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Abstract: Batch and electrokinetic experiments were conducted to investigate the removal of three different heavy metals, chromi-
um(V1), nickelll), and cadmiurgl), from a clayey soil by using ethylenediamine tetraacetic eldTA) as a complexing agent. The

batch experiments revealed that high removal of these heavy niégall00% was possible by using either a 0.1 M or 0.2 M EDTA
concentration over a wide range of pH conditidi2s-10. However, the results of the electrokinetic experiments using EDTA at the
cathode showed low heavy metal removal efficiency. Using EDTA at the cathode along with the pH control at the anode with NaOH
increased the pH throughout the soil and achieved 8§80 Cr(VI) removal, but the removal of Ni) and CdlIl) was limited due to

the precipitation of these metals near the cathode. Apparently, the low mobility of EDTA and its migration direction, which opposed
electroosmotic flow, prevented EDTA complexation from occurring. Overall, this study found that many complicating factors affect
EDTA-enhanced electrokinetic remediation, and further research is necessary to optimize this process to achieve high contaminar
removal efficiency.
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Introduction nated region. Electrodes are then inserted into the wells/drains,
and/or into the soil, and a low electric potential is applied across
Mostly due to mining operations and the improper disposal prac- the electrodes. The electric potential induces contaminant trans-

tices of various metal application industrigsg. electroplating, port mechanisms that cause the heavy metals to migrate toward
textile, leather tanning numerous sites have been contaminated the electrodes where they can be extracted from the subsurface.

with heavy metals, such as lead, chromium, nickel, cadmium, Qompargd to most conyennonal remed|a.t|on techniques, electro
. kinetics is safe, economical, and easy to implement, but the com-
mercury, and arsenitJSEPA 1995. Heavy metals pose substan- - . .
tial risks to public health and the environment. so the promot plicated physico—chemical processes that occur largely govern re-
Xs o p . . . ' Prompl egial efficiency. Therefore, to accomplish high contaminant
remediation of these contaminated sites is clearly warranted. A

. . ) ) ) removal, it is crucial to have a fundamental understanding of the
variety of treatment techniques, such as soil washing/flushing andphysico—chemical processes involved, and several previous stud-

solidification and stabilization, have been used for heavy metal- ies, such as those by Gray and Mitch@b67, Eykholt (1992,
contaminated soils, but when the subsurface possesses considefcar and Alshawabkeli1993, Eykholt and Danie(1994), and
able quantities of clayey soils, these conventional methods usu-Acar et al.(1995 have focused on the different factors and pro-
ally become costly and/or success is limited. However, cesses that affect electrokinetic remediation.
electrokinetic remediation has great promise for these situations.  During electrokinetics, the electrolysis of water occurs at the

Electrokinetic remediation, or simply electrokinetics, first in- electrodes, generating oxygen gas and hydrag€n ions (low
volves the installation of wells/drains that surround the contami- pH solution at the anode and hydrogen gas and hydr@f")

ions (high pH solution at the cathode
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fluid. Electroosmotic flow is produced because locally existing Table 1. Stability Constants of Metal-Ethylenediamine Tetraacetic Acid
excess ions migrate in a plane parallel to the soil particle surface(EDTA) ComplexegStumm and Morgan 1996

toward the oppositely charged electrode, and, as they migrate,on Complex Stability constant

they transfer momentum to the surrounding fluid molecules via
viscous forcegEykholt 1993. Finally, electrophoresis describes
the transport of colloidal size particles through the pore fluid, and

C?* CdL 18.2
CdHL 215

diffusion refers to the transport of species due to concentration Ni NiL 20.4
gradients. NiHL 24.0
It should be noted that the contaminant transport occurs pri- NiOHL 218
marily through the pore fluid, so the electrokinetic remediation H* HL 11.12
process is not effective unless the contaminants are soluble, or H,L 17.8
they are converted to a soluble form. Thus, physico—chemical Hl 21.04
processes, such as acid/base reactions, adsorption/desorption, H,L 23.76
precipitation/dissolution, and oxidation/reduction greatly affect HsL 24.76

electrokinetic remediation. Furthermore, these processes ar€note: L=EDTA ligand.
highly dependent on the type and speciation of the particular met-

als that are present. For example, chromium species essentially

exist in two forms, hexavalent chromiuf€r(VI)) and trivalent
chromium(Cr(lll)). Cr(VI) usually exists as anionic complexes,
while Cr(ll1) exists as cationic complexes and/or cationic hydroxo . . . . SN
complexes. Thus, during electrokinetic remediation(MCy mi- lons dissociate, EDTA exists as an anionic ligahtf). As EDTA

grates toward the positively charged electrgdaodg whereas is added to a soil, numerous cationic species may compete to
Cr(lll) migrates toward the negatively charged electrocith- reach thermodynamic equilibrium and to develop the most stable
ode) (Reddy et al. 2001a; Reddy and Chinthamreddy 200Bae metal chelatés). Lindsay (1979 reported that the reactions of
adsorption/desorption chemistry of heavy metals may also bemetals with EDTA cause solid phases to dissolve and exchange-
quite different. For instance, the adsorption of \@p in soil is able ions to dissociate from the soil to replenish the ions that are
negligible at high pH; however, the adsorption/precipitation of chelated. Stability constants are helpful and provide an indication
Cr(lll) in soil is significant at high pH. Other heavy metals, such of the speciation of the chelated species that are préSable 1),

as nickel(Ni(Il)) and cadmiun(Cd(Il)) commonly exist as cat- ¢ as suggested earlier, during electrokinetics, nonequilibrium
ions and cationic complexes, and they migrate toward the cathode

- o conditions exist due to the multiple physico—chemical processes

during electrokinetic treatment. When heavy metals such as .
. i - .. that are occurring.

