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Abstract

This study explored the feasibility of applying the electrokinetic-Fenton process (EK-Fenton process) for the remediation of contaminant
sorbed onto soil possessing low-permeability. The relationship of H2O2 stability and phenanthrene treatment, and the variation in the monitoring
v n to represent
h ability soil.
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alues were also investigated during the EK-Fenton process when catalyzed by heterogeneous minerals. Phenanthrene was chose
ydrophobic organic contaminants (HOCs), which are widespread in the environment, and kaolinite was used as the low-perme

n these experiments, the H2O2 concentrations in pore water, the electrical potential distributions and the electrical currents were m
r monitored to assess the electrochemical effect in relation to injections of H2O2 from the anode. The results suggested that interme
nions (HO2

−, O2
−) with Fenton-like reaction affected significantly the variations in the electrical current during the EK-Fenton proce

ddition of 0.01 N H2SO4 to the anode reservoir improved the H2O2 stability and the treatment of phenanthrene in the entire soil spec
herefore, use of H2O2 and dilute acid, as an anode purging solution is a possible method for treating HOCs in low-permeability su
nvironments.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The in situ remediation of soils contaminated with organ-
cs is a significant problem as such soils are the complex

edia with many sorbed contaminants. It is particularly dif-
cult to treat or remove contaminants possessing low water
olubility and high octanol–water partition coefficients char-
cteristics, such as HOCs. Thus, both the pump-and-treat and

n situ soil flushing methods typically require movement of
ignificant quantities of water during the long period for re-
ediating contaminated soils. Furthermore, these technolo-
ies often are not directly applicable to fine-grain soils and
ediments with low-permeability. Electrokinetic (EK) tech-
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nologies are particularly useful for fine grained soils wh
the aforementioned technologies are impractical or im
sible to use. EK is a process in which a low-intensity
electrical current is applied across electrode pairs. The
plication of EK process is governed by electromigration
electro-osmosis with electrolysis reactions occurring a
electrodes[1,2]. The electrolysis of water produces hydrog
ions at the anode and hydroxyl ions at the cathode. The h
gen ions generated at the anode produce an acid front
front advances toward the cathode by electromigration
fusions and advection (including the electro-osmotic flo
The electromigration of cation and anion towards their
posite electrodes is proportional to the ion concentration
the electric field strength. The electro-osmotic flow rate,
to the advection by electrical gradients is proportional to
zeta potential.

304-3894/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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During the last few years, EK technology has been ap-
plied successfully in the remediation of inorganic contam-
inant [1–4]. EK has also been shown to be highly efficient
in the removal of partially dissociated organic species, such
as acetic acid and phenol[5,6]. However, because of their
low solubilities and slow desorption rates, HOCs are dif-
ficult to remove from subsurface environments with tradi-
tional EK technology. Therefore, the remediation process of
these compounds using the EK method has been combined
with other treatment process, such as flushing, bioremedia-
tion and chemical oxidation (Fenton process). Among these
methods, the Fenton process has received much interest due
to its ability to treat a wide range of contaminants in soils.
Recently, this process has been extended to treating contam-
inated soils and groundwater, through the in situ injection of
Fenton’s reagents. Watts and his research group have con-
ducted extensive studies on using a modified Fenton process
for the treatment of soils contaminated with various organic
pollutants.

In the Fenton’s reaction, iron(II) catalyzes the decompo-
sition of hydrogen peroxide (H2O2) to hydroxyl radicals[7].

H2O2 + Fe2+ → OH• + OH− + Fe3+ (1)

Similarly, the reaction of hydrogen peroxide with heteroge-
neous soil possessing iron mineral is usually defined by so
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other conditions, such as mineral composition, moisture con-
tent and chemical component of pore water, are common, the
rates of hydrogen peroxide decomposition and contaminant
degradation by mineral catalysis are dependent on the soil pH.
Therefore, during in situ oxidation process, the soil-buffering
capacity is an important factor to be considered.

