal distribution. Due to the elec- Since chromium was used in the form of(€l) in this test,
trolysis of water, the pH of the tap water in the anode decreased tothe chromium migrated toward the anode as shown in Fig. 3
2 because of the formation of Hions, while the pH of the tap ~ Most of the chromium was removed from the cathode region, and
water in the cathode increased to 12 due to the formation of OH a large amount of chromium was found in the middle of the soil
ions. The pH of the soil was reduced to 2 throughout two-thirds of specimen. Only a small portion of chromium, less than 5%, mi-
the soil beginning at the anode, while the pH of the soil increased grated into the anode reservoir. The distribution of chromium in

Results

Unenhanced Condition
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the form of CfVI) and CKlll) is also shown in Fig. &). The
majority of the chromium was present in (@i) form, and the
partial reduction of QiVl) to Cr(lll) was observed in the three
sections near the anode. The low migration of chromium into the
anode reservoir may have been caused by adsorption (¥ Cr
under the low pH conditions. In addition, since somé\Cy was
reduced to Qitll) in the sections near the anode, th€llTy spe-
cies may have then migrated toward the cathode.

Figs. 3b and ¢ show the nickel and cadmium profiles, respec-
tively, along with the pH profiles throughout the soil. From these
results, it can be seen that nickel and cadmium successfully mi-
grated toward the cathode and, consequently, large amounts of
nickel and cadmium were found in the soil near the cathode. ° 2 0 PA %0 100 120 10
However, the removal of these metals into the cathode reservoir Elapsed Time (b)
was negligible, and this low removal may have been due to the
precipitation of nickel and cadmium that occurred within the soil 70 86
in the high pH regions near the cathode.

Current (mA)
Current Density (mA/cmz)

Acetic Acid Enhancement

As explained in the previous section, when tap water is used as
the purging solution, the removal of both Ni and Cd is severely
affected by the precipitation of these metals in the soil near the
cathode region. This precipitation is due to development of high
pH conditions that result from the electrolysis reactions at the
cathode. To counter this fixation mechanism, acetic acid was used
in the cathode as a purging solution. Acetic acid is a monoprotic 04 ' . ' ' ' _
acid that has the chemical formula gEOOH. In aqueous solu- 0 2 0 60 %0 100 120 140
tions, acetic acid dissociates partially into the hydrogen idn H Elapsed Time (h)
and partially into the acetate ion GBOO . The H' ions thus
produced can decrease the solution pH and dissolve metal preFig. 4. Current and electroosmotic flow variations: acetic acid
cipitates, while the acetate ion may complex with the other metal €nhancement
ions that are present in the solution. However, the stability con-
stants of acetate-metal complexes are low, and, therefore, acetate-
metal complexation is usually not very significat8tumm and 4.1x10°% cm/s. Based on these low electroosmotic flow and
Morgan 1996. flow velocity measurements, it appears that electroosmosis did
In this study, acetic acid at a concentratidrildVl was used as  not significantly induce heavy metal migration, and electromigra-
the purging solution. This concentration has been determined totion was probably the more dominant contaminant transport
be adequate in order to maintain a low pH at the cathimz mechanism.
et al. 1994. Acetic acid was also used in previous electrokinetic Fig. 5 illustrates the chromium, nickel, and cadmium distribu-
studies for the removal of lead, copper, and radionuclides from tions along with the pH values after the electrokinetic treatment.
clays (Eykholt and Daniel 1994; Ugaz et al. 1994; Reed et al. The pH profile shows that, although the pH in the cathode reser-
1995. Acetic acid has been used in several studies because it is avoir is maintained at approximately 3.5, the pH in the soil near
weak acid and does not increase the conductivity of the soil; the cathode reached a value of almost 8. These pH values indicate
therefore, the energy costs are not increased. Additionally, aceticthat the cathode reaction may not have been completely depolar-
acid is biodegradable, so it is environmentally safe. ized during the experiment. The chromium profile shows that the
Fig. 4 shows the current and electroosmotic flow through the majority of chromium migrated toward the anode, and all of the
soil specimen for the acetic acid enhancement test. This test washromium was removed from the two soil sections closest to the
conducted for a total of 120 h. The current increased to a high cathode region. However, as in the unenhanced test, most of the
value of 65 mAin 30 h, then decreased to a low value of 5 mAin chromium resided in the soil sections that were nearest to the
72 h, and then stabilized at this value. The current density wasanode region. The low soil pH near the anode may have caused
less than 2 mA/ctthroughout the entire test duration. At such significant adsorption of chromium, thus retarding chromium mi-
low current densities, the heating effects produced by the electricgration to the anode reservoir. About 20% of the chromium
current do not need to be conside(&ked et al. 1995As shown moved into the anode reservoir as compared to about 3% in the
in Fig. 4, the flow volume toward the cathode increased to about unenhanced test. As seen in Figa)s and as observed earlier in
60 mL in 70 h, and then it decreased to 55 mL in 120 h. The final the unenhanced test, some of the total chromium that was initially
flow was about 0.2 pore volumes. The electroosmotic flow veloc- introduced as QWI) was partially converted to @tl). By intro-
ity increased rapidly to a value o610~ ® cm/s during the first ducing the acetic acid at the cathode, the pH was lowered at the
25 h, and then it decreased to approximately1® 6 cm/s after cathode by introducing Hions. The acetic acid also introduced
55 h. The flow velocity then increased to X.50 © cm/s after 72 acetate ions into the soil, which then migrate toward the anode.
h, and, eventually, it started decreasing toward the end of theHowever, since chromium-acetate complexes are generally not
testing period. The average electroosmotic velocity observed overstable; it seems that the introduction of acetic acid did not greatly
the entire test duration was calculated to be approximately affect the migration behavior of the chromium in the soil. Overall,