Cr(VI1), Ni(ll) and Cdll) coexist, there may also be synergistic o o 0
effects on their electrokinetic remediatioReddy et al. 20010 Ethylenediamine tetraacetic acid (EDTA) — HsL

In low acid buffering soils such as kaolin, a low g&.0-3.0
solution develops due to the electrolysis reaction at the anode, and HOOC—CH, CH—COOH
this solution is transported into the soil in the direction of the N,

/:; N— CH—CHy —N:

ions to dissociate from the carboxyl groups, and when all the H

cathode by electromigration. When the electroosmotic flow is in
the same direction, it assists in transporting the low pH solution
toward the cathode. Since many cationic heavy metals, such as HOOC—CH CH,—COOH

Ni(ll) and CdlIl) species are soluble under low pH conditions, To date, there have been very few investigations concerning
these metals are dissolved as the pH reduces, and they migratéehe EDTA-enhanced electrokinetic remediation of heavy metal-
with the H" ions toward the cathode. However, the high pH contaminated soils, and the studies that have been performed have

(8.0—12.0 conditions that develop as a result of the electrolysis peen limited in scopéReed et al. 1995; Yeung et al. 1996; Wong
reaction at the cathode can cause the metals to adsorb to the so'@t al. 1997. Most of the previous studies have dealt with only a

or precipita.te as hydroxides, so the aCtufdl contaminant remova[ iSsingle contaminant, such as lead, whereas contaminated sites gen-
usually insignificant(Reddy et al. 1997; Reddy and Parupudi . .
1997: Reddy and Chinthamreddy 2093&onsequently, various erally have multlple contaminants. Fgrthermore, some.of these
researchers have tried adding different solutions, such as weakPrevious studies have used sandy soils, but, due to their low hy-
acids and/or complexing or chelating agents, to enhance metaldraulic conductivity, soils with a large fraction of silt or clay are
solubility near the cathode and improve remedial efficiency generally much more difficult to remediate.

(Eykholt 1992; Reed et al. 1995; Yeung et al. 1996; Wong et al.  This present laboratory research study investigates the EDTA-
1991; Reddy and Chinthamreddy 2003Among these solutions,  enhanced electrokinetic remediation of multiple heavy metal con-
ethylenediamine tetraacetic agiilDTA) has shown great prom-  taminants, Giv1), Ni(ll), and Cdll), from a clayey soil, kaolin.
ise. Ethylenediamine tetraacetic acid has been also employed tqnitially, batch experimentgsoil washing were performed to as-
treat heavy metal-contaminated soil using conventional soil goqq the capability of EDTA to solubilize the heavy metals at

flushing/washing, as in studies by Heil et @999, Lo and Yang di . . 2.
. ifferent concentrations and under different pH conditions. Then,
(1999, Tambouris et al(1999, Kontopoulos et al(2000, and five bench-scale electrokinetic experiments were conducted to as-

Sun et al.(200). ) .
Ethylenediamine tetraacetic acid, as shown in the following S€SS the use of EDTA as a purging solution. The batch and elec-

diagram, is hexadentate ligand that has six electron gtots trokinetic experimental results helped to assess the complicated
carboxyl (COO") and two nitrogen(N) donor groups that are physico—chemical processes affecting EDTA transport into soil
capable of being shared with one or more metal catibimgdsay under an electric potential and its extent of complexation with

1979. With increasing pH, there is a greater tendency for the H metal contaminants.
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Table 2. Properties of Kaolin Soil

Property Value
Mineralogy Kaolinite:100%
Muscovite: trace
Illite: trace

Particle size distribution(%) (ASTM D 422

Gravel 0
Sand 0
Silt 10
Clay 90
Hydraulic conductivity(cm/9 (ASTM D 2434 1.0x10°8
Cation exchange Capacity, meq/1QASTM 1.0-1.6
D908)

pH (ASTM D 4972 45-5.0
USCS classificatiofASTM D 2487 CL

Note: ASTM=American Society for Testing and Materials; USCS
=Unified Soil Classification System; and E(Clay.
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Materials

Table 2 summarizes the composition and properties of the kaolin
used in this investigation. Kaolin is commonly used in electroki-
netic experiments because, compared to most clayey soils, it has a
uniform chemical composition and its soil properties have been
characterized in deta{Eykholt 1993.

The chemical compounds used to artificially contaminate
(spike) kaolin with heavy metals included potassium dichromate
(K,CrQ,, certified ACS for Cr(Vl), nickel chloride
(NiCl,—6H,0, technical Fisher Chemigalfor Ni(ll), and
cadmium chloride (CdCL-2.5H,0, Certified ACS for
Cd(Il). The solutions that were used included deionized water
(pH=5.7, redox=199 mV, electrical conductivity=Qu5/cm),
and 0.1M and 0.2M EDTA, disodium salt dihydrate
((HO,CCH,),NCH,CH,N(CH,CO,Na),-2H,0, Certified ACS.

For the batch experiments, the pH of the EDTA solutions was
adjusted using either dilute nitric aciliNO3) or sodium hydrox-
ide (NaOH).

A schematic of the electrokinetic test setup used for this study
is shown in Fig. 1. The setup basically consisted of an electroki-
netic cell, two electrode compartments, two electrode reservoirs, a
power supply, and a multimeter. The cell had an inside diameter
of 6.2 cm and a length of 19.1 cm, and the cell and the electrode
reservoirs were made of Plexiglas. Each electrode compartment
consisted of a control valve, a slotted graphite electrode, a porous
stone, and a filter paper. Gas vents were used to allow the gases
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Fig. 1. Bench-scale electrokinetic test setup
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Table 3. Experimental Program

Contaminant concentration

(mg/kg)

\oltage gradient Duration
Test Cr(VI1) Ni(Il) Cd(r) (VDC/cm) Anode solution Cathode solution (days
1 1,000 500 250 1 De-ionized water De-ionized water 4
2 1,000 500 250 1 Deionized water 0.2 M EDTA 4
3 1,000 500 250 1 0.1 M NaOH 0.2 M EDTA 4
4 1,000 500 250 1 0.5 M NaOH 0.2 M EDTA 11
5 1,000 500 250 2 0.5 M NaOH 0.2 M EDTA 2

Note: VDC=volts of direct current; and EDTAethylenediamine tetraacetic acid.