Another phenomenon is sorption at the soil surface. Sorp-
tion not only retards the rate of transport of hazardous con-
taminants and decreases the transfer rate to the liquid phase,
but it also significantly affects the rates of contaminant degra-
dation with Fenton-like reaction. In most cases, a contaminant
partition on soil organic matter or a mineral surface is not in
direct contact with the agents responsible for its transforma-
tion [11]. Therefore, desorption is responsible for controlling
the transformation of hazardous organic contaminants in
soils. However, the addition of excess H2O2 (0.3 M) has
been shown to enhance the oxidative treatment of sorbed and
NAPL contaminants[12]. This condition may not provide the
reactants necessary to promote desorption of sorbed contam-
inants, but these same conditions may also enhance the ox-
idation of HOCs by a vigorous Fenton-like reaction. Kakala
and Watts[13] performed column tests to treat hexadecane-
sorbed soils. They showed that aggressive Fenton-like
reactions had the potential to oxidize sorbed contaminants.

Yang et al.[14,15]conducted research on a combined EK
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alled “Fenton-like reaction”[8].

2O2+S → OH• + OH− + S+ (2)

here S is the surface of the heterogenous soil posse
ron minerals. Miller and Valentine[9] studied the oxida
ion of organic contaminants in the presence of aquifer
oated by iron. Hydrogen peroxide decomposition gene
ransient oxygen species in the mineral surface throu
enton-like reaction. They proposed chain reactions wit
ction catalyzed aquifer sand where superoxide anion (O2

•−)
nd hydroperoxyl radicals (HO2•) form the hydroxyl radica
hese radical species generating through this chain rea
egraded quinoline. They also suggested that the con
ant reaction rate was first and second order in relatio
oth the oxide and hydrogen peroxide concentrations.

d[H2O2]

dt
= kobs[H2O2] = kmass[H2O2][oxide] (3)

d[Ccon]

dt
= kcon[Ccon][H2O2] (4)

here kobs is the observed first order decay coeffici
f hydrogen peroxide, kmass=kobs/(oxide); and (ox

de) = concentration of oxide,kcon the second order degr
ation coefficient of contaminant;Ccon the concentration o
ontaminant.

Watts et al.[10] investigated the sensitivity to other para
ters, such as pH and iron mineral concentration. The ra
ydrogen peroxide decomposition increased as the pH

ron mineral concentration increased. The rate of nitro
ene degradation also increased as the pH decreased
nd Fenton process. They gave this process the nameEK-
entonprocess”. After the artificially contaminated soils wi
henol or TCE had been prepared in the cell, and iron pow
stablished at the near anode and cathode, hydrogen pe
nd ferrous sulfate were injected from the anode cham
he combined effects of the treatment and removal effect
ealized remediation of the contaminants.

The EK-Fenton phenomenon is characterized by a
lex process, which includes the effects of electro-osm
lectromigration, electrolysis reactions and the mineral
lyzed Fenton-like reaction (hydrogen peroxide decom

ion, organic contaminant degradation, etc.).Fig. 1 shows
schematic diagram of the EK-Fenton process treat

cheme. The transport rate of H2O2 in soil is influenced b
he advection resulting from electro-osmosis and deco
ition, with Fenton-like reaction, at mineral surface. And
egradation and desorption of sorbed organic contami

s also promoted by the radical species produced from
eaction between the introduced hydrogen peroxide an
eterogeneous soil particles.

The H2O2 introduced from the anode chamber is tra
erred toward the cathode by the electro-osmotic flow, w
s accompanied by the decomposition on the mineral sur
here the anions (O2•−, HO2

−) may move toward the a
de due to electromigration. Particularly, since the rat
Fenton-like reaction and the electro-osmosis are gov
y the soil pH, the transport rate of the acid front during
K-Fenton process affects the contaminant remediation
2O2 stabilization. Therefore, H2O2 injected into the so

rom the anode treats any organic contaminants by a Fe
ike reaction. During this series of procedures, the cha
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Fig. 1. Schematic diagram of electrokinetic-Fenton process catalyzed by minerals in the subsurface.

teristics of soils and their contaminants affect the treatment
efficiency of the contaminants.

