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Abstract The integrated use of hydraulic flushing and

electrokinetic treatment was investigated for the remedia-

tion of silty sand contaminated by both PAHs and heavy

metals. The soil was collected from a polluted former

manufactured gas plant (MGP). Four bench-scale experi-

ments were conducted to analyze the ability of the com-

bined hydraulic flushing and the electrokinetic treatment

for the simultaneous removal of PAHs and heavy metals.

Sequential flushing with ethylenediaminetetraacetic acid

(EDTA) or Igepal CA-720 were tested with or without the

simultaneous application of a low intensity direct electric

field (1 VDC cm-1). The best results were obtained with

0.2 M EDTA flushing in two stages (without and with

voltage gradient, 1 VDC cm-1), followed by 5% Igepal

flushing in two stages (without and with 1 VDC cm-1).

Heavy metals were removed mainly during the EDTA

flushing, with removal efficiencies of about 60% for Zn,

80% for Pb, and 30% for Cu. During Igepal flushing, no

heavy metals were removed, but PAHs were removed,

including 40% phenanthrene, 30% pyrene, and 20% ben-

zo[a]pyrene. Overall, this study showed that a carefully

designed sequential hydraulic flushing scheme with selec-

ted chelant and surfactant is needed for the removal of both

heavy metals and PAHs from MGP silty sands. Combining

electrokinetics with hydraulic flushing may not necessarily

improve contaminant removal from such soils.

Keywords Remediation � Pollution � Soil �
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1 Introduction

In 1940 and 1950s, many manufactured gas plants (MGPs)

in the United States were closed [1]. An estimate by Larsen

[2] indicated that there may be more than 5,000 former

MGP sites across the US that are posing significant envi-

ronmental threat and require immediate remediation action.

A major factor complicating the cleanup of many of these

sites is the co-occurrence of organics, such as polycyclic

aromatic hydrocarbons (PAHs), and heavy metals, such as

lead, zinc and nickel [3–5]. Treatment processes usually

employed for contaminated soils include chemical oxida-

tion, biodegradation, thermal desorption, and incineration

[6–10], but these processes do not always yield satisfactory

results, especially in the case of soils with low hydraulic

permeability or those soils contaminated by mixed

organic–inorganic wastes. Therefore, the development of

processes and technologies for the simultaneous remedia-

tion of soils contaminated by heavy metals and organics

has emerged as an important area of current research in soil

remediation research field.

Electrokinetic remediation has been used for the reme-

diation of many soils contaminated with heavy metals for

the last 20 years with high efficiency [11–13]. The elec-

trokinetic treatment has been recognized as an efficient in

situ process for the remediation of contaminated soils

containing organic contaminants [14–17]. Recently, sev-

eral attempts were carried out to test the ability of
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electrokinetics in the remediation of soils with mixed

contamination [18–21]. The implementation of electroki-

netic remediation involves inserting series of anode and

cathode electrodes in the soil and applying an electric

potential between them. The electric potential induces the

mobilization and migration of contaminants towards elec-

trode wells by two primary transport processes: electro-

migration and electroosmosis. Electromigration occurs in

all soils, whereas electroosmosis is only significant in clay

soils (low permeability soils). On the contrary, electroos-

mosis is not significant in sandy soils, like the one used in

this study, but contaminant removal can be enhanced by

water/solvent flushing.

Most of the recent studies on electrokinetic remediation

have been conducted on the artificially spiked soils tar-

geting either removal of organic species or heavy metals. It

is difficult to assess the applicability of the electrokinetic

method for the remediation of actual field sites based on

spiked kaolinite bench scale results. Also, it is difficult to

apply electrokinetic remediation to the removal of hydro-

phobic and strongly adsorbed contaminants from the aged

soils such as those found at MGP sites. It is also well

known that solubilizing agents, such as surfactants, che-

lants, and cyclodextrins, enhance the dissolution of a

variety of hydrophobic organic chemicals as well as heavy

metals in contaminated soils. Several surfactants have been

examined for possible use in the electrokinetic remediation

[22–24]. However, physical and chemical phenomena of

using solubilizing agents in electrokinetic remediation

remains complex and only few phenomenological studies

are reported in literature.