produced from the electrolysis reactions to escape. The electrodevell as the electrode compartments. The volume of these solu-
reservoirs were graduated to facilitate the measurement of flowtions was then measured. The electrokinetic reactor was disas-
into or out of the cell. sembled, and the soil specimen was extruded from the cell using
a mechanical extruder. The soil specimen was sectioned into five
Testing Procedure parts, and _each part of the soil was Weighed_and subsequently
preserved in a glass bottle for chemical analysis.
For all the tests, the kaolin was spiked with(@k), Ni(ll), and
Cd(ll) at concentrations of 1,000, 500, and 250 mg/kg, respec-
tively. These concentrations were selected based on the typical
concentrations found at sites contaminated by electroplating A total of five electrokinetic experiments were conducted and the
wastes. The required amounts of the chemical compounds thatexperimental variables are shown in Table 3. As seen in this table,
would yield the desired concentrations of (€r), Ni(ll), and the first experiment used deionized water at both the anode and
Cd(ll) were weighed and dissolved individually in deionized cathode, and this experiment served as a baseline test for com-
water. Approximately 1.4 kg of dry kaolin soil was used for each parison purposes. The second test was identical to the first, but
electrokinetic experiment. The contaminant solutions were addedthis test used a 0.2 M EDTA solution at the cathode to enhance
and mixed with the dry kaolin in a high-density polyethylene heavy metal dissolution and removal. The third and fourth tests
container using a stainless steel spatula. A total volume of were identical to the second test, but these tests employed a 0.1
490 mL of de-ionized water was used to simulate typical soil and 0.5 M NaOH solution, respectively, at the anode to increase
moisture condition of 35%. After spiking, the soil was placed in the pH throughout the specimen. As shown in Table 1, the stabil-
glass bottles and stored in the refrigerator for at least 1 week toity constant for H-EDTA complexes can be comparatively high,
equilibrate. The pH, redox potential, and electrical conductivity of so under low pH conditions, it may be thermodynamically favor-
the soil was measured both before and after equilibration. A able for EDTA anions to dissociate with (i) or Cdll) and
sample from each batch of spiked soil was retained for chemical complex with H. Thus, it was hypothesized that increasing the
analysis and the determination of the initial heavy metal concen- pH at the anode would benefit the electromigration of Ni-EDTA
trations. and/or Cd—EDTA anionic complexes toward the anode. Further-

For the batch experiments, 5 g of the spiked kaolin was addedmore, CtVI) species may adsorb to the soil under low pH con-
to 10 mL of the EDTA solution, and the flasks were then placed ditions, so raising the pH in the soil should aid(\ZF) removal.
on a shaker table for 24 h. Duplicate flask experiments were con-The first four tests were conducted using a 1.0 VDC/cm voltage
ducted to verify the reproducibility of the testing procedure. After gradient, and the fifth experiment was conducted to assess the
shaking, each mixture was centrifuged at 4,000 rpm for 30 min, effect of using a higher 2.0 VDC/cm voltage gradient.
and the supernatant was collected for chemical analysis.

For the electrokinetic tests, the spiked kaolin was tamped into
the cell using a hand compactor so that the amount of void space
was minimized. The electrode compartments were then connected-ollowing the electrokinetic tests, initial and sectioned soil
to the anode and cathode reservoirs by chemically resistant Tygonsamples were tested for pH, redox potential, electrical conductiv-
tubing. The electrode compartments and reservoirs were thenity (EC), and metal concentratiofbanda 2001 The anode and
filled with the desired electrode solution. The elevation of the cathode solutions were also tested for these chemical parameters.
electrode solution in both reservoirs was kept at nearly the sameTo test the soil, about 5 g of soil was mixed with 10 mL of CaCl
level to minimize the hydraulic gradient. The electrokinetic cell in a glass vial, the mixture was then vigorously shaken by hand
was then connected to the power supply and the required constanfor a 1 min and the solids were allowed to settle, and the pH,
voltage gradient was applied. The electric current across the soilredox potential, and EC of the soil-water mixture were measured.
sample as well as the electroosmotic flow, pH, redox potential and The moisture content of the soil samples was also determined in
electrical conductivity in both the anode and cathode reservoirs accordance witiASTM D 2216
was measured periodically throughout the duration of the experi-  For all the experiments, thSEPA 3050acid digestion pro-
ment. The anode and the cathode reservoirs were emptied anatedure was used on the soil samples to extract the m&iSEPA
replenished occasionally to ensure that the contaminant that mi-1986; Chinthamreddy 1999In addition, theUSEPA 3060Aalka-
grated into these reservoirs did not diffuse back into the soil. line digestion procedure was used to extract the/Orfrom the
Solution samples were retained for chemical analysis. soil samples into solutiogChinthamreddy 1999 The solution

At the end of each electrokinetic test, the solutions were samples from the acid and alkaline digestion procedures as well
drained and collected from the anode and cathode reservoirs ass the liquid samples from the batch and electrokinetic experi-

Testing Program

Chemical Analysis
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Table 4. Contaminant Removal Efficiencies based on Batch Experiments

Chromium removal Nickel removal Cadmium removal
(%) % (%)
pH 0.1 M EDTA 0.2 M EDTA 0.1 M EDTA 0.2 M EDTA 0.1 M EDTA 0.2 M EDTA
2.0 100 96.3 82.6 67.6 84.3 80.8
4.2-47 97.2 97.2 81.6 61.7 70.9 78.3
5.0 95.3 96.7 77.1 67.2 74.8 73.6
7.0 95.8 100 78.3 66.0 69.7 68.9
10.0 96.3 100 71.7 62.8 67.8 67.6

Note: EDTA=ethylenediamine tetraacetic acid.

