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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®f Ktability and phenanthrene treatment, and the variation in the monitoring
values were also investigated during the EK-Fenton process when catalyzed by heterogeneous minerals. Phenanthrene was chosen to represe
hydrophobic organic contaminants (HOCs), which are widespread in the environment, and kaolinite was used as the low-permeability soil.
In these experiments, the;B, concentrations in pore water, the electrical potential distributions and the electrical currents were measured
or monitored to assess the electrochemical effect in relation to injectiong@f from the anode. The results suggested that intermediate
anions (HQ~, O,7) with Fenton-like reaction affected significantly the variations in the electrical current during the EK-Fenton process. The
addition of 0.01 N HSOy to the anode reservoir improved thg®} stability and the treatment of phenanthrene in the entire soil specimen.
Therefore, use of kD, and dilute acid, as an anode purging solution is a possible method for treating HOCs in low-permeability subsurface
environments.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction nologies are particularly useful for fine grained soils where
the aforementioned technologies are impractical or impos-
The in situ remediation of soils contaminated with organ- sible to use. EK is a process in which a low-intensity dc
ics is a significant problem as such soils are the complex electrical current is applied across electrode pairs. The ap-
media with many sorbed contaminants. It is particularly dif- plication of EK process is governed by electromigration and
ficult to treat or remove contaminants possessing low water electro-osmosis with electrolysis reactions occurring at the
solubility and high octanol-water partition coefficients char- electrode$l,2]. The electrolysis of water produces hydrogen
acteristics, such as HOCs. Thus, both the pump-and-treat andons at the anode and hydroxyl ions atthe cathode. The hydro-
in situ soil flushing methods typically require movement of gen ions generated at the anode produce an acid front. This
significant quantities of water during the long period for re- front advances toward the cathode by electromigration, dif-
mediating contaminated soils. Furthermore, these technolo-fusions and advection (including the electro-osmotic flow).
gies often are not directly applicable to fine-grain soils and The electromigration of cation and anion towards their op-
sediments with low-permeability. Electrokinetic (EK) tech- posite electrodes is proportional to the ion concentration and
the electric field strength. The electro-osmotic flow rate, due
e to the advection by electrical gradients is proportional to the
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During the last few years, EK technology has been ap- other conditions, such as mineral composition, moisture con-
plied successfully in the remediation of inorganic contam- tent and chemical component of pore water, are common, the
inant[1-4]. EK has also been shown to be highly efficient rates of hydrogen peroxide decomposition and contaminant
in the removal of partially dissociated organic species, such degradation by mineral catalysis are dependent on the soil pH.
as acetic acid and phenf,6]. However, because of their  Therefore, during in situ oxidation process, the soil-buffering
low solubilities and slow desorption rates, HOCs are dif- capacity is an important factor to be considered.
ficult to remove from subsurface environments with tradi- Another phenomenon is sorption at the soil surface. Sorp-
tional EK technology. Therefore, the remediation process of tion not only retards the rate of transport of hazardous con-
these compounds using the EK method has been combinedaminants and decreases the transfer rate to the liquid phase,
with other treatment process, such as flushing, bioremedia-but it also significantly affects the rates of contaminant degra-
tion and chemical oxidation (Fenton process). Among these dation with Fenton-like reaction. In most cases, a contaminant
methods, the Fenton process has received much interest dupartition on soil organic matter or a mineral surface is not in
to its ability to treat a wide range of contaminants in soils. direct contact with the agents responsible for its transforma-
Recently, this process has been extended to treating contamtion[11]. Therefore, desorption is responsible for controlling
inated soils and groundwater, through the in situ injection of the transformation of hazardous organic contaminants in
Fenton’s reagents. Watts and his research group have consoils. However, the addition of exces® (0.3 M) has
ducted extensive studies on using a modified Fenton procesdeen shown to enhance the oxidative treatment of sorbed and
for the treatment of soils contaminated with various organic NAPL contaminant§l2]. This condition may not provide the

pollutants. reactants necessary to promote desorption of sorbed contam-
In the Fenton’s reaction, iron(ll) catalyzes the decompo- inants, but these same conditions may also enhance the ox-
sition of hydrogen peroxide (#D-) to hydroxyl radicalg7]. idation of HOCs by a vigorous Fenton-like reaction. Kakala
2+ . - RSt and Wattqd13] performed column tests to treat hexadecane-
H202 +F&™ — OH® 4 OH™ +F 1) sorbed soils. They showed that aggressive Fenton-like