Research has been on-going at the University of Illinois

at Chicago (UIC) to understand the mechanism of solubi-

lizing or extracting agents such as surfactants, chelants, and

cyclodextrins to enhance the dissolution of a variety of

hydrophobic organic chemicals as well as heavy metals

from the contaminated soils during the application of

electrokinetic remediation. Also, a major factor compli-

cating the remediation of many MGP sites is the co-

occurrence of organics and heavy metals; therefore

sequential use of these extractants were examined to

enhance the solubilization of these contaminants from the

contaminated soils [25].

The aim of this study was to develop an effective

electrokinetic remediation system for the remediation of

heavy metals as well as PAHs from the MGP site soil. In

particular, the efforts have been directed to determine and

compare the use of electrokinetics on the sequential

flushing of a chelant (EDTA) and a surfactant (Igepal CA-

720) for the remediation of soil contaminated by mixed

wastes. A series of laboratory experiments were conducted

using an actual contaminated MGP site soil (near Chicago,

IL, USA) and these test results were used to systematically

evaluate the effects of flushing solution and the application

of electric potential.

2 Materials and methods

2.1 Soil characterization

Contaminated soil used in this study was obtained from a

highly contaminated site containing toxic metals as well as

PAHs from a former MGP near Chicago (IL, USA). The

soil sample was analyzed for different physical properties

using the corresponding ASTM procedures (Table 1) and,

heavy metal and PHA content using the USEPA SW-846

methods (Table 2). The soil was sandy material (84% sand-

fraction) and has an average hydraulic conductivity of

1.6 9 10-4 cm s-1. The acid buffering capacity of the soil

was determined by titration with nitric acid 2 M using

deionized water as control. The acid buffering capacity of

the aqueous soil slurry with a solid concentration of 8.5% is

found to be 3.7 eq kg-1 (dry soil) at the inflection point of

the titration curve (pH 6.2). This indicates that the soil

possesses high acid buffering capacity.

2.2 Test set-up

Figure 1 shows the schematic of the test setup [26] used for

this study to perform hydraulic flushing or combined

hydraulic flushing-electrokinetic experiments. The test

setup consisted of an electrokinetic cell, two electrode

compartments, two electrode reservoirs, a power source,

and a multimeter. The electrokinetic cell was made of

Plexiglas� with 6.2 cm inside diameter and 19.1 cm

length. Each electrode compartment consists of a valve to

control the flow into the cell, filter paper, a porous stone,

and a perforated graphite electrode. The filter paper was

placed between the soil and the porous stone and both were

Table 1 Characterization of the contaminated soil from the MGP site

Property Test method Value

Water content ASTM D 2216 14.0%

Specific gravity ASTM D 854-92 2.63

Grain size distribution ASTM D 422-63 Gravel: 0%

Sand: 84%

Fines: 16%

Atterberg limits ASTM D 4318 Non-plastic

pH ASTM D 2974 7.05

Redox potential ASTM D 2974 185.3 mV

Electrical conductivity ASTM D 2974 3.08 mS cm-1

Organic content ASTM D 2974 11.10%

USCS classification ASTM D 2488 Organic silty sand, SM
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placed in front of the electrode. Plexiglas� reservoirs were

connected to the electrode compartments using Tygon�

tubing. Gas vent ports were provided in the electrode

compartments to allow gases resulting from the electrolysis

reactions to escape. Tubing was attached to gas vent ports

to collect any liquid that was removed along with the gases.

A power source was used to apply a constant voltage to the

electrodes.

2.3 Experiment design and testing procedure

Table 3 shows the details of the four experiments con-

ducted in this study. Deionized water, 0.2 M EDTA, or 5%

Igepal CA-720 were used as flushing solutions using a

constant hydraulic gradient of 0.2 or 1.2. A constant volt-

age gradient of 1.0 VDC cm-1 was used as it is shown in

Table 3.