ments were analyzed using an atomic absorption spectrophotom67 to 84%, and a greater amount of(@¢was removed when the
eter(AAS). The AAS was used to determine the concentration of pH was low(between 2.0 and 50The geochemical model pre-
chromium, nickel, and cadmium according to USEPA methods dicted that the dominant species should have been Cd-EDTA
719Q 7520 and713Q respectivelf(USEPA 198§. For chromium, complexes, such as CdL and/or CdHL at all the pH values. Nev-
the supernatant from the alkaline digestion procedure was ana-ertheless, since GH), like Ni(ll), was not completely removed,
lyzed to determine the Qvl) concentration in the soil, and then some Cdll) adsorption may have occurred or a precipitate may
the C(lll) concentrations were calculated by subtracting the have formed under high pH conditions. It should be noted that the
Cr(VI) concentrations from the total chromium concentration de- removal percentages in the batch experiments were based on the
termined from the acid digestion procedure. concentrations measured in initially spiked soil samples, and un-
To assure quality control, duplicate samples were analyzed andeven contaminant distribution in these initial soil samples or in
a nitrous oxide/acetylene flame was used in AAS analysis. More- the soil used for the individual batch tests could have affected the
over, the atomic absorption calibration was checked after testingcalculated removal efficiencies.
every five samples, and a mass balance analysis was performed The results from the batch experiments also show that when
for each electrokinetic test. The mass balance differences werethe higher 0.2 M EDTA concentration was used, the removal of
generally less than 10% and these differences were mainly attrib-Cd(I1) was greater than that of Ni) for all the pH valuegTable
uted to the nonuniform contaminant distribution within the se- 4). This indicates that compared to(Nj, it was thermodynami-
lected soil sample for chemical analysis, as well as to the adsorp-cally favorable for Cdl) to complex with EDTA at the 0.2 M
tion of contaminants to the electrodes and/or porous stones. concentration. Conversely, at the lower 0.1 M EDTA concentra-
tion, Ni(ll) removal was generally greater than or close to that of
Cd(Il), so the preferential complexation could have been affected
Results and Discussion by the EDTA concentration. In addition, for many of the batch
experiments, a lower amount of removal occurred when the
higher 0.2 M EDTA concentration was used, and this was particu-
larly evident for N{Il) removal. Overall, the advantage of using a
Table 4 presents the results of the batch experiments, and thishigher EDTA concentration was difficult to discern, but during
table shows the removal percentages dTy, Ni(ll), and Cdll) electrokinetic remediation, it could be beneficial to use the higher
with the 0.1 and 0.2 M EDTA concentrations at pH values of 2.0, 0.2 M concentration to account for EDTA adsorption to the soil
4.2-4.7, 5.0, 7.0, and 10.0. The removal of chromium was high and improve EDTA migration into the soil.
with both EDTA concentrations and at all the pH values. Chro-
mium removal ranged between 95+5%. To assist in estimating
the speciation of the metal contaminants in the presence of EDTA
in kaolin, a geochemical modéMINTEQA2, using a constant
capacitance soil adsorption model, was perforrfizanda 2001
The modeling results indicated that HGr@nd CsO3%~ were the
dominant C¢VI) species at pH values less than about 6.0, and
NaCrQ, and CrG~ were the dominant species at pH values above
6.0. Overall, based on the batch experiments and geochemical

Batch Experiments

1000

modeling, low C(VI) adsorption and high dissolution occurs jé
under a wide range of pH conditions. g

The percentage of Ni) removed during the batch experi- 3 0l
ments ranged between 62 and 83%, and, generally, greater re- T 4~ Deionized Water
moval occurred when the pH was logbetween 2.0 and 5)0 e EoTA+ 01 M NaOH
(Table 4. The geochemical model indicated that the dominant ~O~EDTA + 0.5 M NaOH
Ni(ll) species should have been Ni-EDTA complexes, such as ] ‘ LW EOTA+0SMNaOHZY)
NiL, NiHL, and/or NiOHL at all the pH values. However, §li) 0 50 100 150 200 250 300
was not completely removed, so someINi must have adsorbed Elapsed Time [hrs]

to the soil or it may have precipitated under high pH conditions.

Similar to Ni(Il), the percentage of €H) removed ranged from Fig. 2. Electrical current during electrokinetic treatment
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Electrokinetic Experiments 1400

Current 1200 1

Fig. 2 shows the electrical current that occurred during the five
electrokinetic tests. As mentioned earlier, the current primarily
results from the electromigration of ions through the pore fluid. In
the deionized wate(baseling test, the current reached a high
value of approximately 78 mA near the start of testing and then
began to decrease. It finally appeared to stabilize at around 7 mA
after about 100 hs. The pattern of decreasing current over time
correlates to the findings of other investigatgE/kholt 1992;
Grundl and Michalski 1996 The current near the start of testing
provides an indication of the amount of ions originally associated 0 ; ; :
with the soil as salt precipitatg®r as metal contaminantsAs 0 50 100 150 200 250 300
time passes, the current decreases because the mobile ions are Elapsed Time [hrs]

cqnstantly eIectromigra’Fing toward the .electrodes, apd, as theyFig. 3. Cumulative electroosmotic flow during electrokinetic
migrate, these excess ions are neutralized by reacting with thetreatment

soil, other species in solution, or by reacting with the oppositely

charged electrode. The reason for the long-term stabilized current

is more difficult to comprehend. Hand OH' ions are generated solution flowed into the soil from the anode due to electroosmo-

at the electrodes due to electrolysis, but when these ions eIec'sis, the number of mobile cationic species near the start of testing

tromigrate toward the oppositely charg_ed (_electrode, they can meetmay have been reduced, and, hence, the current was reduced. This
and react to form water, so their contribution to the current could is because many cations react with Oidns to form hydroxide

o o S e oo s . PECPIAS, St 8 )y CAOH, or GO Duting
- P initial time period, the Naions or other cations that were disso-
cipitates that may result from pH changes could lead to a long- _. . - . _
. ciated may have reacted with anionic species, such & G0
term and steady supply of charge carriggykholt 1992. — X . .
s . ’ . CI7, or exchanged with other cations. As time passed, the number
As seen in Fig. 2, during around the first 25 h of testing, the ~. - - S
; . . of ions passing through the soil due to electromigration and elec-
current in the experiment using EDTA alone at the cathode had a . . .
troosmosis must have increased, and this caused the current to

lower current than the baseline test, but after about 25 h, the radually rise. In addition as time passes. the proportion of OH
current in the baseline test dropped and the EDTA test maintained? 2042 ) ; P ' prop s
a slightly higher current for a longer duration. Similarly, after ions increases at the cathode due to electrolysis, and it is likely
approximately 50 h the current in the experiment embloying that these ions were more mobile and more efficient at carrying
EDTA at the cathode and 0.1 M NaOH at the anode maintained agfgé%eofsvé?\r/g dtr; ?nncc;gzsteh?)? ctSfrelr_:f ;)I—C‘er“%ﬁ'g' ;/Xgrlﬁe?e ?le'_
higher current for a longer duration than the test using EDTA h X h : h ! .
alone. searchers .attrlbutﬁd t ehc(;irrent increase to the increasing OH
It should be mentioned that the introduction of electrolytic Corllﬁ(iﬂg?ggtne?;;oeyi%z[aOZ%VDC/cm voltage gradient, the cur-
solutions with ionic charge carriers, such as Na-EDTA antidia rent results exhibited a trend similar to that of the EDTA and the