[~ 4e-6
30

20
[~ 2e-6

Electroosmotic Flow Volume (mL)
Electroosmotic Flow Velocity (cm/s)

10
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toward the cathode under the induced electric potential. The
nickel from most of the low pH soil sections migrated toward the

cathode. However, when the nickel encountered the high pH con-
ditions near the cathode, it precipitated as a hydroxide. Although
over 70% of the nickel was found in the soil adjacent to the

cathode, only about 3% of it actually migrated into the cathode
reservoir. By comparing these results to the nickel results from
the unenhanced test, it is clearly evident that using acetic acid in
the cathode was beneficial and the introduction of acetic acid
allowed significantly higher nickel migration toward the cathode.

Fig. 5(c) shows the cadmium profile through the soil specimen
after electrokinetic treatment. The migration of cadmium was
found to be similar to the migration of nickel. A negligible
amount of cadmium was found in all the soil sections except for
the section next to the cathode. All of the cadmium that migrated
toward the cathode was precipitated as hydroxides in the section
closest to the cathode due to high pH conditions. Only about 2%
of the total cadmium actually migrated into the cathode reservoir.
The use of acetic acid was an improvement over the unenhanced
test, where cadmium was found in two sections near the cathode.
Thus, using acetic acid in the cathode increased the cadmium
migration toward the cathode; however, all of the cadmium accu-
mulated in the last section. In summary, acetic acid was not ef-
fective in maintaining the pH below 5 throughout the soil, so it
was not successful at removing either nickel or cadmium from the
soil.

As mentioned earlier, the addition of acetic acid to the cathode
reservoir generates "Hions and acetate ions near the cathode.
The H' ions lowered the pH near the cathode and hindered the
transport of the OH ions that were generated by the electrolysis
of water into the soil. As a result, the soil pH at the cathode was
not expected to increase. Being negatively charged, the acetate
ions migrated into the soil due to electromigration. Table 3 gives

compared to the unenhanced test, these results indicate that ththe stability constants of the nickel-acetate and cadmium-acetate
use of acetic acid in the cathode does not significantly affect complexes. From Table 3, it can be seen that the stability of nickel

chromium removal.

The nickel distribution profile is shown in Fig(ly. This pro-

and cadmium acetates is very low. Therefore, the formation of
such metal complexes is not significant, and hence the migration

file clearly demonstrates the migration of Ni toward the cathode. of nickel and cadmium was not significant. It may be possible for

When the soil pH is below 6, nickel exists in the pore water in the H" ions generated at the cathode to diffuse into the soil and
ionic form. This may have been the case for the soil sections neardissolve the metal precipitates that may have formed at the cath-
the anode where the soil pH was low, thus favoring existence of ode due to high pH conditions. The slow diffusion of kbns into

nickel in the pore water and allowing migration of the nickel

Table 3. Stability Constants of Nickel and Cadmium Complexes

the soil means that longer remediation times for both nickel and

LIGAND (L)
EDTA Acetate OH™
Complex Stability constant Complex Stability constant Complex Stability constant
H* HL 11.12 HL 4.76 HL 14
H,L 17.8
Hal 21.04
H,L 23.76
HsL 24.76
Ni2* NiL 20.4 NiL 1.4 NiL 4.1
NiHL 24 NiL, 9.0
NiOHL 21.8 NiL, 12.0
NiL,(s) 17.2
Ce* CdL 18.2 CdL 1.9 CdL 3.9
CdHL 215 CdL, 3.2 CdL, 7.6
CdLx(s) 14.3
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cadmium may be required. This additional time is needed for the
precipitates to dissolve and migrate into the cathode reservoir.

Ethylene Diamine Tetraacetic Acid Enhancement

As an alternative to using weak acids such as acetic acid, a chelat-
ing agent was also investigated to study the formation of metal
complexes and their migration under an induced electric potential.
Ethylene diamine tetraacetic acid (EDTA is known to be a
strong chelating agent because it is a hexadentate ligand, which
means that it can coordinate with metal cations at six different
positions. Since EDTA forms somewhat stable and soluble com- | : . . . . . .
plexes with heavy metals, it is often used to remove metals from 0 s w010 200 250 300 350 400
aqueous solutions. The structure of EDTA is shown below: Elapsed Time (h)