Approximately 1200 g of wet soil (moisture content:

30% in wet basis) was used for each test. The soil was

placed in the electrokinetic cell in layers and compacted

uniformly using a hand compactor. The exact weight of

soil used in the cell was determined for each experiment in

order to assure the accuracy in the contaminant removal

results and mass balance. Anode and cathode reservoirs

were filled with the selected flushing solutions for each

experiment (Table 3). The liquid level in both reservoirs

was maintained constant throughout the testing to assure a

constant hydraulic gradient across the soil specimen. Each

test was run to collect predetermined number of pore vol-

umes of hydraulic or combined hydraulic and electroos-

motic flow. At the completion of each test, aqueous

solutions from the reservoirs and the electrode compart-

ments were collected and analyzed. The soil specimen was

weighed and divided in sections and analyzed for metal and

PAH content.

2.4 Chemical analyses

Representative samples of reservoir solutions, soil sections,

and the initial soil for each test were analyzed for total

metals and the PAHs using the following USEPA Methods:

method 6020A (Inductively Coupled Plasma-Mass Spec-

trometry), method 7471B (Mercury in Solid or Semisolid

Waste (Manual Cold-Vapor Technique), and method 8270D

(Semivolatile Organic Compounds by Gas Chromatogra-

phy/Mass Spectrometry (GC/MS)). The chemical analysis

was conducted with stringent quality control by the STAT

Analysis, Inc. (Chicago, IL, USA), a USEPA certified lab-

oratory. To ensure accuracy of the test results, new tubing

were used for each experiment, and the electrokinetic cell

Table 2 Contaminant concentrations in the soil from the MGP site

Total metal contenta Polynuclear aromatic hydrocarbonsb

Chemical Concentration (mg kg-1) Chemical Concentration (mg kg-1)

Aluminum 1640 2-Methylnaphthalene 2.93

Arsenic 3.81 Acenaphthene 37.7–44.8

Barium 197 Acenaphthylene 0.72–2.63

Beryllium 0.3 Anthracene 22.6–32.8

Cadmium 8.39 Benz(a)anthracene 8.65–11.8

Calcium 47000 Benzo(a)pyrene 0.419–1.45

Chromium 19.5 Benzo(b)fluoranthene 1.71

Cobalt 4.33 Benzo(g,h,i)perylene 0.286–0.729

Copper 263 Benzo(k)fluoranthene 1.86–2.28

Iron 25000 Bis(2-ethylhexyl)phthalate 5.34

Lead 1160 Chrysene 4.81–11.2

Magnesium 19800 Dibenz(a,h)anthracene 0.124–0.367

Manganese 294 Dibenzofuran 26.8

Mercury 9.31 Fluoranthene 56.8–58

Nickel 18.6 Fluorene 39–46.5

Potassium 201 Indeno(1,2,3-cd)pyrene 0.345–0.825

Silver 1.48 Naphthalene 6.03–8.35

Sodium 226 Phenanthrene 110–128

Vanadium 3.53 Pyrene 35.1–40.2

Zinc 1100

a Determined with the USEPA Method SW6020A and SW7471B
b Determined with the USEPA Method SW8270D
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and compartments were washed thoroughly to avoid cross

contamination between the experiments.

3 Results and discussion

This study presents the treatment of a heavy metal and

PAH contaminated soil from a former MGP site. The soil

was treated with a hydraulic flushing combined with

electrokinetics in an attempt to evaluate the couple tech-

nology for the remediation of contaminated soils with

mixed contamination (organic and inorganic). Due to the

different chemical nature of the contaminants, a complex-

ing agent, EDTA, and a surfactant, Igepal CA-720, were

used as sequential flushing solutions in order to enhance

the extractability and solubility of the contaminants. A

constant voltage gradient (1 VDC cm-1) was applied with

the objective of increasing the extraction of the contami-

nants and their transport out of the soil. Table 3 shows the

operating conditions of the experiments.

3.1 Cumulative flow

Figure 2 shows the cumulative flow results for all the tests

reported in this study. Exp. 1 shows steady increase of the

cumulative flow, due to the constant hydraulic gradient

used. No influence of the voltage gradient was found in

Exp. 1. The cumulative flow in Exp. 2 largely differs from

the results of Exp. 1 mainly due to the low hydraulic

gradient used (i.e., 0.2) and only marginal effect of the

chemical nature of flushing solutions (EDTA and Igepal)

can be attributed to the decrease in the flow.