Similarly, the reaction of hydrogen peroxide with heteroge- reactions had the potential to oxidize sorbed contaminants.
neous soil possessing iron mineral is usually defined by so ~ Yang etal[14,15]conducted research on a combined EK

called “Fenton-like reaction[8]. and Fenton process. They gave this process the néide *
Fenton processAfter the artificially contaminated soils with
HoOo+S — OH® + OH™ +S* 2 phenol or TCE had been prepared in the cell, and iron powders

established at the near anode and cathode, hydrogen peroxide
%nd ferrous sulfate were injected from the anode chamber.
The combined effects of the treatment and removal effectively
realized remediation of the contaminants.

The EK-Fenton phenomenon is characterized by a com-
plex process, which includes the effects of electro-osmosis,

" talvzed i dwh ” iof electromigration, electrolysis reactions and the mineral cat-
ac(;ohn Za alyze T\qu&_erfan wfere Stﬁpiroé(' e?m%.ﬂ? alyzed Fenton-like reaction (hydrogen peroxide decomposi-
and hydroperoxyl radicals (H£3) form the hydroxyl radical. tion, organic contaminant degradation, et&lg. 1 shows

'(Ij’hesedra:jdlca_l spl)_eC|e§rrg]]enerlat|ng throu?hdtn;]s f?ﬁm reatctlo_na schematic diagram of the EK-Fenton process treatment

eg:a € t_qumotlne. ?y :isodsuggesde q at the r(?[n arF"scheme. The transport rate 0$®; in soil is influenced by
hant reaction rate was irst and second order In relation 10, o 4 4yection resulting from electro-osmosis and decompo-
both the oxide and hydrogen peroxide concentrations.

sition, with Fenton-like reaction, at mineral surface. And the

iron minerals. Miller and Valenting9] studied the oxida-
tion of organic contaminants in the presence of aquifer sand
coated by iron. Hydrogen peroxide decomposition generates
transient oxygen species in the mineral surface through a
Fenton-like reaction. They proposed chain reactions with re-

d[H2027] ) degradation and desorption of sorbed organic contaminants
dr kobdH202] = kmas{H20][0xide] 3) is also promoted by the radical species produced from the

d[Ceol reaction between the introduced hydrogen peroxide and the
co

= kcon[Cconl[H 202] 4) heterogeneous soil particles.

dr The H0O; introduced from the anode chamber is trans-
where kops is the observed first order decay coefficient ferred toward the cathode by the electro-osmotic flow, which
of hydrogen peroxide, kmass=kopd(0Xide); and (ox- is accompanied by the decomposition on the mineral surface,
ide) = concentration of oxidek.o, the second order degra- where the anions (&~, HO>™) may move toward the an-
dation coefficient of contaminan€c, the concentration of  ode due to electromigration. Particularly, since the rate of
contaminant. a Fenton-like reaction and the electro-osmosis are governed

Watts et al[10] investigated the sensitivity to other param- by the soil pH, the transport rate of the acid front during the
eters, such as pH and iron mineral concentration. The rate ofEK-Fenton process affects the contaminant remediation and
hydrogen peroxide decomposition increased as the pH andH,O, stabilization. Therefore, $0, injected into the soll
iron mineral concentration increased. The rate of nitroben- from the anode treats any organic contaminants by a Fenton-
zene degradation also increased as the pH decreased. If thike reaction. During this series of procedures, the charac-
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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 ropean Communities Bureau of Reference (BCE). The

efficiency of the contaminants.