H H
\n-dobo”
ccoo ~ H H \ CHCo0

Table 3 summarizes the stability constants for the EDTA-
Ni(ll) and EDTA-CdIl) complexes. The degree of complexation
depends on the pH of the aqueous system. As the conditions be-
come progressively more alkaline,"Hons begin to dissociate
from the EDTA molecule’s four carboxyl groups, eventually leav-
ing six pairs of electronfour pairs from the carboxyl groups and
two nitrogen pairs that are available for bonding with a metal
cation(Lindsay 1979. Therefore, high stability constants should
nqt be used glone to estimate the complexing effec;t Qf the ligand Fig. 6. Current and electroosmotic flow variations:
with the particular metal of concern. When EDTA is introduced gpTa enhancement
into the cathode reservaoir, it migrates toward the anode through
the soil as a negatively charged species under an induced electric
potential. As the EDTA species migrate through the soil, they was below 3 in the anode reservoir and throughout the entire soil
complex with the two metals Ni) and Cdll). These EDTA- specimen; however, the pH was over 10 in the cathode reservoir.
metal complexes are also negatively charged, and these comTherefore, the EDTA test had a pH profile that was similar to
plexes will migrate toward the anode under an electric field. The those seen in the previously described unenhanced and acetic acid
negatively charged EDTA species do not complex witli\MCy, tests. As in these earlier experiments, it seems that the electrolysis
since C(VI) exists in the pore solution as an anionic species. reaction at the anode and the subsequent electromigration and
EDTA has also been used in previous electrokinetic studies as arelectroosmotic flow of Fi ions resulted in the migration of an
enhancing agent to remove lead and zinc from sand, silt loam, andacidic front across the soil specimen. A negligible amount of
kaolinite (Reed et al. 1995; Yeung et al. 1996; Wong et al. 1997; chromium was found through most of the soil except in the sec-
Yang and Lin 1998 tion closest to the anode where approximately 10% of the total

Fig. 6 shows the current, current density, electroosmotic flow chromium resided. Although ©¥1) was introduced initially, the
volume, and electroosmotic velocity variations for the EDTA en- chromium that remained in the soil existed a$lICy. This Ci(VI)
hancement test in the kaolin soil. In this experiment, the current reduction into Cflll) was also observed in other tests. In the
increased to a peak value of 57 mA within a few minutes, then EDTA test, about 70% of the chromium migrated into the anode
decreased to a low value of 3 mA in 50 h, and then started in- reservoir. Generally, when the soil pH is low,(€F) adsorption to
creasing thereafter. The current density was less than 2 nfA/cm the clay is high, and, as a result, (€F) migration is retarded.
throughout the entire experiment. The electroosmotic flow oc- This phenomenon was observed in the previous tests with water
curred toward the cathode from the beginning of the experiment, (unenhanced testind acetic acid. However, for the EDTA test,
and the cumulative electroosmotic flow volume was about 180 the EDTA molecules may have complexed witi kbns or they
mL at the termination of the test. The electroosmotic flow velocity may have adsorbed to the more positively charged soil surface
decreased in the beginning of the test, then increased to a higtthat exists under low pH conditions. As result of this EDTA com-
value in 30 h, and then started decreasing. The average electroosplexation or adsorption, the Gfl) species were solubilized and
motic flow velocity was approximately 1310 ° cm/s. From could electromigrate into the anode reservoir. Furthermore, EDTA
these results, it can be concluded that the current densities weranolecules may have complexed with the(l@p that was present
low enough not to cause any heating effects on the soil matrix, near the anode, and these anionic complexes may have subse-
and electromigration was probably the controlling contaminant quently migrated into the anode reservoir.
transport mechanism since the electroosmotic flow was not high  Fig. 7(b) shows the nickel profile that existed throughout the
enough to dominate. soil. As seen in this figure, the migration of nickel occurred to-

Fig. 7(@ shows the chromium profile and the pH profile ward the anode, which is opposite to the migration direction ob-
throughout the soil specimen after electrokinetic testing. The pH served in both the unenhanced and the acetic acid enhanced tests.
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‘:_ “ in cadmium accumulation in the middle of the soil specimen.
s ® Test - EKK-EDTA —om @ [ Overall, cadmium migration into the anode reservoir was negli-
s o] S - 10 gible, and only approximately 1.7% of the total cadmium was
E o0 - = removed into the cathode reservoir. These results suggest that the
o 47 [ © use of EDTA may be less efficient for cadmium migration as
g 2: ______ nital Cr -4 compared to the migration of cadmium in both the unenhanced

101 2 test and the acetic acid enhanced test.

0 0
Anode Section 1 Section 2 Section 3 Section 4 Section 5 Cathode
Sequential Enhancement
! “ As explained in previous sections, the electrokinetic tests per-
@z O formed usiiy 1 M acetic acid or 0.1 M EDTA as purging solutions
2 - in the cathode significantly affected the migration of chromium,
® = nickel, and cadmium in the soil. A maximum removal of 70% of

the total chromium was achieved with EDTA enhancement; how-
Initial Ni ever, only 20% chromium removal was achieved with the acetic
acid enhancement. Both nickel and the cadmium removal were
low using these two purging solutions. In the acetic acid enhance-
ment test, both the nickel and cadmium migrated and then accu-
mulated very close to the cathode. In the EDTA enhancement test,

NICKEL (%)
o3885883888

Anode Section 1 Section 2 Section 3 Section 4 Section 5 Cathode

1 14 the migration of Ni and Cd was different from the migration that
© fn was observed in the acetic acid enhancement test; however, for
g - 10 both the EDTA and acetic acid enhancement tests, a negligible

amount of nickel and cadmium was removed.