Fig. 1 Schematic of the electrokinetic test setup and cell details
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In Exp. 3, the same flushing solutions with the same

hydraulic gradient as in Exp. 2 were used; with the only

difference that 1 VDC cm-1 voltage gradient was super-

imposed to the hydraulic gradient. During the Igepal

flushing, the combined hydraulic and electroosmotic flow

was slightly higher in the beginning of the experiment (up

to 100 h of treatment, Fig. 2) and then it reduced margin-

ally. Comparing the results for the Igepal flushing in Exp. 2

and 3, it can be concluded that the electroosmotic flow

towards cathode was not significant in this soil, and the

hydraulic gradient is the only cause for the cumulative flow

collected. Igepal is not expected to favor the variables that

affects the electroosmotic flow (i.e., zeta potential,

dielectric constant of the fluid, viscosity,…), nor to dis-

solve salts that may increase the ionic strength of the

interstitial fluid. Moreover, it is widely recognized that the

electroosmotic flow is not very important in sandy soils.

However, in the second stage of Exp. 3 nearly 6.5 pore

volumes were collected in just 88 h treatment time

(Table 3). This is a noticeable increment compared to Exp.

2-stage 2. This can be explained by the increase in the ionic

strength in the pore fluid due to the dissolution of salts,

which increases the hydraulic conductivity of the soil that

governs the overall enhanced flow behavior of the studied

system. Furthermore, it was reported by several authors

that the presence in the soil of organic compounds such as

EDTA or citric acid can modify the superficial soil particle

charge, and therefore the zeta-potential, resulting in a rapid

increase of the electroosmotic flow during the electroki-

netic treatment. This phenomenon was reported especially

for citric acid and EDTA [27, 28]. Thus, it can be con-

cluded that the cumulative flow collected in the second

stage of the Exp. 3 was the combination of the hydraulic

and the electroosmotic flow.

The cumulative flow of Exp. 4 is similar to that of

control experiment since both experiments used the same

Table 3 Integrated electrokinetic flushing testing program using the soil from the MGP site

Test designation Voltage gradient (VDC cm-1) Hydraulic gradient Flushing solution Pore volumes Treatment time (h)

Exp. 1 0.0 1.2 Deionized water 11.2 28.7

1.0 1.2 Deionized water 10.0 31.2

Exp. 2 0.0 0.2 5% Igepal CA-720 6.6 258.1

0.0 0.2 0.2 M EDTA 5.8 247.5

Exp. 3 1.0 0.2 5% Igepal CA-720a 5.6 270.9

1.0 0.2 0.2 M EDTAb 6.5 87.9

Exp. 4 0.0 1.2 0.2 M EDTA 6.0 33.9

1.0 1.2 0.2 M EDTAb 5.5 27.4

0.0 1.2 5% Igepal CA-720 5.6 24.1

1.0 1.2 5% Igepal CA-720a 5.8 24.8

a In flow location used as anode and outflow location as cathode
b Inflow location used as cathode and outflow location used as anode. Electromigration from cathode to anode, electroosmosis from anode to

cathode, electroosmosis effects are considered insignificant
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hydraulic gradient. During the EDTA flushing, the elec-

troosmotic flow suffers a slight increase due to the appli-

cation of voltage gradient (stage 2). However, in stages 3

and 4 with Igepal flushing, no change in the electroosmotic

flow was observed. These findings further suggest that the

application of voltage gradient induces the surface charge

of the soil and enhances the solubilization of salts during

EDTA flushing ensuring the increased electromigration of

the ions present in pore fluid that enhances electroosmotic

flow. On the other hand, the solubilization and mobilization

of PAHs by Igepal is governed by the hydraulic conduc-

tivity of the soil and it is independent to charge density of

surface soil particles. It is pertinent to mention here that the

hydraulic permeability of the soil remained constant and

did not change due to the application of DC current or

change in purging solution. Thus, it can be concluded that

the cumulative flow in the stages 1, 3, and 4 was due to the

hydraulic gradient alone, while in stage 2, electroosmotic

flow affected the flow behavior.