concentrations of the extracted ions were measured using

This research investigated the treatment availability of or- an inductive coupled plasma-mass spectrophotometer (ICP-
ganic contaminant sorbed on the soil surface through the EK-MS). The scheme differentiates the following four groups
Fenton process. The application of EK-Fenton technology in of elements: exchangeable and bound to carbonate; bound
treating contaminated soil, with emphasis on strongly sorbedto Fe/Mn oxide; bound to organic matter and sulfide; resid-
HOCs inthe low-permeability soil, such as kaolinite, have not ual fraction. Generally, the first three fractions are the sol-
been studied, and the effect of the EK-Fenton process on theuble and amorphous solid representing more readily avail-
stability of H,O» remains to be investigated. Therefore, this able sources for the Fenton-like reaction. Conversely, the
research was conducted to see if the EK-Fenton process notesidual solid in the fourth fraction should contain mainly
only provides enhanced treatment of sorbed phenanthrene byrimary and secondary minerals, incorporating elements in
mineral catalysis, but also improves the potential for stabiliz- their crystalline structure that would be sparingly available.
ing H20O7 in the kaolinite. Namely, the behavior characteris- As shown inTable 2 the EPK kaolinite possesses much
tics of H,O», such as its decomposition, transport and stabi- lesser amounts of Mn, while possessing appreciable amounts

lization, were evaluated, and the correlation of phenanthrene
treatment and KO, behavior was also assessed, during the 1apje 1
EK-Fenton process. The role 0B, as the anode solution

Chemical and physical characteristics of EPK kaolinite

was investigated for improvement of treatment efficiency of parameter

EPK kaolinite
phenqnthrene. !Dhenol as thg probe co_mpound was s.e_lect.ed ®ajor mineral component (XRD) Kaolinite
investigate the influence of ionic species on the stabilization gpecific gravity of solid particles (ASTM D 854) 2.65
of H20 during the EK-Fenton process. Particle size (%) (ASTM D 422)

Clay 97
Silt 3
2. Experimental Sand 0
Specific surface area @iy) 24.3
. . Organic carbon content (%) <0.1
2.1. Soil and chemicals (Walkley and Black, 193
Cation exchange capacity (meg/100 g) 5.5-6
The EPK kaolinite was purchased from Feldspar Corpo- (U.S. Soil conservation service, 1972
ration. The test soil used was high quality kaolin clay, which EXtractable salts concentration (mg/kg)
was washed with water. Kaolin is often used for electrokinetic oo (€xtracted with 0.01M HC) 42
X i i K NO3z~ (extracted with 0.01 M HCI) 13
laboratory experiments because it has a low organic content carhonate ions (soluble with de-ionized water) N.D.
and cation exchange capacity. The important properties are ci- (soluble with de-ionized water) N.D.
listed inTable 1 The iron and manganese concentrations, in Initial soil pH (500%, water—solid) 5.6

different forms, were determined by a sequential extraction 2 Referencd24].
procedure that was proposed by the Commission of the Eu- ° Referencd25].
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Table 2 from Fiser Scientific, and were reagent grade or high-pressure
Distribution of the different iron and manganese fractions in EPK kaolinite quuid Chromatography (H PLC) grade. The double-deionized
Fe (mg/kg) Mn (mg/kg) water (>18 M2 cm) was purified with a Barnstead Nanopure-

Exchangable and bound to carbonates .668 2.3 ultrapure system.