Based on these results, it can be concluded that the effective
removal of all of the heavy metals chromium, nickel, and cad-
mium, may not be possible with only a single enhancement;
rather, this removal may require a process called sequential en-
hancement. In the first stage of sequential enhancement used in
Fig. 7. Contaminant distribution in soil after electrokinetic this study, the contaminants are allowed to migrate toward the
treatment: EDTA enhancement respective electrodes without any enhancement. In this stage only
tap water was used in the reservoirs. Then, acetic acid was added
from the cathode for the removal of cationic contaminants that
Most of the nickel migrated from the soil sections near the cath- have already precipitated in the soil close to the cathode. At the
ode and accumulated in the soil sections near the anode. Howdater stage of experimentation, an alkaline solutidiaOH) was
ever, only about 1% of the nickel actually migrated into the anode added from the anode for the removal of anionic contaminants
reservoir. The reason for this low migration of nickel into the that have been adsorbed to the soil near anode.
anode reservoir may be due to the fact that the EDTA formed In order to test this sequential enhancement approach, two
thermodynamically preferable complexes with kbns. The sta- experiments were performed. These experiments have been des-
bility constants of the various EDTA-Hcomplexes vary between ignated as SQEEK-1 and SQEEK(SQEEK stands for sequen-
11.12 and 24.76. As the nickel-EDTA complex with a stability tially enhanced electrokineticsThe first test, SQEEK-1, was
constant of 20.4 reaches the anode region, EDTA may dissociateconducted by adding tap water from both the electrode reservoirs
from nickel and complex with H instead. Since the dissociated at the beginning of the test. After 31Q h M acetic acid was
nickel ions are positively charged, they will be repelled from the introduced into the cathode reservoirdah M sodium hydroxide
anode and do not migrate into the anode reservoir. This resulted insolution was introduced into the anode reservoir. In the second
a high concentration of nickel near the anode soil sections, and atest, SQEEK-2, tap water was added from both the electrodes at
low amount of nickel removal from the soil. the beginning of the testing; then, after approximately 500 h, 1 M

Fig. 7(c) shows the cadmium profile. Unlike chromium and acetic acid was added from the cathode reservoir. After 1,350 h, 1
nickel, most of the cadmium was removed from sections 1 and 2 M sodium hydroxide solution was added from the anode reser-
near the anode as well as section 5 near the cathode. However, theoir. The time durations of each stage of purging were decided
cadmium accumulated in sections 3 and 4. From Table 3, it can bebased upon the heavy metal concentrations and the electrical con-
seen that EDTA thermodynamically prefers to form complexes ductivity in the reservoirs, as well as the electric current and
with nickel when both nickel and cadmium are present. There- electroosmotic flow values. These two tests were performed to
fore, when EDTA enters the soil from the cathode reservoir, it first determine if there would be any difference in the removal of the
forms complexes with nickel. After the nickel has migrated fur- contaminants with the use of the anode and the cathode purging
ther into the soil toward the anode, the new EDTA molecules solutions at the same time versus the use of the anode and cathode
entering the soil will then complex with cadmium. Thus, during purging solutions at different times.
the initial stages, EDTA-Cd complexation may not be significant, Figs. 8 and 9 show the current, current density, electroosmotic
and Cd, existing as the &d cation, will migrate toward the  flow, and electroosmotic flow velocity variations with time for
cathode. However, at later experimental stages, EDTA-Cd com- SQEEK-1 and SQEEK-2, respectively. In both tests, the current
plexes may be formed near the cathode, and these complexes wilfeached a high value within a few minutes after the tests began,
attempt to migrate back toward the anode. Such contradictingthen it decreased, and finally the current stabilized at a low value
directions of cadmium at initial and later stages may have resultedwithin 50 h. The current increased again after the purging solu-

CADMIUM (%)
o3888883888
pH
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Fig. 8. Current and electroosmotic flow variations: sequential Fig. 9. Current and electroosmotic flow variations: sequential
enhancementSQEEKY) enhancementSQEEK2