This research investigated the treatment availability of or-
ganic contaminant sorbed on the soil surface through the EK-
Fenton process. The application of EK-Fenton technology in
treating contaminated soil, with emphasis on strongly sorbed
HOCs in the low-permeability soil, such as kaolinite, have not
been studied, and the effect of the EK-Fenton process on the
stability of H2O2 remains to be investigated. Therefore, this
research was conducted to see if the EK-Fenton process not
only provides enhanced treatment of sorbed phenanthrene by
mineral catalysis, but also improves the potential for stabiliz-
ing H2O2 in the kaolinite. Namely, the behavior characteris-
tics of H2O2, such as its decomposition, transport and stabi-
lization, were evaluated, and the correlation of phenanthrene
treatment and H2O2 behavior was also assessed, during the
EK-Fenton process. The role of H2SO4 as the anode solution
was investigated for improvement of treatment efficiency of
phenanthrene. Phenol as the probe compound was selected to
investigate the influence of ionic species on the stabilization
of H2O2 during the EK-Fenton process.

2. Experimental
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ropean Communities Bureau of Reference (BCR)[16]. The
concentrations of the extracted ions were measured using
an inductive coupled plasma-mass spectrophotometer (ICP-
MS). The scheme differentiates the following four groups
of elements: exchangeable and bound to carbonate; bound
to Fe/Mn oxide; bound to organic matter and sulfide; resid-
ual fraction. Generally, the first three fractions are the sol-
uble and amorphous solid representing more readily avail-
able sources for the Fenton-like reaction. Conversely, the
residual solid in the fourth fraction should contain mainly
primary and secondary minerals, incorporating elements in
their crystalline structure that would be sparingly available.
As shown inTable 2, the EPK kaolinite possesses much
lesser amounts of Mn, while possessing appreciable amounts

Table 1
Chemical and physical characteristics of EPK kaolinite

Parameter EPK kaolinite

Major mineral component (XRD) Kaolinite
Specific gravity of solid particles (ASTM D 854) 2.65

Particle size (%) (ASTM D 422)
Clay 97
Silt 3
Sand 0
Specific surface area (m2/g) 24.3
Organic carbon content (%) <0.1

E

I

.1. Soil and chemicals

The EPK kaolinite was purchased from Feldspar Co
ation. The test soil used was high quality kaolin clay, wh
as washed with water. Kaolin is often used for electrokin

aboratory experiments because it has a low organic co
nd cation exchange capacity. The important propertie

isted inTable 1. The iron and manganese concentration
ifferent forms, were determined by a sequential extrac
rocedure that was proposed by the Commission of the
(Walkley and Black, 1934a)
Cation exchange capacity (meq/100 g)

(U.S. Soil conservation service, 1972b)
5.5–6

xtractable salts concentration (mg/kg)
SO4

2− (extracted with 0.01 M HCl) 42
NO3

− (extracted with 0.01 M HCl) 13
Carbonate ions (soluble with de-ionized water) N.D.
Cl− (soluble with de-ionized water) N.D.

nitial soil pH (500%, water–solid) 5.6
a Reference[24].
b Reference[25].
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Table 2
Distribution of the different iron and manganese fractions in EPK kaolinite

Fe (mg/kg) Mn (mg/kg)

Exchangable and bound to carbonates 68.6 2.3
Bound to Fe-and Mn-oxides 184.9 0.2
Bound to organic substances 43.8 0.2
Residual fraction 3865.8 7

Total 4163.1 9.7

of Fe. The most solid Fe has crystalline structures, such
as hematite and goethite. The concentrations of extractable
NO3

− and SO4
2− in the soil were determined by 0.01 M

HCl extraction, and the soluble Cl− and carbonate concen-
tration in the soil by de-ionized water but the salts in the
soils were only trace amount. In addition, the titration tests
of pH versus acid inputs for the EPK kaolin and blank con-
ducted for investigation of acid buffer capacity in relation
to carbonate dissolution[17]. The results show that differ-
ence of two titration curve was not nearly, and then indicate
that the carbonate dissolution from EPK kaolin generated not
nearly.

Phenanthrene was selected as the representative HOC in
this study and phenol was chosen as the probe compound.
The phenanthrene (98%) and phenol (99.9%) were purchased
from Aldrich Chemical Company.

The 35% hydrogen peroxide was supplied by Junsei
Chemical Corporation. All other chemicals were purchased

from Fiser Scientific, and were reagent grade or high-pressure
liquid chromatography (HPLC) grade. The double-deionized
water (>18 M� cm) was purified with a Barnstead Nanopure-
ultrapure system.