g';;] 'onhs’sfcr:)ciﬂﬁemi%gllj(;fei?s'?ﬁ;?ﬁﬁgt Elérrsgr:;izztretgezsﬁso'S M NaOH experiment because the current decreased initially
wabli/e‘r)l gnd Bricka2000) reported that the effective ionic. mo- but then increased to values substantially higher than the initial
bility under a unit electric field depends on a number of factors, c_urrent. Apparently, the same type of _react|ons as dls_cussed pre-
such as the charge and size of the particular ion. soil Porosit viously occurred due to the relatively high OEoncentration, but
Y . pa o P Y the higher 2.0 VDC/cm voltage caused the reactions to occur

water content, tortuosity, and pore fluid chemistry. Moreover, more rapidly and the current values to become much higher. It
generally, ionic transport is enhanced when the electroosmoticShould I:E)e r):oted that high current values, such as the goo ﬁ]A
EZV\;];; d%?gguxﬁga \;Vr:r ﬂe;s\;:t(;om(;greastlglrgc?ruotnlq?nrlgtit(r)insport MaY yalues that resulted near the end of the 2.0 VDC/cm test, might

bp 9 ) generate large non-uniform pore pressures that could consolidate

NaOH was introduced at the anode to counteract the produc- . o
tion of the low pH(high H* concentratiopsolution generated by tlh9e97s)0|ls and adversely affect the remediation pro¢&skholt

the electrolysis reaction. The enhanced supply of @ihs pro-
vided by NaOH facilitate the neutralization of bns by forming
water, but the remaining Ndons tend to electromigrate toward
the cathode, thereby increasing the current and conductivity in the
pore fluid. Thus, it is reasonable that the test using EDTA with
0.1 M NaOH had a slightly higher and more sustained current
than the test using EDTA alon&ig. 2).

The current in the test using EDTA and the 0.5 M NaOH so-
lution dropped from about 70 to 20 mA within the first 25 h or so, Deyl
but then it gradually increased over the next 100 h and appeared Veo =~
to stabilize near 100 mA after about 150 h. Evidently, as com-
pared to the test with EDTA and 0.1 M NaOH, the current varia- According to this equation, the flow velocity is proportional to the
tion in this test was caused by the use of the relatively high 0.5 M electrical gradien{E,), zeta potentia({), and dielectric constant
NaOH concentration at the anode. As the high"@Hncentration (D), and it is inversely proportional to the viscosity). The g,

1000 |

©
=
o

600 +

400 1 —— Deionized Water
——EDTA

~@—EDTA + 0.1 M NaOH
—O—EDTA + 0.5 M NaOH

—B- EDTA + 0.5 M NaOH (2V)

Electroosmotic Flow [mL]

200 +

Cumulative Electroosmotic Flow

As mentioned previously, electroosmotic flow is essentially pro-
duced by the net migration of ions toward the oppositely charged
electrode, and the following Helmholz—Smoluchowg#8) equa-

tion is often used to estimate the average electroosmotic flow
velocity (V) (Mitchell 1993; Eykholt and Daniel 1994

E, 2
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Fig. 4. pH in soil after electrokinetic treatment

term represents the permittivity of vacuum(8.854
X102 C/V m), and the dielectric constant and viscosity are
properties of the pore fluid. The zeta potential depends on the zer
point of charge(ZPC), which refers to the pH at which the net
charge on the soil particle surface is zero. When the pH is above
the ZPC, the soil particles usually have a negative zeta potential
and the electroosmotic flow occurs toward the cathode. Con-
versely, when the pH is below its ZPC, the soil particle surfaces
commonly have a positive zeta potential and the electroosmotic
flow occurs toward the anodesverse electroosmotic flowHow-
ever, from the HS equation, it can be seen that in addition to the
pH, many other factors might affect the electroosmotic flow. For
instance, the surface charge of the soil particles and the zeta po
tential are affected by changes in the ionic strength, and, other
pore fluid properties, such as the dielectric constant and viscosity,
also influence the electroosmotic flow. Furthermore, the electrical
gradient may not be uniform through the soil, and, hence, the
electroosmotic flow is generally not uniform spatially or tempo-
rally (Eykholt and Daniel 1994

Fig. 3 shows the cumulative electroosmotic flow that was mea-

[0)

changing with other cations or adsorbing to the mineral surface.
As time passed, the amount of ions being consumed by reactions
and adsorption diminished and the mobility of the ions increased,
thereby gradually increasing the current and electroosmotic flow.
As observed in Fig. 3, the electroosmotic flow in the EDTA
and 0.5 M NaOH experiment increased substantially after ap-
proximately 100 h which is nearly the same time that the current
reached a comparatively high and stable value of 100(fig.
2). Finally, as observed earlier in Fig. 2, the experiment employ-
ing the high 2.0 VDC/cm voltage gradient with EDTA and 0.5 M
NaOH generated high current values that increased to values of
around 500 mA near the end of testing. Consequently, as shown
in Fig. 3, this experiment produced a much higher cumulative
electroosmotic flow compared to the other tests.

Profile of pH in Sail

Fig. 4 shows the pH values that were measured in the soil sections
after the electrokinetic experiments. It is important to recall that
the electrolysis reactions produce a low pH solution at the anode
and a high pH solution at the cathode. Initially, the pH in the soil
for all the experiments was around 7.0, but, as observed in the
deionized wate(baseling experiment, the electrolysis reactions
cause the pH to vary. In the baseline test, the pH reduced to
approximately 3.0 near the anode and it increased to about 11.0
near the cathode. As a result of electromigration and electroosmo-
sis, the low pH(high H" concentratiopsolution generated at the
anode was transported in the soil and moved toward the cathode.
Furthermore, the low pH solution migrated faster because the
electromigration of Hlis concurrent with the electroosmotic flow
and the mobility of H is about 1.76 times that of OHAlsha-
wabkeh and Bricka 2000