tions were added at the electrodes. In SQEEK-1, the current den-Cr(lll). This CKlll) may have immediately precipitated as hy-
sities increased significantly after the acetic acid and sodium hy- droxides due to the high pH as a result of sodium hydroxide usage
droxide were added from cathode and anode reservoirs,in the anode reservoir. In SQEEK-2, the presence of chromium
respectively. In SQEEK-2, the highest current densities were ob-was detected in very small quantities in all of the soil sections.
served after the sodium hydroxide was introduced from the cath- Speciation analysis in this case showed that chromium existed
ode reservoir. In both tests, the use of sodium hydroxide increasedmostly as Cfill) in all sections of the soil, which was different
the conductivity of the soil and was responsible for the high cur- from the speciation in SQEEK-1. During the initial stage of both
rent densities. The electroosmotic flow also increased after thetests, when tap water was used as the purging solution, chromium
purging solutions were added to both the reservoirs in SQEEK-1. migration may have been the same. However, in SQEEK-2, the
In SQEEK-2, the flow rate did not increase after acetic acid was Cr(lll) that was observed near the anode may have existed as a
added to the cathode reservoir; however, the flow rate did in- Cr®* cation in the pore water due to the low pH. When acetic acid
crease after sodium hydroxide was added to the anode reservoirwas used in the cathode reservoir and tap water was used in the
Overall, approximately 1.9 of a pore volume of flow was ob- anode reservoir, the €t cations migrated toward the cathode. As
served in 710 h in SQEEK-1, and 3.2 pore volumes of flow were soon as the sodium hydroxide was introduced into the anode, the
observed in 2,250 h in SQEEK-2. The average electroosmotic soil pH increased throughout the soil, and that pH increase may
velocity was 6.6 10~ ¢ cm/s in SQEEK-1 and 3:210° ¢ cm/s in have caused @il) to precipitate in all the sections in which
SQEEK-2. Cr(lll') was present. This result shows that the actual sequence of
Figs. 1@a) and 11a) show the chromium profiles along with  using the purging solutions may greatly affect chromium migra-
the pH profiles for both tests SQEEK-1 and SQEEK-2, respec- tion and removal. It should be noted that over 70% chromium
tively, after the electrokinetic testing. For both tests, the soil pH removal was achieved in the EDTA enhancement test. This high
increased to 12 throughout most of the soil specimen, except inremoval may be due to the complexation of EDTA with the
the section closest to the cathode, where the pH was about 6 inCr(lll) that was present near the anode, and the subsequent mi-
SQEEK-1 and 5 in SQEEK-2. The high pH through most of the gration of EDTA-CKIIl) complexes into the anode. The use of
soil was due to the addition of sodium hydroxide, which is a EDTA in sequential purging may have a great remediation poten-
strong base, from the anode reservoir. However, due to the prestial for multiple-metal-contaminated soils; however, this aspect
ence of acetic acid, the pH value was low near the cathode. Inwas not investigated in this study.
both tests, about 60% of the chromium migrated into the anode  Figs. 1@b) and 11b) show the nickel profiles for SQEEK-1
reservoir. In SQEEK-1, 24% of the chromium was found in the and SQEEK-2, respectively. In SQEEK-1, the nickel migrated
two sections near the anode and a speciation analysis showed thabward the cathode and about 60% of the overall nickel migrated
63% of the total chromium in these two sections existed as into the cathode reservoir. About 10% of the nickel was found in
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Fig. 10. Contaminant distribution in soil after electrokinetic Fig. 11. Contaminant distribution in soil after electrokinetic
treatment: sequential enhanceméQEEKY) treatment: sequential enhancem&QEEK2

each of the two sections closest to the cathode. The nickel migra-EDTA enhancement test, 71% in SQEEK-1, and 68% in
tion in SQEEK-2 was similar to the nickel migration behavior in SQEEK-2. Based on the amount of chromium that migrated into
SQEEK-1. However, in SQEEK-2, a slight increase in the amount the electrode reservoirs, Fig. 13 shows that the chromium removal
of nickel collected in the cathode reservoir was observed as com-from the soil was 4% in the unenhanced test, 21% in the acetic
pared to SQEEK-1. In both of the tests, 1-2% of the nickel was acid enhancement test, 71% in the EDTA enhancement test, 62%
found in the anode reservoir, which may be due to the diffusion of in SQEEK-1, and 63% in SQEEK-2. The difference in the re-
nickel in the soil closest to the anode. moval between residual soil concentrations and masses obtained
Figs. 1Gc) and 11c) show the cadmium profiles for tests in the electrode reservoirs is attributed to the uncounted contami-
SQEEK-1 and SQEEK-2, respectively. Cadmium removal was nant mass that adsorbed to the electrodes.
about 90% in both of these sequentially enhanced tests. In  The test results show that the chromium removal was the high-
SQEEK-1, the remaining 10% of cadmium was found in the soil est when EDTA was used in the cathode reservoir as the purging
section adjacent to the cathode, while all other soil sections weresolution. The sequentially enhanced tests yielded chromium re-
completely free of cadmium. In SQEEK-2, the entire soil speci- moval efficiencies up to 71%, and the remaining chromium in the
men contained insignificant amounts of cadmium. Overall, these soil, about 29%, existed in the form of @t). Therefore, using
tests demonstrated that high nickel and cadmium removals couldsequential enhancement, all of the chromium in the form of
be achieved using sequential enhancement as compared to th€r(Vl) was removed from the soil, while the remaining chromium
other enhancement tests that utilized either acetic acid or EDTA. existed in the form of Gill). Since Cflll) is less mobile and less
toxic than CtVI), Cr(lll ) may not pose a significant environmen-
tal risk.
Discussion Based on the residual soil concentrations, nickel removal was
negligible in the unenhanced test, 19% in the acetic acid enhance-
ment test, 10% in the EDTA enhancement test, 73% in SQEEK-1,
and 71% in SQEEK-2. From the amounts of nickel that migrated
Figs. 12 and 13 show the overall contaminant removal efficien- into the electrode reservoirs, the removal of nickel was negligible
cies for all of the tests conducted. The removal efficiencies were in the unenhanced test, 5% in the acetic acid enhancement test,
calculated based on the residual contaminant masses in the soil a8% in the EDTA enhancement test, 63% in SQEEK-1, and 73% in
well as on the contaminant masses that were obtained in the elecSQEEK-2. From Figs. 12 and 13, it can be seen that the nickel
trode reservoirs. Based on the residual soil concentrations, Fig. 12removal was the highest using the sequentially enhanced tests as
shows that the chromium removal from the soil was 12% in the compared to the acetic acid or EDTA enhancement tests. Overall,
unenhanced test, 20% using acetic acid enhancement, 83% in tha maximum amount of 73% of the nickel was removed using the