2.2. Electrokinetic apparatus

The basic electrokinetic apparatus was set up as shown
in Fig. 2. The experimental apparatus was divided into four
parts: two electrode chambers, an electrolyte solution reser-
voirs and a soil cell, where the soil was placed. The electroki-
netic cell used for the tests was made of Plexiglas, and was
8 cm in diameter and 20 cm long. Seven passive electrodes
were inserted into the soil cell and graphite electrodes were
placed in contact with the chambers.

The electrodes were located at each end of the cell so that
the electrolyte solution was only in contact with one face
of each electrode. A filter paper was used at the end of the
sample. The space of each chamber was placed between a
porous stone and an electrode.

Nylon valves (PVC), at each of the cells, were used to
control the inflow and outflow of the solution. The inlet at the
bottom of the anode chamber was connected to a reservoir
containing 2000 ml of anolyte solution, which was circulated
using peristaltic pump.

s a
c ume
t ham-

F
(

ig. 2. Schematic diagram of electrokinetic apparatus: (1) anode reservoir; (
6) power supply.
A graduated cylinder (2000 ml volume) was used a
atholyte solution reservoir to measure the water vol
ransported. Gas vents were provided in the electrode c
2) peristaltic pump; (3) graphite electrode; (4) porous stone; (5) passive electrode;
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Table 3
Summary of test program

Parameter Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7

Permeating fluid at the
anode chamber

H2O2 (7%) H2O2 (7%) H2O2 (7%)
H2SO4 (10 mN)

H2O2 (3.5%) H2O2 (3.5%) De-ionized water De-ionized water

Duration (h) 240 486 312 240 240 240 240
Initial water content (%) 42.1 42.3 42.5 42.3 42.1 42 41.8
Initial soil pH 5.6 5.4 5.6
Initial concentration of

spiked compound
(mg/kg)

Phenanthrene
(200)

Phenol (200) Phenanthrene (200)

bers for the escape of any gases resulting from the electrolysis
reactions.

2.3. Methods

2.3.1. Preparation of the test specimen
In this test, phenanthrene, dissolved in hexane, was

mixed with the soil to obtain the required concentration of
200 mg/kg of dry soil, and the hexane allowed evaporating.
This soil was then made up to a moisture content of 70%
with de-ionized water. The contaminated soil with phenol
was prepared using phenol stock solution prepared in de-
ionized water. The soil was then statically compacted into a
cell using an air pressure of 150 kPa for 7 days. The cell was,
then, inserted into the main testing chamber.

2.3.2. Operating conditions
An electrical potential of 30 V was applied to the EK ap-

paratus for the entire test. For tests 1–7, the testing program is
summarized inTable 3. Tests 1–4 were spiked with phenan-
threne. Tests carried out room temperature at 25◦C. In tests
1–3, 7% hydrogen peroxide was used as the anode reservoir
fluid. In tests 1 and 2, only 7% hydrogen peroxide was used
as the anode pursing solution, and test 2 was a long-term ex-
periment of test 1. Test 3 used an anode purging solution of
1
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pH and moisture content. Soil-pH-values were measured in
a mixture of 5 g-soil and 25 ml-deionized.

The phenanthrene in the liquid samples was extracted
by triple liquid–liquid extraction, using a total of about
50 ml dichloromethane. To extract the phenanthrene from
the soil, the soil sample (2.5 g) was transferred to a 10 ml
borosilicate screw-top tube. An amount of 7.5 ml of a 1:1
dichloromethane:methanol mixture was added to the soil,
and the soil–solvent suspension shaken (200 rpm) for 72 h
at 30◦C. The tube was then centrifuged for 15 min, and the
solvent mixture transferred to a 10 ml test tube. An amount
of 1 g of anhydrous sodium sulfate was mixed with the
phenanthrene-containing solvent to completely remove resid-
ual water. The phenanathrene concentration was determined
using a Gibson 305 system equipped with UV and fluores-
cence detectors. A mixture of water and methanol, 20:80, was
used as the mobile phase at a constant flow rate of 1.0 ml/min.
The detector wavelength was set at 254 nm. Using this pro-
cedure, 75% of the phenanthrene spiked into EPK kaolinite
was recovered. This result indicates that some irreversible
sorption/partitioning of the phenanthrene into EPK kaolinite
might have occurred, due to EPK kaolinite possessing soil
properties of a small particle size and high soil surface area.
After the phenanthrene concentration of 10-sectional sam-
ple had been analyzed by HPLC, the average value of the
a threne
c