3.2 Contaminant removal

The soil sampled at the MGP site was contaminated with

metals and PAHs. Figure 3a–c shows the mass of total

metals, total toxic metals, and total PAHs removed in all

the experiments reported in this study. The initial total

metal and PAH concentrations in the soil are listed in

Table 2. In Fig. 3b, toxic metals correspond with all the

analyzed metals from Table 2 except: Al, Ca, Fe, Mg, K,

and Na.

3.2.1 Metal removal

As seen from Fig. 3a and b, deionized water flushing at

neutral pH (Exp. 1) did not contribute for the removal of

metals with or without the application of voltage gradient.

This indicates that metals are in the form of precipitates or

they are strongly sorbed to the soil matrix, which corre-

sponds with an aged contamination accumulated in the soil

for a long period of time. Probably, the exchangeable

fraction of the contaminants was already removed in the

site by natural process such as rain or groundwater washing

of the soil matrix.

Figure 3a and b reveals that Igepal did not affect/

enhance desorption of metals from the soil. The flat con-

centration profiles in Igepal flushing stages in Exp. 2 and 3

demonstrate that this surfactant does not provide the ade-

quate chemical environment for the solubilization of met-

als, especially when Igepal was used before EDTA.

However, a significant removal of metals was detected in

Exp. 4 when Igepal was used after EDTA flushing.

Noticeable metal removal was observed in EDTA

flushing in Exp. 2 and 3. Better results were obtained in

Exp. 2 with no voltage gradient. It can be explained by

considering flushing of Igepal in first stage may have

lowered the capillary forces [29, 30] within the pores due

to the formation of micelles. Thus, the EDTA flushing in

stage 2 of Exp. 2 requires 247 h to flush 5.8 pore volumes,

a comparatively longer time than in Exp. 3. The longer

flushing time permits a longer interaction of the EDTA

with the solid surface releasing, dissolving and complexing

the contaminant metals that are flushed out of the soil.

Unlike, in Exp. 3 upon the application of the voltage gra-

dient, micelle stability diminishes soon, favoring the

electroosmotic flow, which resulted in a comparatively

high flow through the soil that flushed 6.5 pore volumes in

88 h. The EDTA flushing in such a short time do not result

effective enough for the movilization and complexation of

contaminant metals strongly sorbed to the soil matrix.

Exp. 4 was conducted in four distinct stages. In stage 1

with EDTA, total metal or toxic metals are not mobilized in

early stages of flushing confirming that the metals are

strongly sorbed to the soil matrix. But shortly, the removal

of metals increases in stage 1 and continued to increase on

the further application of voltage gradient at stage 2.

Noticeable concentrations of metals and toxic metals were

measured in stage 3, when Igepal was used as flushing

solution. This indicates that organically bound metals were

released by the introduction of Igepal. No further increase

in the removal of metals and toxic metals was detected in

the fourth stage. These results show that maximum removal

of metals can be achieved with the selection of the ade-

quate flushing sequence, in this case employing EDTA

before Igepal.

The coupled electrokinetic-hydraulic flushing technol-

ogy was evaluated following the removal of three selected

heavy metals: copper, lead, and zinc. These metals are

strongly absorbed to the soil matrix at the MPG site, so the

DI water flushing (Exp. 1) was not effective in their

removal. However, in Exp. 2, the hydraulic flushing

removed nearly 64% of lead, 43% of zinc, and 8% of

copper from the soil. The simultaneous application of a

voltage gradient (Exp. 3) resulted in lower removal for lead

and copper but a similar value for zinc (removal in Exp. 3:

46% of lead, 40% of zinc, and 4% of copper). These

findings reflect that the stability of the lead and copper–

EDTA complexes decreased with the application of voltage

gradient in comparison of Zn–EDTA complexes [31].