Removal Efficiencies
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Fig. 12. Removal of heavy metals based on residual soil concentrations

method of sequential enhancement. The remaining nickel existedThe total energy expenditure per unit volume of soil was calcu-
in the area closest to the cathode, and, consequently, the nickel idated using the following equatiofiHamed et al. 1991
this region may be removed by allowing more remediation time
for the transport of nickel into the cathode. £ :if Vi dt

Based on the residual soil concentrations, the cadmium re- YV
moval was 7% in unenhanced test, 12% in the acetic acid en-
hancement test, 23% in the EDTA enhancement test, 87% inWhereVs=volume of soil processed/=voltage difference be-
SQEEK-1, and 94% in SQEEK-2. According to the amount of tween the electrodes; amer current. From Fig. 14, it can be seen
cadmium that migrated into the electrode reservoirs, the cadmiumthat in all of the tests the energy expenditure increased with time.
removal was negligible in the unenhanced test, 2% in the aceticFor the test under unenhanced conditions, the energy expenditure
acid enhancement test, 2% in the EDTA enhancement test, 80% inwas the lowest of all the tests, approximately 50 kWhanthe
SQEEK-1, and 68% in SQEEK-2. The cadmium removal was end of 270 h of testing. In the test that used acetic acid in the
highest, 87-94%, using sequential enhancement, and incathode reservoir, the energy expenditure was approximately 100
SQEEK-1, the small amount of residual cadmium existed in the KWh/m?® for the entire duration of 130 h of testing. When EDTA
soil section adjacent to the cathode. As with nickel, the cadmium was used in the cathode reservoir, the energy expended was 195
removal may also be increased by extending the duration of thekWh/n? for approximately 350 h of testing. The energy expendi-
electric potential application. Overall, this study demonstrates thatture in SQEEK-1 and SQEEK-2 was 400 and 1,300 kWih/m
sequential enhancement can be effective for the removal of mul-respectively, for the entire duration of testing.
tiple heavy metals from kaolin. In SQEEK-1, the energy expenditure during the initial stage of
the experiment with tap water in the electrode reservoirs was
similar to that in the unenhanced test. However, in this test, the
energy expenditure increased rapidly to 400 kWhéiter the
Fig. 14 shows the energy expenditure in kWh/of soil pro- electrode purging solutions were introduced into the reservoirs,
cessed in all of the experiments that were performed in this study.and then it stabilized after 600 h of processing. In SQEEK-2, the
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1400 the opposite electrode, they can meet and react to form water, so
o EKKCNICE . they may not significantly contribute to the curref@zenitis
1200 - —= - EKK-HA 1997. The H" and OH" ions may also adsorb to the soil surface
o seaxa s and/or cause the dissolution of minerals and/or salt precipitates,
& SQEEK-2 and this may lead to a more stable, long-term, supply of charge
“g 1000 . carriers(Eykholt 1992. Clearly, when purging solutions are used,
§ . or even tap water, these solutions supply additional ions for car-
¥ 800 - rying charge. As the ions electromigrate, they transfer momentum
g # to the bulk fluid molecules and generate the electroosmotic flow.
-] As seen from the electroosmotic flow data, however, the elec-
é- 800 + 4 troosmotic advection was low, so, as a contaminant transport
% * mechanism, electroosmosis was probably minor compared to
g 0l e "" electromigration. The diffusion process also appears to be a slow
- ;"W TV 6 and minor transport mechanism in all the soil sections, except
/ '_o' possibly near the electrodes, where small amounts of heavy met-
200 1 dﬂ"’"""’ -t e als may have diffused from the soil into the electrode reservoirs.
Thus, in these experiments, electromigration was deemed to be
o : . : : _the most dominant transport process for contaminant migration
0 500 1000 1500 2000 2500 into the electrode reservoirs. '
Elapsed Time (h) In general, the geochemistry of heavy metals is very complex.