Fig. 4 indicates that in the baseline, EDTA, and EDTA with
0.1 M NaOH experiments, the low pkR.0—4.0 solution mi-
grated to approximately the middle of the soil specimen. Con-
versely, the OH ions generated by electrolysis at the cathode
electromigrate toward the anode, and this caused the pH to rise to
around 11.0 in the soil adjacent to the cathode during the baseline

sured at the cathode. As seen from these results, the cumulativeynd EDTA experiments. Although 0.2 M EDTA is acidipH
electroosmotic flow measurements somewhat correlated to thegpout 4.9, by comparing the baseline and EDTA tests, it can be

electrical current measuremen(#sig. 2). This is reasonable be-
cause, as mentioned earlier, the electromigration of ions is largely
responsible for generating flow. Thus, during the deionized water
(baseling experiment, the current greatly reduced after about
25 h, and this test generated the lowest electroosmotic flow. The
current in the experiment with EDTA alone started lower than the
baseline test but the current was sustained at a higher level for
slightly longer durationFig. 2). As a result, the electroosmotic
flow in the EDTA test was slightly higher than in the baseline test
(Fig. 3). Similarly, the experiment with EDTA and 0.1 M NaOH
generated slightly more flow than the test using EDTA alone.
As observed earlier in Fig. 2, in the experiment using EDTA

a

observed that adding the 0.2 M EDTA solution to the cathode did
not cause the pH to become lower near the cath@dg. 4).
However, compared to the EDTA experiment, the test using
EDTA with 0.1 M NaOH resulted in a much lower pH near the
cathode. The results indicate that the increased conductivity and
electroosmotic flow generated by using the 0.1 M NaOH solution
caused the low pH solution to migrate further toward the cathode.
As observed in Fig. 4, in contrast to the EDTA with 0.1 M
NaOH experiment, it is clear that the use of the 0.5 M NaOH
solution at the anode greatly increased the pH to about 11.0-12.0
throughout the soil. Evidently, this higher concentration was ca-

and 0.5 M NaOH, the current quickly dropped during the first pable of counteracting the ‘Horoduced by.the elect.rolysis reac-
25 h, and then gradually increased and reached a high stabldion at the anode, and, as observed earlier, the high pH solution
value. However, as shown in Fig. 3, the electroosmotic flow ap- Migrated toward the cathod&ig. 3) due to the high concentra-
pears to be gradually increasing during this initial 25 h period. tion and electroosmosis. These results suggest that the migration
Evidently, during the first 25 h of this experiment, electromigra- ©f the high pH(high OH" concentratioh solution into the soil

tion was occurring and generating electroosmotic flow while the might have caused OHo react with cations in the soil, thereby
current was reducing. These results corroborate with the earliertemporarily reducing the current near the start of the test. High
hypothesis that the Naand OH ions were migrating into the soil ~ pH values, similar to the previously described test, were measured
from the anode, but the current was reducing because O in the soil after conducting the experiment using the high
were reacting with mobile cations and possibly precipitating, 2.0 VDC-cm voltage gradient, however, the relatively low pH
while Na" ions may have been reacting with anions and/or ex- value (9.0) measured adjacent to the anode indicates that an in-
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Fig. 5. Total chromium distribution in soil after electrokinetic Fig. 7. Nickel distribution in soil after electrokinetic treatment

treatment

when the C{VI) anionic complexes entered the low pH region
creased rate of electrolysis at the anode under this high voltageduring the baseline, EDTA, and EDTA with 0.1 M NaOH tests.
gradient might cause the pH in the soil to eventually decrease if Conversely, the results indicate that the high pH conditions that

the test was performed for a longer duration. existed in the soil during the tests employing the 0.5 M NaOH
solution (Fig. 4) facilitated high(85—-95% chromium removal

Residual Contaminant Distribution in Soil (Fig. 9). It should be noted that C¥1) was removed at the anode

Figs. 5-8 show the chromiutotal), Cr(V1), Ni(Il), and Cdll) reservoir, indicating that it electromigrated in a direction opposite

distribution in the soil specimens, respectively, and Fig. 9 shows to the electroosmotic flow. This strongly suggests that electromi-
the removal efficiencies of these heavy metals. Residual concen-gration was the dominant electrokinetic transport process for the
trations(C) were normalized with initial concentratio€,) and removal of C(VI) species.

were plotted in Figs. 5, 7, and 8. Based on the results of the batch ~According to the geochemical modeMINTEQA2, when
experiments, high chromium removal was expected, but, as seerEDTAis not present, NiI) exists as the NI cation when the pH

in Fig. 5, the only tests that removed a substantial amount of is less than about 6.0, and it precipitates a&¥), when the pH
chromium were the two tests that employed the 0.5 M NaOH becomes greater than around @X&nda 2001 As seen in Fig. 7,
solution. Although a sizeable amount of chromium migration oc- for the baseline test, the normalized Ni concentration was rela-
curred during the deionized watéaseling, EDTA, and EDTA tively low in the soil region where the pH was low, but the con-
with 0.1 M NaOH experiments, very little chromium was re- centration increased substantially near the cathode where the pH
moved into the cathode or anode reservoirs. Fig. 6 illustrates thatincreased. Evidently, during the baseline test(lINidissolution

most of the chromium remaining in the soil existed in thé\Cy occurred under the low pH conditions near the anode, and then
form, which, as stated earlier, primarily exists as anionic com- Ni2* ions electromigrated toward the cathode. However, when the
plexes, such as CfOat high pH(greater than 6)0and as CjO2~ Ni%* ions entered the high pH conditions near the cath@dg.

or HCrQ, at low pH (less than 6.0 Therefore, CfVI) species ~ 4). they adsorbed or precipitated as(®H),. Thus, although
electromigrate toward the anode, which opposes the direction ofNi(Il) migrated toward the cathode and the concentration reduced
electroosmotic flow. Under low pH conditions, (0[) Species Slgn|f|Cant|y thrOUgh the half of the soil specimen nearest to the

may adsorb to the soil, and this is apparently what happenedanode, the amount of NI) that was completely removed from
the soil in the baseline test was negligible.

1800
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——EDTA + 0.1 M NaOH —&— Deionized Water
1400 + —O—EDTA + 0.5 M NaOH 30 1| A epTA
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Fig. 6. Hexavalent chromium{Cr(VI1)] distribution in soil after
electrokinetic treatment Fig. 8. Cadmium distribution in soil after electrokinetic treatment
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As observed during the batch experime(itable 4, the use of
the EDTA solution resulted in fairly high i) removal effi-
ciency (60—80%, but Fig. 7 shows that only a small amount of
Ni(Il) was removed during the electrokinetic experiments that
used EDTA or EDTA with 0.1 M NaOH. The sorption of (i)
ions or the precipitation of NDH), near the cathode and the low
amount of N{ll) removal in these tests indicates that EDTA com-
plexation with N{Il) in these test was limited. As mentioned ear-
lier, EDTA is a large ligand relative to an anion such as™Osb
it has a comparatively low ionic mobility. Moreover, the migra-

electrokinetic tests conducted by Reed et(8095, the majority

of the lead migrated toward the cathode in the same direction as
the electroosmotic flow. These investigators concluded that it was
unlikely that EDTA formed complexes with lead, and the lead
probably migrated due to the low pH conditions generated by
electrolysis at the anode. Apparently, like the results of the
present investigation, these researchers also found that EDTA
electromigration toward the anode was hindered when it opposed
the electroosmotic flow. Conversely, Yeung et 61996 at-
tempted to remediate a lead-contaminated Milwhite kaolinite, and
the majority of the lead migrated toward the anode. However, in
this investigation the electroosmotic flow was in the reverse di-
rection, toward the anode, apparently due to the presence of iron
and titanium oxide impurities. Thus, these other studies reaffirm
the hypothesis that the large size and low mobility of the EDTA
molecules limit EDTA electromigration toward the anode when it
opposes the direction of electroosmotic flow.