In Exp. 4, slow removal of copper, lead, and zinc was

observed in the initial phase of stage 1 when EDTA was

flushed in. Further, application of voltage gradient in stage

2 increased the metal removal. Small but noticeable

removal of metals was observed in stage 3 when the Igepal

was flushed in the absence of any voltage gradient and

became constant in stage 4 of the operation when the

voltage gradient was applied. These results confirm that
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Fig. 3 Effect of hydraulic and

voltage gradients with

alternating flushing solutions on

removal of (a) total metals,

(b) toxic metals and, (c) PAHs
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periodic application of voltage gradient favors the reme-

diation of copper, lead, and zinc from the soil in sequen-

tially enhanced systems [21, 32]. Slight removal of metals

in the third stage upon the application of Igepal indicates

the desorption of organically bounded metals from the soil;

this may be due to the action of Igepal and also due to the

change in the charge of the solid particles induced by the

application of voltage gradient in the second stage. Overall,

in Exp. 4, nearly 80% of lead, 60% of zinc, and 32% of

copper were removed from soil in less than 120 h. These

results showed the efficacy of the tested system in com-

parison of the other tests conducted where lower removal

was achieved in longer treatment time.

3.2.2 PAH removal

Figure 3c shows that Exp. 1 did not show any noticeable

removal of PAHs from the soil due to the hydrophobic

nature of the PAHs that prevents them to be mobilized by

DI water flushing. However, it is observed in Exp. 2 that

PAHs removal occurred by Igepal flushing. In Exp. 3, the

the application of voltage gradient decreases the removal of

PAHs from the soil as the flow was decreased, as it is

shown in Table 3 and Fig. 2. No apparent solubilization of

PAHs takes place when EDTA is flushed through the soil in

both Exp. 2 and 3. Overall, these results revealed that the

solubilization of the contaminants depends upon the type of

the flushing agent and the permeability governs the mobi-

lization of the contaminant. Application of voltage gradient

for the enhancement of electrokinetic process was not

found to be effective due to low electroosmotic flow.

Similarly, in Exp. 4 no removal of PAHs was observed in

stages 1 and 2 with EDTA flushing. The removal of PAHs

occurs with Igepal flushing at stage 3 and was increased

upon the periodic application of voltage gradient in stage 4.

The removal of three selected PAHs, namely phenan-

therene, pyrene, and benzo[a]pyrene, was followed to

assess the capability of the coupled electrokinetic-hydrau-

lic flushing technology for their removal. Only important

removal of PAHs was found during the Igepal flushing.

Thus, Exp. 2 showed that nearly 60% of phenantherene,

55% of pyrene, and 17% of benzo[a]pyrene can be reme-

diated from the soil. However, the simultaneous applica-

tion of the voltage gradient (Exp. 3) decreases the affinity

of the flushing solution and only 42% of phenantherene,

30% of pyrene, and 12 of benzo[a]pyrene were removed.

A slight but noticeable removal of PAHs was registered

when EDTA is sequentially flushed in, mainly due to the

dissolution of soil minerals by EDTA and also due to

change in charge of solid particles that releases the addi-

tional PAH content. It is observed that in Exp. 3 nearly

30% of the phenantherene, 19% of pyrene, and 8% of

benzo[a]pyrene is removed in the Igepal flushing stage,

while 12% of phenantherene, 11% of pyrene, and 4% of

benzo[a]pyrene is removed in the sequentially EDTA

enhanced remediation.

In Exp. 4, no PAH removal was observed during the

EDTA flushing, but in the third and fourth stages with

Igepal maximum remediation of phenantherene, pyrene,

and benzo[a]pyrene from the soil was achieved that

increases upon the application of voltage gradient at stage

4, except of benzo[a]pyrene that remains constant (no

increase in the removal was observed). Nearly 40% of

phenantherene, 30% of pyrene, and 19% of benzo[a]pyrene

were released from the soil. Theses results are slightly

lower that those obtained for Exp. 2. Thus, a close

examination of these results confirms that the removal

efficiency of PAHs depends upon the sequence of purging

solutions and applied hydraulic gradient as well as voltage

gradient.

3.2.3 Effect of flushing solution and electric field

on contaminant removal

Figure 4a and b was plotted to compare the removal effi-

ciency of Exp. 1, 2, and 3 for all the metals and PAHs

present in soil. It can be seen in Fig. 4a that all the metals

are effectively removed under hydraulic gradient governed

system (Exp. 2) and their removal considerably decreased

with the application of voltage gradient (Exp. 3). This

clearly indicates that more stable metal–chelate complexes

are formed in Exp. 2 due to the long residence time of

EDTA in the pores comparatively to the less flushing time

that have been employed in Exp. 3 to collect approximately

same pore volumes (Table 3). On the other hand, Fig. 4b

shows up to 60% removal of PAHs from the soil in Exp. 2,

which decreased to 35% in Exp. 3 when the voltage gra-

dient was applied. No removal was observed in the DI

water flushed systems.