In addition, the electrolysis reactions that occur due an applied
F|g 14. Energy expenditure for various enhancement tests e|eCtI’iC f|e|d W|" increase the Comp|eXity Of the heavy metal
geochemistry. Contaminant adsorption, precipitation, and reduc-
tion are greatly affected by the type of the soil matrix and by the

energy expenditure increased steadily from the beginning of the conditions that develop in the soil due to the electrolysis reactions
experiment, and then it increased rather slowly after acetic acid @t the electrodes. Therefore, it should be noted that, due to the
was introduced into the cathode reservoir. However, the energyCOMPplexity of the system, the transient chemistry of heavy metals
expenditure in the SQEEK-2 test increased rapidly after sodium " the soils cannot be easily delineated.
hydroxide was introduced into the system from the anode reser- Under electric fields, extreme pH conditions may develop at
VOir. the electrodes and in the soils. Under unenhanced conditions, the
From the two SQEEK tests, it can be concluded that the intro- pH in the low buffering kaolin soil decreased close to the anode
duction of sodium hydroxide may be responsible for a rapid in- @nd increased near the cathode. Depending on the type of purging
crease in the electric current in the soil due to the increased elec-S0lutions and the soil composition, the pH of the soil may change
trical conductivity of the medium. In the acetic acid enhancement considerably. For example, in the sequentially enhanced tests,
test, the energy expenditure was higher for the duration of the When sodium hydroxide was used at the anode reservoir, the pH
experiment as compared to both the EDTA enhancement test and" the soil increased. On the other hand, the use of acids in the
the SQEEK-1 test. Overall, the energy expended depended on th&0il may decrease the soil pH. The pH changes in the soil may
type of enhancement used and the duration of the experiment.s'gn'f'cantly control the extent of contaminant removal. After
Therefore, when designing an enhanced electrokinetic remedia-€l€ctrokinetic treatment, the final soil pH profile that was created
tion system, the effect of the purging solution and the effect of Should be carefully evaluated, and then the pH may be adjusted to
test duration on the overall energy expenditure should be thor- the ultimate desired soil pH using appropriate acidic or alkaline

oughly evaluated in order to minimize the total cost. solutions at the particular electrode location. )
Based on the results of this study, it would seem feasible that

low buffering soils contaminated with multiple heavy metals
could be effectively remediated using the sequentially enhanced
In general, the three main contaminant transport processes re_electrokinetic approach. Hovyever, the optimal concentrations for
sponsible for contaminant migration toward the electrodes during the purging solutions used in the electrode reservoirs have not
electrokinetics are electromigration, electroosmosis, and diffu- P€€n determined. Therefore, further research is necessary to de-
sion. The electrical current value reflects the amount of mobile VelOp & cost-effective enhanced electrokinetic system.

ions in the soil, or the amount of ions that are released from the
dissolution of minerals. For this study, the heavy metal contami-
nants and the use of tap water significantly contributed to the
ionic strength of the pore solution. Commonly, within a short When designing an enhanced electrokinetic system, the electrode
period of time, the current reaches a peak value because the mosolutions should be selected based on the type of soil and the type
bile ions associated with the soil through the adsorption of ions or of contamination in that soil. For multiple heavy metal contami-
ions in the form of salt precipitates are dissolved into the pore nated soils, sequential electrokinetic remediation is highly recom-
solution (Mitchell 1993. As time passes, the current decreases mended based on the results of this study. The selected purging
and stabilizes because the initial amount of mobile ions is gradu- solution should be nontoxic, relatively inexpensive, easily biode-
ally depleted as they electromigrate toward the respective elec-gradable, and should not pose any significant environmental risks.
trode chamber, where they may concentrate and precipitate orThe concentration of the electrode purging solutions and the time
adsorb. The long-term current value is more difficult to under- duration of the remediation process may be the primary concerns
stand. Although H and OH  ions are generated at the electrodes for controlling the cost of the process. Therefore, pilot scale tests
due to the electrolysis of water, when these ions migrate towardson soils obtained from the specific contaminated site should be
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conducted before applying the sequential method on a full scaleAcar, Y. B., Gale, R. J., Alshawabkeh, A. N., Marks, R. E., Puppala, S.,

basis in order to develop a cost-effective electrokinetic remedia-  Bricka, M., and Parker, R(1995. “Electrokinetic remediation: Ba-

tion system. sics and technology statusJ: Haz. Mat.,40, 117-137.

Chinthamreddy, S(1999. “Geochemical characterization and enhanced
mobilization of heavy metals in soils during electrokinetic remedia-
tion.” PhD dissertation, Univ. of lllinois, Chicago.

Chinthamreddy, S., and Reddy, K. @999. “Oxidation and mobility of

. . . . trivalent chromium in manganese enriched clays during electrokinetic

Based on the experiments conducted in this study, the following remediation.”J. Soil Contaminat8(2), 197—216.

conclusions can t.)e d,ra""”: Coletta, T. F., Bruell, C. J., Ryan, D. K., and Inyang, H.(1997.

1. The electrokinetic removal of heavy metals from low buff- “Cation-enhanced removal of lead from kaolinite by electrokinetics.”
ering soils, such as kaolin, using tap water as the purging 3. Environ. Eng. (Reston, Va}2312), 1227-1233.
solution was very low. The removal of chromium, nickel, pzenitis, J. M.(1997. “Steady state and limiting current in electroreme-
and cadmium based on residual soil concentrations was 10, diation of soil,” J. Electrochem. Soc144(4), 1317-1322.
1.9, and 7%, respectively. The low removal was attributed to Eykholt, G. R.(1992. “Driving and complicating features of the electro-

Conclusions

Cr(Vl) adsorption in the anode region due to low soil pH, kinetic treatment of contaminated soils.” PhD dissertation, Dept. of
and N{ll) and Cdll) adsorption/precipitation in the cathode Civil Engineering, Univ. of Texas, Austin, Tex.
region due to high soil pH. Eykholt, G. R., and Daniel, D. E1994). “Impact of system chemistry on