sid-
u t was
a

3

3
p

ith
t an-
t sed
r and
s using
k cted
0 mN H2SO4 and 7% hydrogen peroxide.
Tests 1 and 4 were conducted under the same condi

ith exception of a 3.5% hydrogen peroxide injection fr
he anode chamber. Test 7 was blank test for soil spiked
henanthrene. These tests were run under different cond

o examine the effects of the sorbed contamination treat
n the EK-Fenton process. Tests 5 and 6 were spiked
henol, and 3.5% hydrogen peroxide and de-ionized w
sed as the purging solutions, respectively.

Tests were also conducted to investigate the effects
o the characteristics of the spiking compounds. For al
ests, de-ionized water was used as the cathode res
uid.

.3.3. Chemical analysis
At the end of each experiment, the cell filling was sli

nto layers of approximately 2 cm, and each sectioned sa
ell mixed. The 10-sectional soil samples were measure
djacent parts was used as the representative phenan
oncentration.

After the soil had been diluted and centrifuged, the re
al hydrogen peroxide concentration in the supernatan
nalyzed by iodometric titration[18].

. Results and discussion

.1. Correlation of electro-osmotic flow, electrical
otential and electrical current

Fig. 3 shows the variation in the electrical current w
ime. In all the tests using the kaolinite spiked with phen
hrene and phenol, the electrical current initially increa
apidly, reached a peak within 1–24 h, then decreased
tabilized at a nearly constant value. Tests 1, 3, 4 and 7
aolinite contaminated with phenanthrene, were condu
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Fig. 3. Electrical current measurements.

to study variation in the current as a function of the different
anode purging solution.

It was clear, in test 1 using only 7% H2O2 as the anode
purging solution, the electrical current was higher than that in
test 4, where only 3.5% H2O2 was used. Furthermore, in test
3, that was higher compare to test 7 using de-ionized water as
the anode purging solution. By comparing tests 5 and 6 using
kaolinite spiked with phenol, the electrical current in test 5
using 3.5% H2O2 solution was higher than that in test 6 that
used de-ionized water as the anode introduction solution.

These results show that the electrical current increased
as the H2O2 concentration of the anode purging solution in-
creased. The reason for the electrical current increase was
the generation of ionic compositions in the pore water and
chambers. The trends shown inFig. 3suggest that the ionic
concentration of pore water was increased by the spread of
H2O2 from the anode chamber. InTable 1, the salts, such as
SO4

2−, NO3
−, HCO3

− and Cl−, released from the soils was
at very trace levels. Therefore, based on the chain reaction in
Eqs.(2)–(4), theory of electrical neutrality in the pore solu-
tion [19] and the results ofFig. 3, the generation of O2•− or
HO2

− anions with Fenton-like reaction increased electrical
conductivity in the pore solution, which resulted in increase
of an electrical current during the EK-Fenton process.

Fig. 4 shows that the electrical potential was induced
a a
3 ugh
a pa-
r a
l oss
t in-
c , the
E

the
r
o
p elec-
t and

Fig. 4. Electrical potential in the soil cell (Ecell) during EK-Fenton process
(Ecell indicate that electrical potential was measured by the passive electrode,
which inserted at the both end of the soil specimen).

5, since the concentrations of the ionic species (H+, SO4
2−,

HO2
−, O2

•− and phenolate (C6H5O−)) at the anode cham-
ber and in the soil were higher, electrolysis rate was higher
than in the other tests. Therefore, as the electrical conduc-
tance in the electrode chambers increased more than in the
other tests, due to increases in the H+ and OH− ions in the
electrode chambers, the magnitude of the induced electrical
potential in the electrode chambers is decreased more than in
the other tests, and as a result, theEcell was increased more
than in the other tests.

Fig. 5 indicates the evolution of a relative electrical po-
tential (V/Vcell) distribution during the course of these tests.
In tests 1, 2 and 4, from 72 to 240 h, the relative electrical
potential difference between the anode end of soil specimen
and the passive electrode inserted, 2 cm from the anode end
of soil specimen, was larger than in the other regions, and the
electrical potential distribution in the soil remained nearly
constant as time elapsed. These results indicate that, from
72 to 240 h, the ionic concentration distribution in the soil
remained almost constant.