The difference in contaminant removal in Exp. 2 and 3

can be explained on the basis of the fact that surfactant

enhanced solubilization relies on micellar-enhanced con-

taminant solubility in the pore fluid. The ability of sur-

factant to mobilize and remove contaminants will depend

upon the number and stability of micelles formed. The

results from Exp. 2 and 3 indicate that in Igepal enhanced

system, more micelles are formed at hydraulic gradient

condition resulting in the efficient PAHs removal. When

the voltage gradient is applied (Exp. 3) the surfactant is

capable of producing other structured phases [33]. Some of

these phases are undesirable for subsurface remediation

(e.g., liquid crystals, gels, colloids, etc.) which are not

useful for PAH remediation, explaining the limited results

obtained. In the second stage of Exp. 3, the application of

voltage gradient and EDTA flushing is apparently effective

in the mobilization of these PAHs phases to a certain
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extent, while the EDTA flushing alone (second stage of

Exp. 2) was ineffective for PAH removal.

Polyaminocarboxylate chelates such as EDTA form

soluble complexes with free metal ions in the soil pore

solution. In addition, they dissociate exchangeable cations

attached to mineral surfaces and also dissolve soil minerals.

Thus, the EDTA enhanced system relies on the interaction

of the EDTA ions with the soil matrix and the stability of

the EDTA–metal complexes. Thus, at low hydraulic gra-

dient, the high removal of metals indicates that EDTA–

metal complexes attain maximum stability at low hydraulic

gradient condition. It can be concluded that dissolution of

mineral surface may be highest at low hydraulic gradient

that results into the physical perturbation of the soil

resulting in the mobilization of PAHs. Further, the decrease

in the removal behavior upon the application of voltage

gradient can be explained on the following basis. It is seen

that the flow is found to be increased in the EDTA flushed

system upon the application of voltage gradient and also

the effluent is collected at anode end in the EDTA flushed

system, indicating permanent negative charge of soil par-

ticles and the EO flow is due to the electromigration of

ions. This may further induce following interaction of

metal–EDTA complexes and soil surface: (1) Negatively

charged metal complex and EDTA could be specifically

adsorbed on the soil surface, thereby increasing the nega-

tive charge of the surface, and (2) EDTA is able to mask all

multivalent cations present in the pore fluid as a result of

formation of double layer at the soil surface. This may

decreases the stability of the toxic-metals complexes. For

this reason, the removal of lead and copper was found to be

decreased on the application of voltage gradient.
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removal
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3.2.4 Effect of flushing solutions and periodic electric

field

Figure 5a and b shows the removal efficiency of each

stage flushing conducted in Exp. 4 for all the metals and

PAHs present in soil. It can be seen in Fig. 5a that metals

were predominantly removed in stage 1 and stage 2 cor-

responding with EDTA flushing. However, a slight but

noticeable removal of some metals was observed in stage

3 and 4 (Igepal flushing). Overall 80–30% of toxic metals

(lead, zinc, and copper) were removed in Exp. 4. In

contrast, the removal of PAHs from the soil is solely

happened in stage 3 and 4 when the Igepal was introduced

in the system, as shown in Fig. 5b. Nearly 48–25% of the

PAHs were removed from the soil in Exp. 4. The results

show that maximum removal of PAHs was achieved in

stage 3.

The contaminant removal in Exp. 4 can be explained on

the basis of the fact that EDTA mobilizes and complexes

contaminated metals as it is flushed through the soil (sage

1). The metal removal continues in stage 2 (EDTA flushing

with 1 DCV cm-1 voltage gradient) due to the formation

of negatively charged complexes migrating towards the

anode under the effect of the electric field. The minor metal

removal observed in stages 3 and 4 (Igepal flushing)

reflects desorption/mobilization of organically bounded

metals from the soil due to the physical perturbation of

surfactant.