2. When 1 M acetic acid was used as the purging solution inthe  electroosmosis in contaminated soill” Geotech. Eng12Q(5), 797~
cathode, the removal of chromium, nickel, and cadmium was ~ 815.
20, 19, and 13%, respectively. The ugedVl acetic acid did ~ Hamed, J., Acar, Y. B., and Gale, R. @991. “Pb(ll) removal from
not significantly affect the migration of chromium in the soil. kaolinite by electrokinetics.J. Geotech. Eng1172), 241-271.
Depolarization of the cathode electrolysis reaction was only Haran, B. S., Popov, B. N., Zheng, G., and White, R(E296. “Devel-
partially achieved by using acetic acid, and thus the acetic opment of a new electrokinetic technique for decon_tamlr)atlon of
acid was ineffective in lowering the soil pH near the cathode. hexavalent chromium from low surface charged soil&fviron.
As a result, the nickel and cadmium precipitated near the . Prog., 153), 166-172. . L
cathode due to high soil pH conditions, and this precipitation -"453: W. L.(1979. Chemical equilibria in soilsWiley, New York.
hindered the overall removal of these contaminants. Acetic Mattson, E. D., and Lindgren, E. R1993. “Electrokinetic extraction of

. L . chromate from unsaturated soil€merging technologies in hazard-
acid enhancement was not effective in completely removing : } ) ; .
. - . ous waste management IV: American Chemical Society symposium
any of the contaminants used in this study.

; - . series D. W. Tedder and F. G. Pohlan, eds., Washington, D.C., 11-20.
3. The chromium removal was the highest using the 0.1 M Mitchell, J. K. (1993. Fundamentals of soil behaviond Ed., Wiley,

EDTA purging solution in the cathode. In this case, 70% of New York.
the initial chromium was removed into the anode reservoir. Ottosen, L. M., Hansen, H. K., Laursen, S., and Villumsen(#97).

The EDTA molecules may have complexed with fons or _ “Electrodialytic remediation of soil polluted with copper from wood
they may have adsorbed to the more positively charged soil  preservation industry.Environ. Sci. Technol31, 1711-1715.

surface that exists under low pH conditions, and, as result of pamukcu, S., and Wittle, J. K1992. “Electrokinetic removal of se-
this EDTA complexation or adsorption, the previously ad- lected heavy metals from soil Environ. Prog.,11(3), 241—250.
sorbed C{V1) species were solubilized and migrated into the Pprobstein, R. F., and Hicks, R. E1993. “Removal of contaminants
anode reservoir. Moreover, EDTA may have complexed with from soils by electric fields.’Science260, 498—503.

the C(lll) that was present near the anode, and these com-Puppala, S. K., Alshawabkeh, A. N., Acar, Y. B., Gale, R. J., and Bricka,
plexes may have subsequently migrated into the anode res- M. (1997. “Enhanced electrokinetic remediation of high sorption ca-

ervoir. The nickel and cadmium removal with EDTA was pacity soil.” J. Haz. Mat.,55, 203-220.
very low due to the preferential complexation of EDTA with  Reddy, K. R., and Chinthamreddy, @999. “Electrokinetic remediation
H* ions in the low pH regions of the anode. Nickel and of heavy metal contaminated soils under reducing environments.”

cadmium dissociated from EDTA, and these dissociated  Waste Managel9(4), 269-282. _ _
nickel and cadmium ions migrated back toward the cathode. Reddy, K. R., and Parupudi, U. §997. “Removal of chromium, nickel
4. Using the sequentially enhanced electrokinetic remediation and cad_mlum from clays by in-situ electrokinetic remediatiah.Soil
approach, the total removal of chromium, nickel, and cad- _ Contaminat6(4), 391-407. _
mium was 68—71, 71-73, and 87—94%, respectively. From Reddy, K. R., Parupudi, U. S., Devulapalli, S. N., and Xu, C(2897).
these results, it can be concluded that for the remediation of ~ Effects of soil composition on the removal of chromium by electro-
multiple heavy metals, sequential conditioning, rather than __ kinetics.”J. Haz. Mat. 55, 135-158. - -
any single electrode conditioning, is the most effective ap- Reddy, K. R., an_d Shirani, A' 31997)' EIeCtmkmet'.C remediation of
proach. However, other factors such as the concentration of metal contaminated glacial tillsGeotech. Geologic. .Engl,5, 3-29.
the purging solutions, total chemical costs associated with Re(fd’hB' E"IBerg’.M' T ThoTpson’ J- C. an.d Hatf!eld’ IJ(JHQB' .
the use of the purging solutions, and the energy expenditure Chemical conditioning of electrode reservoirs during electrokinetic

L soil flushing of Pb-contaminated silt loamJ? Environ. Eng. (Reston,
of the process need to be optimized by further research. Va),121(11), 805—-815.

Segall, B. A., and Bruell, C. J1992. “Electroosmotic contaminant-
removal processesJ. Environ. Eng. (Reston, Va}181), 84—-100.
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