Bound to Fe-and Mn-oxides 1 0.2

Bound to organic substances .83 0.2 : :

Residual fraction 3868 7 2.2. Electrokinetic apparatus

Total 41631 9.7 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-

of Fe. The most solid Fe has crystalline structures, such voirs and a soil cell, where the soil was placed. The electroki-
as hematite and goethite. The concentrations of extractablenetic cell used for the tests was made of Plexiglas, and was
NO3~ and SQ? in the soil were determined by 0.01M 8cm in diameter and 20 cm long. Seven passive electrodes
HCI extraction, and the soluble Cland carbonate concen- were inserted into the soil cell and graphite electrodes were
tration in the soil by de-ionized water but the salts in the placed in contact with the chambers.
soils were only trace amount. In addition, the titration tests ~ The electrodes were located at each end of the cell so that
of pH versus acid inputs for the EPK kaolin and blank con- the electrolyte solution was only in contact with one face
ducted for investigation of acid buffer capacity in relation of each electrode. A filter paper was used at the end of the
to carbonate dissolutiofl7]. The results show that differ- sample. The space of each chamber was placed between a
ence of two titration curve was not nearly, and then indicate porous stone and an electrode.
that the carbonate dissolution from EPK kaolin generated not  Nylon valves (PVC), at each of the cells, were used to
nearly. control the inflow and outflow of the solution. The inlet at the

Phenanthrene was selected as the representative HOC itbottom of the anode chamber was connected to a reservoir
this study and phenol was chosen as the probe compoundcontaining 2000 ml of anolyte solution, which was circulated
The phenanthrene (98%) and phenol (99.9%) were purchasedising peristaltic pump.
from Aldrich Chemical Company. A graduated cylinder (2000 ml volume) was used as a

The 35% hydrogen peroxide was supplied by Junsei catholyte solution reservoir to measure the water volume
Chemical Corporation. All other chemicals were purchased transported. Gas vents were provided in the electrode cham-

(n

B

(2) =
(6) _=

+ |90 —

Fig. 2. Schematic diagram of electrokinetic apparatus: (1) anode reservoir; (2) peristaltic pump; (3) graphite electrode; (4) porous steive; éBgpasie;
(6) power supply.
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Table 3

Summary of test program

Parameter Test 1 Test 2 Test 3 Test 4 Test5 Test 6 Test7

Permeating fluid atthe  Hz02 (7%) HO2 (7%)  HxO2 (7%) H20, (3.5%) HO, (3.5%) De-ionized water  De-ionized water
anode chamber H2SOy (10 mN)

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 ~ Phenanthrene Phenol (200) Phenanthrene (200)
spiked compound (200)
(mglkg)

bers for the escape of any gases resulting from the electrolysigopH and moisture content. Soil-pH-values were measured in

reactions. a mixture of 5 g-soil and 25 ml-deionized.
The phenanthrene in the liquid samples was extracted
2.3. Methods by triple liquid-liquid extraction, using a total of about
50 ml dichloromethane. To extract the phenanthrene from
2.3.1. Preparation of the test specimen the soil, the soil sample (2.5g) was transferred to a 10 ml

mixed with the soil to obtain the required concentration of dichloromethane:methanol mixture was added to the soil,

200 mg/kg of dry soil, and the hexane allowed evaporating. @nd the soil-solvent suspension shaken (200rpm) for 72h
This soil was then made up to a moisture content of 70% at 30°C. The tube was then centrifuged for 15min, and the
with de-ionized water. The contaminated soil with phenol Solvent mixture transferred to a 10 ml test tube. An amount
was prepared using phenol stock solution prepared in de-Of 19 of anhydrous sodium sulfate was mixed with the
ionized water. The soil was then statically compacted into a Phenanthrene-containing solventto completely remove resid-
cell using an air pressure of 150 kPa for 7 days. The cell was, Ual water. The phenanathrene concentration was determined
then, inserted into the main testing chamber. using a Gibson 305 system equipped with UV and fluores-
cence detectors. A mixture of water and methanol, 20:80, was
2.3.2. Operating conditions 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-