On the other hand, surfactant enhanced solubilization

of PAHs relies on the formation of micelles and their
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interaction with the solid surface, where the contaminants

are sorbed. When the voltage gradient is applied, the sur-

factant is capable of producing other structured phases that

limit the number and stability if the micelles, and therefore

the PAH removal efficiency.

4 Conclusions

The removal of PAH and metal contaminants from a for-

mer MGP polluted soil is influenced by the type of flushing

solution and application of voltage gradient. Igepal sur-

factant is shown to remove PAHs, while EDTA chelant is

shown to remove heavy metals from the soil. Sequential

application of surfactant and chelant removed both PAHs

and heavy metals present in the soil and the efficacy of the

process depends on the order of flushing. Application of

voltage gradient is found to retard the removal of PAHs

and enhance the removal of metals from the soil. The

experiments conducted only for a short duration in this

study but the removal results reveal a good removal of both

types of contaminants. Longer duration tests may be

required to establish this as a potent technology for the

remediation of soil contaminated by mixed wastes. Soil

composition can have a profound effect on the contaminant

removal; therefore, site-specific soil investigations must be

conducted to develop sequential process that will be

effective to remove mixed contaminants from the soil.
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HK (2008) J Environ Sci Health A43:795

13. Yuan S, Wu C, Wan J, Lu X (2009) J Environ Manag 90:421

14. Saichek RE, Reddy KR (2003) Chemosphere 51:273

15. Yuan C, Weng CH (2004) Chemosphere 57:225

16. Saichek RE, Reddy KR (2005) Crit Rev Environ Sci Technol

192:35

17. Karagunduz A, Gezer A, Karasuloglu G (2007) Sci Total Environ

385:1

18. Elektorowicz M (2009) In: Reddy KR, Cameselle C (eds) Elec-

trochemical remediation technologies for polluted soils, sedi-

ments and groundwater. Wiley, New York

19. Maturi K, Reddy KR (2008) Water Air Soil Pollut 189:199

20. Ferri V, Ferro S, Martı́nez-Huitle CA, De Battisti A (2009)

Electrochim Acta 54:2108

21. Reddy KR, Maturi K, Cameselle C (2009) J Environ Eng 135:989

22. Boving TB, Brusseau ML (2000) J Contam Hydrol 42:51

23. Khodadoust AP, Reddy KR, Maturi K (2005) J Hazard Mater

B117:15

24. Khodadoust AP, Reddy KR, Maturi K (2004) J Environ Eng Sci

21:691

25. Maturi K, Khodadoust AP, Reddy KR (2008) Pract Period Hazard

Toxic Radioact Waste Manag 12:230

26. Reddy KR, Parupudi US, Devulapalli SN, Xu CY (1997)

J Hazard Mater 55:135

27. Garcia-Nogueira M, Pazos M, Sanroman MA, Cameselle C

(2007) Electrochim Acta 52:3349

28. Popov K, Yachmenev V, Kolosov A, Shabanova N (1999) Col-

loid Surf A 160:135

29. Allred B, Brown GO (1994) Ground Water Monit Remediat

14(2):174–184

30. Kostarelos K, Pope GA, Rouse BA, Shook GM (1998) J Contam

Hydrol 34(4):383–397

31. Morel FMM, Hering JG (1993) Principles and applications of

aquatic chemistry. Wiley, New York

32. Maturi K, Reddy KR, Cameselle C (2009) Sep Sci Technol

44:2385

33. Sabatini DA, Knox RC, Harwell JH, Shiau B (2005) In: Showell

MS (ed) Handbook of detergents. Part D: Formulation. Surfactant

science series, vol 128. Taylor and Francis, Boca Raton

J Appl Electrochem (2010) 40:1269–1279 1279

123


	Integrated electrokinetic-soil flushing to remove mixed organic and metal contaminants
	Abstract
	Introduction
	Materials and methods
	Soil characterization
	Test set-up
	Experiment design and testing procedure
	Chemical analyses

	Results and discussion
	Cumulative flow
	Contaminant removal
	Metal removal
	PAH removal
	Effect of flushing solution and electric field  on contaminant removal
	Effect of flushing solutions and periodic electric  field


	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