Summary and Conclusions

When electrokinetics was used with de-ionized water as a flush-
ing solution, C(VI) (anionic specigsmigrated toward the anode,
whereas Nill) and Cdll) (cationic specigsmigrated toward the
cathode. Although substantial heavy metal migration occurred,
the amount of contaminant removal was minimal, largely due to
the changes in pH caused by the electrolysis reactions at the
anode and cathode. GH) species tend to adsorb to the soil under

tion of EDTA anionic complexes was toward the anode, opposite the low pH conditions that exist near the anode, antINand

to the direction of electroosmotic flow. Therefore, the amount of
EDTA electromigration into the soil from the cathode may have
been insufficient during these two electrokinetic experiments,
and, since EDTA electromigration into the soil was hindered,
Ni—EDTA complexation was inadequate.
A minor amount of N{Il) was removed during the two tests

that used the EDTA and 0.5 M NaOH flushing solutions, and Fig.
7 shows that a substantial amount of INi migrated toward the

Cd(ll) tend to precipitate under the high pH conditions that exist
near the cathode.

Batch experiments revealed that high heavy metal removal
was possible using either a 0.1 or 0.2 M EDTA concentration
under a wide range of pH conditions. However, the results of the
electrokinetic experiment using EDTA at the cathode showed low
heavy metal removal efficiency. Since(€t) species tend to ad-
sorb to the soil under low pH conditions, it was hypothesized that

cathode during these tests. This suggests that during the first fewCr(VI) removal might be improved by increasing the pH in the
hours of testing a low pH solution generated by the electrolysis soil near the anode. Moreover, raising the pH might prevent
reaction at the anode flowed into the soil and was transportedNi-EDTA and Cd-EDTA complexes from dissociating with these

toward the cathode, and this solution facilitated*Nmigration. It

is likely that this initial flow of low pH solution was also respon-
sible for the migration of a minor amou(it1-15% of the Ni(ll)
into the cathode reservoiiFig. 9). Subsequently, the high pH
(about 12.9 0.5 M NaOH solution raised the pH at the anode by

counteracting the electrolysis reaction, and this high pH solution
migrated into the soil toward the cathode due to the high concen-

heavy metals and preferentially complexing with binder low
pH conditions near the anode. Consequently, experiments were
conducted using different concentratio8.1 and 0.5 M of
NaOH at the anode to increase the pH through the soil and im-
prove contaminant removal.

The results of the NaOH experiments indicated that a rela-
tively high 0.5 M NaOH concentration was necessary to counter-

tration and electroosmotic flow. The high pH solution causes cat- act the electrolysis reaction and raise the pH across the soil speci-

ions, such as Nf to adsorb or precipitate as hydroxides, such as
Ni(OH),, and this would produce a reduction in current.
According to the batch experiment®able 4, Cd(ll) removal
was expected to be higt67—80%), but, although a substantial
amount of Cdll) migration occurred, similar to what was ob-
served with N{ll), most of the Cdl) remained within the soil
specimer(Fig. 8). Slight differences can be observed between the
distribution of Nill) and CdlIl) in Figs. 7 and 8, but, generally,

men and, under these high pH conditions, a signifiq@520)
amount of C(VIl) removal was achieved at the anode. This re-
moval was attributed to electromigration since thé\Ty species
migrated in a direction opposite to the electroosmotic flow. In
addition, before the high pH solution could counteract the elec-
trolysis reaction at the anode and raise the pH, it appears that low
pH solution moved through the soil toward the cathode. This
initial flow of low pH solution resulted in a substantial amount of

the migration of these heavy metals was comparable. Thus, theNi(Il) and Cdll) migration toward the cathode, but the remedial

migration of Cdll) can be attributed to the same electrokinetic

efficiency of these heavy metals was low due to adsorption or

transport mechanisms that were used to describe the migration ofprecipitation near the cathode. Furthermore, very littléliNior

Ni(ll).
The results of this investigation are fairly consistent with other
studies that used electrokinetics with EDTA conditioning at the

Cd(Il) migration occurred toward the anode, so EDTA complex-
ation with the heavy metals was deemed to be inadequate. Ethyl-
enediamine tetraacetic acid electromigration was most likely lim-

cathode to remediate lead-contaminated soils. In EDTA-enhancedted due to its relatively large size and low mobility, and the
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direction of EDTA migration opposed the direction of electroos-
motic flow. Finally, an electrokinetic experiment was conducted
using the same 0.5 M NaOH and 0.2 M EDTA flushing solutions

at the anode and cathode, respectively, along with a compara-

tively high 2.0 VDC/cm voltage gradient. Like the identical test
performed with the 1.0 VDC/cm voltage gradient, the high volt-
age test achieved higiB5%) Cr(VI) removal at the anode, but, as
in the lower voltage test, i) and Cdll) removal was low.

This study shows that there are many complicating factors that

Gray, D. H., and Mitchell, J. K(1967). “Fundamentals aspects of electro-
osmosis in soils.’J. Soil Mech. Found. Diy.93(6), 209—-236.

Grundl, T., and Michalski, R1996. “Electro-osmotically driven water
flow in sediments.’"Water Res. 30(4), 811-818.

Heil, D. M., Samani, Z., Hanson, A. T., and Rudd, (8999. “Remedia-
tion of lead-contaminated soil by EDTA. |. Batch and column stud-
ies.” Water, Air, Soil Pollut, 113, 77-95.