Conversely, in test 3, the potential gradient in the regions
near the anode had much smaller values than in the other tests,
and a very low potential gradient region gradually developed
from the anode end toward the cathode as time elapsed.

The trend in test 3 suggests that the ionic concentration
o gion,
a ded
t
t e to
t ode
c st 3.
N the
t the
e

tial
g at in
cross the soil specimen (Ecell) when the test started with
0 V electrical potential between both electrodes. Altho
n electrical potential of 30 V was applied to the EK ap
atus, including the electrode chamber, theEcell generated
ower value than 30 V. The initial electrical potential acr
he soil cell was about 12–23.5 V, and monotonically
reased to the final range of 23–28 V. In tests 3 and 5
cell was higher than in the other tests.

Due to the characteristics of the electrolyte solution in
eservoir and the contaminants in the soil, theEcell devel-
ped indicated different results. The magnitude ofEcell was
roportional to the relative electrical conductance at the

rode chamber in contact with the soil specimen. In tests 3
f the pore water gradually increased in the anode re
nd that the region of higher ionic concentration exten

oward the cathode over time. Wada and Umegaki[19] found
hat Cl− ions gradually speeded toward the cathode, du
he electro-osmotic flow, when NaCl was injected the an
hamber. This phenomenon could explain the trend in te
amely, the main cause of the potential flattening was

ransportation of SO42− ions toward the cathode due to
lectro-osmotic flow.

Test 5, inFig. 5, indicates that the entire electrical poten
radient trend in the soil specimen was different from th
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Fig. 5. Development of electrical potential distribution: (a) test 2; (b) test 3; (c) test 4; (d) test 5.

tests 1 and 4. An electrical potential distribution produced
relatively irregular variations during the test period. These
results signify that the characteristics (ionic and non-ionic
compound) of compounds in the soil made the distribution
of the ionic concentration change in the soil specimen.

On the application of the electrical potential, the pore wa-
ter was transported to the cathode chamber by electro-osmotic
flow. Fig. 6 indicates the cumulative volume of the effluent

.

against the elapsed time. The results show that the differences
in the anode reagents and compounds in the soil had a sig-
nificant effect on the flow rate for this process. In 240 h, the
cumulative volumes produced in tests 1 and 2 were 292 and
294 ml, respectively, and those in tests 3, 4, 5 and 6 gener-
ated 429, 179, 433 and 316 ml, respectively. Test 7 produced
the smallest cumulative volume of 120 ml. Test 2 produced
a total flow of 479 ml in 486 h, while test 3 produced a total
flow of 498 ml in 312 h.

These results suggested that the electro-osmotic flow
rate during these tests were affected by factors in the soil,
such as theEcell, electrical current and electrical potential
distribution. It is likely that differences in these monitoring
values led also to the variations in the electro-osmotic flow
rates.

Tests 3 and 5, inFigs. 4 and 5, show a higherEcell than
in the other tests and a lower electrical potential loss than
in the other tests. Therefore, in the cases of tests 3 and 5 in
Fig. 5, these phenomena result in the faster electro-osmotic
flow rate compare to the other tests. Similarly, the electro-
osmotic flow rate was faster in test 1 than in test 4. These
results were attributed to the higherEcell in test 1 compared
to test 4, and that the electrical potential loss in the anode
region was lower in test 1 than in test 4.

Furthermore, by comparing all the tests, the electro-
o tude
Fig. 6. Cumulative volume of effluent plotted against elapsed time
 smotic flow rates were proportional to the current magni
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generated during the test periods. These results were in
agreement with the research results of Hamed and Bhadra
[20], where the electro-osmotic flow rates increased as the
electrical current densities increased.

Consequently, these results suggest that the cumulative
electro-osmotic flow quantity increased as the value ofEcell
increased[21], and as the electrical potential loss in the anode
region decreased, the electrical current increased.

3.2. pH and residual concentration of H2O2 in the soil
specimen after tests

After the tests, the residual H2O2 concentration and pH in
the soil specimens, in relation to the kind of anode purging
solution, contaminant in the soil and test period, are shown
in Fig. 7. In addition, after the tests, H2O2 concentration in
the anode chamber measured same value compared to initial
concentration of H2O2.