An electrical potential of 30 V was applied to the EK ap- 0 . ) >
paratus for the entire test. For tests 1-7, the testing program iscedure, 75% of the phenanthrene spiked into EPK kaolinite

threne. Tests carried out room temperature &t3n tests b P 9 b

1-3, 7% hydrogen peroxide was used as the anode reservoifmght have occurred, due to EPK kaolinite possessing soil

fluid. In tests 1 and 2, only 7% hydrogen peroxide was used properties of a small particle size and high soil surface area.

as the anode pursing solution, and test 2 was a long-term oy After the phenanthrene concentration of 10-sectional sam-

periment of test 1. Test 3 used an anode purging solution ofple. had been analyzed by HPLC, the average value of the
10mN HSO; and 7% hydrogen peroxide. adjacent pgrts was used as the representative phenanthrene
Tests 1 and 4 were conducted under the same Conditions’corx:fteenrtiﬂgosr:).iI had been diluted and centrifuged, the resid-
with exception of a 3.5% hydrogen peroxide injection from . oo ged,
the anode chamber. Test 7 was blank test for soil spiked with ual hydrogen_ peromdg cpncgntranon in the supernatant was
phenanthrene. These tests were run under different conditions"’m"’llyzed by iodometric titratiof18].
to examine the effects of the sorbed contamination treatment
on the EK-Fenton process. Tests 5 and 6 were spiked with
phenol, and 3.5% hydrogen peroxide and de-ionized water3, Results and discussion
used as the purging solutions, respectively.
Tests were also conducted to investigate the effects dues 1. correlation of electro-osmotic flow, electrical
to the characteristics of the spiking compounds. For all the potential and electrical current
tests, de-ionized water was used as the cathode reservoir

fluid. Fig. 3 shows the variation in the electrical current with
time. In all the tests using the kaolinite spiked with phenan-
2.3.3. Chemical analysis threne and phenol, the electrical current initially increased

At the end of each experiment, the cell filling was sliced rapidly, reached a peak within 1-24 h, then decreased and
into layers of approximately 2 cm, and each sectioned samplestabilized at a nearly constant value. Tests 1, 3, 4 and 7 using
well mixed. The 10-sectional soil samples were measured forkaolinite contaminated with phenanthrene, were conducted
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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%,B, as the anode
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Fig. 4. Electrical potential in the soil celEfe)) during EK-Fenton process
(Ecenindicate 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, G2,

purging solution, the electrical current was higher than thatin HO,—, O,*~ and phenolate (§H507)) at the anode cham-

test 4, where only 3.5% #D, was used. Furthermore, in test

ber and in the soil were higher, electrolysis rate was higher

3, that was higher compare to test 7 using de-ionized water ashan in the other tests. Therefore, as the electrical conduc-
the anode purging solution. By comparing tests 5 and 6 usingtance in the electrode chambers increased more than in the
kaolinite spiked with phenol, the electrical current in test 5 other tests, due to increases in the &hd OH™ ions in the
using 3.5% HO, solution was higher than that in test 6 that electrode chambers, the magnitude of the induced electrical
used de-ionized water as the anode introduction solution.  potential in the electrode chambers is decreased more than in
These results show that the electrical current increasedthe other tests, and as a result, Byg) was increased more
as the HO, concentration of the anode purging solution in- than in the other tests.
creased. The reason for the electrical current increase was Fig. 5indicates the evolution of a relative electrical po-
the generation of ionic compositions in the pore water and tential //V¢g)) distribution during the course of these tests.
chambers. The trends shownhig. 3suggest that the ionic  In tests 1, 2 and 4, from 72 to 240 h, the relative electrical
concentration of pore water was increased by the spread ofpotential difference between the anode end of soil specimen
H»>0, from the anode chamber. Trable ] the salts, such as  and the passive electrode inserted, 2 cm from the anode end
Sy2~,NO3~, HCO;~ and CI, released from the soilswas  of soil specimen, was larger than in the other regions, and the
at very trace levels. Therefore, based on the chain reaction inelectrical potential distribution in the soil remained nearly
Egs.(2)—(4) theory of electrical neutrality in the pore solu- constant as time elapsed. These results indicate that, from

tion [19] and the results dfig. 3 the generation of @~ or
HO,~ 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
across the soil specimekd) when the test started with a
30V electrical potential between both electrodes. Although
an electrical potential of 30V was applied to the EK appa-
ratus, including the electrode chamber, Eag) generated a
lower value than 30 V. The initial electrical potential across
the soil cell was about 12-23.5V, and monotonically in-