Kontopoulos, A., Papassiopi, N., Georgoudis, T., and Theodoratos, P.
(2000. “Selective removal of lead from calcareous polluted soils
using the Ca-EDTA salt.Water, Air, Soil Pollut, 122, 351-368.

affect the EDTA-enhanced electrokinetic remediation of multiple | j,gsay, w. L.(1979. Chemical equilibria in soilsWiley, New York.

heavy metals in clayey soils. First, it is important to understand | 5 | v c. and Yang, X. Y(1999.
the chemistry of each particular metal contaminant and its behav-

ior under different subsurface conditions. Additional consider-

“EDTA extraction of heavy metals
from different soil fractions and synthetic soildNater, Air, Soil Pol-
lut.,, 109, 219-236.

ations are the pH variation through the soil that is caused by the wmitchell, J. K. (1993. Fundamentals of soil behaviowiley, New York.

electrolysis reactions, the low mobility of EDTA, and the oppos-
ing direction of electroosmotic flow. Adjusting the pH through the
soil by using a high pH solution to counteract the electrolysis
reaction at the anode was found to be advantageous f&fl Cr

removal, but it was evident that the increased electroosmotic flow

hindered EDTA electromigration toward the anode. In addition,
the use of a relatively high 2.0 VDC/cm voltage gradient was

Reddy, K. R., and Chinthamreddy, @0033. “Effect of initial form of
chromium on electrokinetic remediation in clays&dv. Environ. Res.
7, 353-365.

Reddy, K. R., and Chinthamreddy, &003b. “Sequentially enhanced
electrokinetic remediation of heavy metals in low buffering clayey
soils.” J. Geotech. Geoenviron. Engl293), 263-277.

Reddy, K. R., Chinthamreddy, S., and Al-Hamdan,(2001H. “Syner-

determined to cause a high current that increased the electrolysis gistic effects of multiple metal contaminants on electrokinetic reme-

reaction. Overall, this study found that many factors influence
heavy metal removal during EDTA-enhanced electrokinetic reme-
diation and all of these factors must be carefully evaluated and

researched further to enhance contaminant removal.

References

Acar, Y. B., and Alshawabkeh, A. N1993. “Principles of electrokinetic
remediation.”Environ. Sci. Technql.27(13), 2638-2647.

Acar, Y. B., Gale, R. J., Alshawabkeh, A. N., Marks, R. E., Puppala, S.,
Bricka, M., and Parker, R1995. “Electrokinetic remediation: Basics
and technology statusJ. Hazard. Mater. 40, 117-137.

Alshawabkeh, A. N., and Bricka, M2000. “Basics and applications of
electrokinetic remediation Remediation engineering of contaminated
soils D. L. Wise, D. J. Trantolo, E. J. H. I. Inyang, and U. Stottmeis-
ter, eds., Marcel Dekker, New York, 95-111.

Chinthamreddy, $(1999. “Geochemical characterization and enhanced
mobilization of heavy metals during electrokinetic remediation of
soils.” PhD dissertation, Univ. of Illinois at Chicago, Chicago.

Danda, S.(2001). “Enhanced electrokinetic remediation of multiple
heavy metals in spiked and field soils.” MS thesis, Univ. of lllinois at
Chicago, Chicago.

Dzenitis, J. M.(1997). “Steady state and limiting current in electroreme-
diation of soil.” J. Electrochem. Soc.1444), 1317-1322.

Eykholt, G. R.(1992. “Driving and complicating features of the electro-
kinetic treatment of contaminated soils.” PhD dissertation, Univ. of
Texas at Austin, Austin, Tex.

Eykholt, G. R.(1997. “Development of pore pressures by nonuniform
electroosmosis in claysJ. Hazard. Mater. 55, 171-186.

Eykholt, G. R., and Daniel, D. £1994. “Impact of system chemistry on
electro-osmosis in contaminated soi."Geotech. Eng.12Q5), 797—
815.

diation of soils.”Remediation 11 (3), 85-109.

Reddy, K. R., and Parupudi, U. 8997. “Removal of chromium, nickel
and cadmium from clays by in-situ electrokinetic remediatiah.Soil
Contaminat6(4), 391-407.

Reddy, K. R., Parupudi, U. S., Devulapalli, S. N., and Xu, C(D97.
“Effects of soil composition on the removal of chromium by electro-
kinetics.” J. Hazard. Mater. 55, 135-158.

Reddy, K. R., Xu, C. Y., and Chinthamreddy, (@0013. “Assessment of
electrokinetic removal of heavy metals from soils by sequential ex-
traction analysis.’J. Hazard. Mater. B84(2—3), 279-296.

Reed, B. E., Berg, M. T., Thompson, J. C., and Hartfield, J(1995).
“Chemical conditioning of electrode reservoirs during electrokinetic
soil flushing of Pb-contaminated silt loamJ. Environ. Eng. 121
(11), 805-815.

Stumm, W., and Morgan, J. §1996. Aquatic chemistry3rd Ed., New
York.

Sun, B., Lombi, E., McGrath, S. P., and Zhao, R2001J). “Leaching of
heavy metals from contaminated soils using EDTRrviron. Pollut,
113, 111-120.

Tanbouris, S., Papassiopi, N., and Kontopoulos(1899. “Removal of
heavy metals from calcareous contaminated soils by EDTA leaching.”
Water, Air, Soil Pollut. 109, 1-15.

U.S. Environmental Protection Agen¢WSEPA). (1986). “Test methods
for evaluating solid wasteLaboratory manual, Physical/Chemical
Methods, SW-863rd Ed., Vol. 1A, Office of Solid Waste and Emer-
gency Response, Washington, D.C.

U.S. Environmental Protection Agen¢YSEPA). (1995. “Contaminants
and remedial options at selected metal-contaminated sEE/540/
R-95/512 Office of Research and Development, Washington, D.C.

Wong, J. S. H., Hicks, R. E., and Probstein, R.(F997. “EDTA-
enhanced electroremediation of metal-contaminated sdildfazard.
Mater, 55, 61-79.

Yeung, A. T., Hsu, C., and Menon, R. N11996). “EDTA-enhanced elec-
trokinetic extraction of lead.J. Geotech. Eng.1228), 666—673.

1366 / JOURNAL OF ENVIRONMENTAL ENGINEERING © ASCE / NOVEMBER 2004



Copyright of Journal of Environmental Engineering is the property of American Society
of Civil Engineers and its content may not be copied or emailed to multiple sites or
posted to a listserv without the copyright holder's express written permission.
However, users may print, download, or email articles for individual use.