Tests 1 and 2 were conducted to compare the effect of the
test period, 240 and 486 h, respectively. The data inFig. 7(a)
show that the residual H2O2 concentration in test 2 was 3.97%
in thez= 0.05 region, and remained detectable to thez= 0.95

region (z is the normalized distance from the anode end in
the soil column; i.e.,z=Z/L. whereZ is the distance from
anode end in the soil column andL the soil column length).
On the other hand, the residual H2O2 concentration in test 1
was 2.45% in thez= 0.05 region, and could be detected to the
z= 0.75. In addition, the residual H2O2 concentrations in the
entire soil specimens were higher in test 2 than in test 1. After
these tests, the pH values in the soil specimen were lower in
test 2 than in test 1 with the exception of thez= 0.95 region.

These results signify that, although H2O2 was decom-
posed by catalysis of the soil surface during the movement
toward the cathode from the anode chamber, H2O2 gradually
speeded toward the cathode. Namely, as time elapsed, the in-
crease of the residual H2O2 concentration was attributed to
the H2O2 transport rate toward the cathode overcoming the
H2O2 decomposition rate in the soil specimen. By comparing
tests 1 and 2, the residual concentration of H2O2 increased
over time. These results were attributed to the decomposi-
tion rate of H2O2 in the soil specimen decreasing as the acid
front was transported toward the cathode, over time, although
the flow rate decreased slightly during the test period in
test 2.

F
r
t

ig. 7. Residual H2O2 and pH distribution in the soil specimens after the tests
elation to the test period and anode purging solution. (b) The tests using ka
he contaminant characteristics (ionic or non-ionic).
. (a) The tests using kaolinite spiked with phenanthrene to investigate effects in
olinite, spiked with phenanthrene or phenol, to investigate the effectsin relation to
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The role of H2SO4 on the stabilization of H2O2 was in-
vestigated in test 3 using 0.01 N H2SO4 and 7% H2O2 as
the anode purging solution. The residual H2O2 concentration
was 2.14% in thez= 0.05 region, and gradually deceased to-
ward the cathode from the anode. By comparing tests 1–3,
the residual H2O2 concentrations in the soil specimen were

higher in test 3 than in test 1, with the exception ofz= 0.05
region. Furthermore, although the test period in test 2 was
longer than that in test 3, the residual H2O2 concentration in
thez= 0.75–0.95 regions was higher in test 3 than in test 2.
In test 3, the result signifies that the acid front extended to the
adjacent regions of the cathode, and that the H2O2 decompo-

F
t

ig. 8. The distributions of the residual phenanthrene and hydrogen peroxid
est 7.
e in the soil specimen after the tests: (a) test 1; (b) test 2; (c) test 3; (d)test 4; (e)
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sition rate in the cathode regions was reduced. In addition, in
Fig. 6, the electro-osmotic flow rate was higher in test 3 than
in test 1 and 2. For these reasons, in the case of test 3, the
stabilization of H2O2 in the cathode regions improved more
than in the other tests.

In Fig. 7(b), the results indicate that the electrolysis re-
actions at the electrodes, together the transport of the back-
ground ions, play a major role in the development of pH
in the soil specimen. In test 5, the phenolate ion (C6H5O−)
concentration in the soil specimen increased the electrical
current during the test period. At the same time, the con-
centration of H+ ions in the anode reservoir increased as
the rate of the electrolysis reactions at the electrodes in-
creased, and as a result, the advancement rate of the acid
front toward the cathode increased. Furthermore, the trans-
port rate of the acid front was higher than that of the base
front moving from the cathode[22]. It is for these reasons
that the pH in the soil specimen was lower in test 5 than
in test 4, with the exception of thez= 0.95 region. In the
soil specimen, these factors resulted in the reduction of the
H2O2 decomposition rate and the improvement of the H2O2
stability.

3.3. Distribution of phenanthrene after EK-Fenton
process
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threne desorption at the soil surface. When the residual H2O2
concentration after test was considered, the results agreed
with those of Watts and Stanton[12], in that the addition
of excess H2O2 (0.3 M) enhances the oxidative treatment of
sorbed contaminants. Consequently, these results signify that
the major treatment mechanism of the phenanthrene might
not be removal but degradation.