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
of the pore water gradually increased in the anode region,
and that the region of higher ionic concentration extended
toward the cathode over time. Wada and Ume§s%j found
that CI~ ions gradually speeded toward the cathode, due to

creased to the final range of 23-28 V. In tests 3 and 5, thethe electro-osmotic flow, when NaCl was injected the anode

Ecen Was higher than in the other tests.

Due to the characteristics of the electrolyte solution in the
reservoir and the contaminants in the soil, the) devel-
oped indicated different results. The magnitudé&gfy was

proportional to the relative electrical conductance at the elec-

chamber. This phenomenon could explain the trend in test 3.
Namely, the main cause of the potential flattening was the
transportation of Sg¥~ ions toward the cathode due to the
electro-osmotic flow.

Test5, inFig. 5 indicates that the entire electrical potential

trode chamber in contact with the soil specimen. Intests 3 andgradient trend in the soil specimen was different from that in
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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-
terwas transported to the cathode chamber by electro-osmot
flow. Fig. 6 indicates the cumulative volume of the effluent

600
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400

300

200

Cumulative volume of effluent (ml)

100

100

200 300 400 500 600

Elapsed time (h)

Fig. 6. Cumulative volume of effluent plotted against elapsed time.

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 240h, 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

iche 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 mlin 312 h.

These results suggested that the electro-osmotic flow
rate during these tests were affected by factors in the soil,
such as theeqg, 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, iffrigs. 4 and 5show a higheEg 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 highege 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-
osmotic flow rates were proportional to the current magnitude
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generated during the test periods. These results were inregion ¢ is the normalized distance from the anode end in
agreement with the research results of Hamed and Bhadrahe soil column; i.e.z=Z/L. whereZ is the distance from
[20], where the electro-osmotic flow rates increased as theanode end in the soil column ahdhe soil column length).

electrical current densities increased. On the other hand, the residuag®, concentration in test 1
Consequently, these results suggest that the cumulativewas 2.45% in the=0.05 region, and could be detected to the
electro-osmotic flow quantity increased as the valuEgfi z=0.75. In addition, the residualji®, concentrations in the
increased?1], and as the electrical potential loss in the anode entire soil specimens were higher in test 2 thanin test 1. After
region decreased, the electrical current increased. these tests, the pH values in the soil specimen were lower in
test 2 than in test 1 with the exception of & 0.95 region.
3.2. pH and residual concentration 0685 in the soil These results signify that, although® was decom-
specimen after tests posed by catalysis of the soil surface during the movement

toward the cathode from the anode chambe®#igradually

After the tests, the residuab, concentration and pHin  speeded toward the cathode. Namely, as time elapsed, the in-
the soil specimens, in relation to the kind of anode purging crease of the residualJ®, concentration was attributed to
solution, contaminant in the soil and test period, are shown the H,O; transport rate toward the cathode overcoming the
in Fig. 7. In addition, after the tests, @, concentration in H,O, decomposition rate in the soil specimen. By comparing
the anode chamber measured same value compared to initialests 1 and 2, the residual concentration gl increased
concentration of KHO». over time. These results were attributed to the decomposi-