The effect of phenanthrene oxidation in the soil speci-
men was relevant to the stabilization of the H2O2 in the soil
specimen (Fig. 8). Baciocchi et al.[23] suggested that the ef-
ficiency of 3-chlorophenol oxidation increased as H2O2 life
time increased.

In test 4, using 3.5% H2O2 as the anode purging solution,
the phenanthrene was hardly degraded in the soil specimen,
since the H2O2 had hardly been introduced into the soil spec-
imen. In comparison with test 4, the treatment effect in test 1
improved as the H2O2 stabilization in the soil increased. Fur-
thermore, the results reported inFig. 8(b and c) indicate that
phenanthrene degradation yield increased to a greater extent
in tests 2 and 3 than in tests 1 and 4 as the residual H2O2
concentration increased. Therefore, the correlation between
the degradation yield of phenanthrene and the stabilization
of H2O2 in the soil specimen was confirmed.

However, by comparing tests 2 and 3, although the oper-
ating time was longer in test 2 than in test 3, and the residual
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henanthrene and H2O2 are shown inFig. 8. In test 7 us
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rated nearly after test. In tests 1 and 4, using only 7
.5% H2O2 as the anode purging solution during the 24
espectively, the phenanthrene was slightly treated in th
ion near the anode, compared with tests 2 and 3. In t
ith identical conditions to test 1, with the exception of

onger experiment period, the residual phenanthrene wa
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However, the phenanthrene in the regions near the ca

as hardly treated and, the residual phenanthrene conc
ion in the 18 cm region from the anode indicated that a
0% of initial concentration was exceeded. In test 3, u
.01 N H2SO4 and 7% H2O2 as the anode purging solutio

he phenanthrene treatment effect was improved in the
pecimen. The phenanthrene in the entire soil specime
4% treated, and even 49% treated in the region neare
athode.

According to these results, values exceeding the in
henanthrene concentration in the soil specimen wer
easured, with the exception of test 2. However, since a

or of±10% might be produced by a slightly inhomogene
henanthrene concentration in the soil, the excessive va

est 2 might include the error limit. In addition, the phen
hrene in the effluent was not measured. Therefore, u
hese test conditions, the results suggest that the phenan
egradation occurred in the sorbed state, or that the ra
henanthrene degradation was as fast as the rate of ph
-

e
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2O2 concentration in the 14–20 cm region from the an
ere nearly the same, the treatment efficiency in the reg
as lower in test 2 than in test 3.
The results suggest that the phenanthrene degradatio

as affected by other factors than the H2O2 concentration in
he soil specimen or the operating time. InFig. 7, the pH
n the regions was lower in test 3 than in test 2. The re
uggest that the rate of the acid front advancement aff
he phenanthrene degradation rate.

The reaction of hydroxyl radicals formed through the F
on mechanism was fast at low pH, whereas the rate o
roxyl radical production decreased at a neutral pH[15].
ince the latter process is the predominant route of ox
volution, the contaminant degradation rate is probably
onsequently, since the advancement rate of the acid
as higher in test 3 than in test 2, the treatment efficien

he cathode regions increased to a greater extent in test
n test 2.

. Conclusion

This research was conducted to investigating phenom
nd applicability of the EK-Fenton process for the reme

ion of low-permeability soil contaminated with PAHs.
The present experimental results suggest that, acco

o increase of H2O2 addition in the anode solution, the
rease of anions (HO2− and O2

•−) with chain reaction re
ulted in that of the electrical current. Therefore, when H2O2
f high concentration introduce from the anode, the ge
tion of intermediate anions with Fenton-like reaction
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affect significantly electrochemical phenomenon during the
EK-Fenton process.

The results of this research show that the residual concen-
tration of H2O2 was proportional to the transfer rate of the
acid front due to acid addition form the anode and increase
of electrolysis rate together the transport of ionic composi-
tion in the soil. Furthermore, the phenanthrene degradation
yield was proportional to the transfer rate of the acid front
and H2O2 stability.

Therefore, to effectively treat sorbed contaminant on soils
during the EK-Fenton process, an injection of acid is nec-
essary, but to an extent that doses not decrease the electro-
osmotic flow rate.
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