Tests 1 and 2 were conducted to compare the effect of thetion rate of O, in the soil specimen decreasing as the acid
test period, 240 and 486 h, respectively. The datidgn7(a) frontwas transported toward the cathode, over time, although
show thatthe residual4®, concentrationintest2was 3.97% the flow rate decreased slightly during the test period in
in thez=0.05 region, and remained detectable tozh®.95 test 2.
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the contaminant characteristics (ionic or non-ionic).
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The role of BSO, on the stabilization of KO, was in- higher in test 3 than in test 1, with the exceptiorzef0.05
vestigated in test 3 using 0.01 Nb8HO; and 7% B0, as region. Furthermore, although the test period in test 2 was
the anode purging solution. The residual®4 concentration longer than that in test 3, the residugl®p concentration in
was 2.14% in the=0.05 region, and gradually deceased to- thez=0.75-0.95 regions was higher in test 3 than in test 2.
ward the cathode from the anode. By comparing tests 1-3,In test 3, the result signifies that the acid front extended to the
the residual HO, concentrations in the soil specimen were adjacent regions of the cathode, and that th@ttecompo-
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sition rate in the cathode regions was reduced. In addition, in threne desorption at the soil surface. When the residp@bH
Fig. 6, the electro-osmaotic flow rate was higher in test 3 than concentration after test was considered, the results agreed
in test 1 and 2. For these reasons, in the case of test 3, thavith those of Watts and Stantda?2], in that the addition
stabilization of O, in the cathode regions improved more of excess HO; (0.3 M) enhances the oxidative treatment of
than in the other tests. sorbed contaminants. Consequently, these results signify that
In Fig. 7(b), the results indicate that the electrolysis re- the major treatment mechanism of the phenanthrene might
actions at the electrodes, together the transport of the back-not be removal but degradation.
ground ions, play a major role in the development of pH The effect of phenanthrene oxidation in the soil speci-
in the soil specimen. In test 5, the phenolate iogHE0 ™) men was relevant to the stabilization of the®3 in the soil
concentration in the soil specimen increased the electrical specimenfig. 8). Baciocchi et al[23] suggested that the ef-
current during the test period. At the same time, the con- ficiency of 3-chlorophenol oxidation increased gg’H life
centration of H ions in the anode reservoir increased as time increased.
the rate of the electrolysis reactions at the electrodes in- Intest 4, using 3.5% §D, as the anode purging solution,
creased, and as a result, the advancement rate of the acithe phenanthrene was hardly degraded in the soil specimen,
front toward the cathode increased. Furthermore, the trans-since the HO2 had hardly been introduced into the soil spec-
port rate of the acid front was higher than that of the base imen. In comparison with test 4, the treatment effectin test 1
front moving from the cathodp?2]. It is for these reasons improved as the b5 stabilization in the soil increased. Fur-
that the pH in the soil specimen was lower in test 5 than thermore, the results reportedhig. 8b and c) indicate that
in test 4, with the exception of the=0.95 region. In the  phenanthrene degradation yield increased to a greater extent
soil specimen, these factors resulted in the reduction of thein tests 2 and 3 than in tests 1 and 4 as the residg@,pH
H>0, decomposition rate and the improvement of thhl concentration increased. Therefore, the correlation between

stability. the degradation yield of phenanthrene and the stabilization
of H205 in the soil specimen was confirmed.

3.3. Distribution of phenanthrene after EK-Fenton However, by comparing tests 2 and 3, although the oper-

process ating time was longer in test 2 than in test 3, and the residual

H2>0O, concentration in the 14—-20 cm region from the anode

The results combining the residual concentration of the were nearly the same, the treatment efficiency in the regions
phenanthrene andJ®; are shown inFig. 8 In test 7 us- was lower in test 2 than in test 3.
ing deionized water, treatment of phenanthrene did not gen-  The results suggest that the phenanthrene degradation rate
erated nearly after test. In tests 1 and 4, using only 7 andwas affected by other factors than the®} concentration in
3.5% HO, as the anode purging solution during the 240h, the soil specimen or the operating time.Hiyg. 7, the pH
respectively, the phenanthrene was slightly treated in the re-in the regions was lower in test 3 than in test 2. The results
gion near the anode, compared with tests 2 and 3. In test 2,suggest that the rate of the acid front advancement affected
with identical conditions to test 1, with the exception of the the phenanthrene degradation rate.
longer experiment period, the residual phenanthrene was not  The reaction of hydroxyl radicals formed through the Fen-
detected within 6 cm from the anode and the phenanthrene inton mechanism was fast at low pH, whereas the rate of hy-
the 10 cm region from the anode was about 80% treated.  droxyl radical production decreased at a neutral [fH].

However, the phenanthrene in the regions near the cathodeSince the latter process is the predominant route of oxygen
was hardly treated and, the residual phenanthrene concentraevolution, the contaminant degradation rate is probably low.
tion in the 18 cm region from the anode indicated that about Consequently, since the advancement rate of the acid front
10% of initial concentration was exceeded. In test 3, using was higher in test 3 than in test 2, the treatment efficiency in
0.01N HbSOs and 7% HO, as the anode purging solution, the cathode regions increased to a greater extent in test 3 than
the phenanthrene treatment effect was improved in the soilin test 2.
specimen. The phenanthrene in the entire soil specimen was
74% treated, and even 49% treated in the region nearest the
cathode. 4. Conclusion

According to these results, values exceeding the initial
phenanthrene concentration in the soil specimen were not Thisresearch was conducted to investigating phenomenon
measured, with the exception of test 2. However, since an er-and applicability of the EK-Fenton process for the remedia-
ror of £10% might be produced by a slightly inhomogeneous tion of low-permeability soil contaminated with PAHS.
phenanthrene concentration in the soil, the excessive value in  The present experimental results suggest that, according
test 2 might include the error limit. In addition, the phenan- to increase of KO, addition in the anode solution, the in-
threne in the effluent was not measured. Therefore, undercrease of anions (H£ and Q°*~) with chain reaction re-
these test conditions, the results suggest that the phenanthrengulted in that of the electrical current. Therefore, whe®p
degradation occurred in the sorbed state, or that the rate ofof high concentration introduce from the anode, the gener-
phenanthrene degradation was as fast as the rate of phenaration of intermediate anions with Fenton-like reaction will
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affect significantly electrochemical phenomenon during the [9] C.M. Miller, R.L. Valentine, Hydrogen peroxide decomposition and
EK-Fenton process. quinoline degradation in the presence of aquifer material, Water Res.
The results of this research show that the residual concen-__ 29 (10) (1995) 2353-2359. .
. . [10] R.J. Watts, M.K. Foget, S.H. Kong, A.L. Teel, Hydrogen peroxide
tration of H,O2 was proportional to the transfer rate of the

. . o . decomposition in model subsurface systems, J. Hazard. Mater. B69
acid front due to acid addition form the anode and increase  (1999) 229-243.

of electrolysis rate together the transport of ionic composi- [11] D.L. Sedlak, A.W. Andren, The effect of sorption on the oxidation
tion in the soil. Furthermore, the phenanthrene degradation  of polychlorinated biphenyls (PCBs) by hydroxyl radical, Water Res.
yield was proportional to the transfer rate of the acid front __ 28 (1994) 1207-1215.

L [12] R.J. Watts, P.C. Stanton, Mineralization of sorbed and NAPL-phase
and H O, stability.

. . . hexadecane by catalyzed hydrogen peroxide, Water Res. 33 (1999)
Therefore, to effectively treat sorbed contaminant on soils 1405-1414.

during the EK-Fenton process, an injection of acid is nec- [13] K.C. Kakala, R.J. Watts, Depth of Fenton-like oxidation in remedi-
essary, but to an extent that doses not decrease the electro- ation of surface soil, J. Environ. Eng. 123 (1) (1997) 11-17.
osmotic flow rate [14] G.C.C. Yang, Y.W. Long, Removal and degradation of phenol in a
' saturated flow by in-situ electrokinetic remediation and Fenton-like
process, J. Hazard. Mater. B69 (1999) 259-271.
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