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bstract

In situ bioremediation is a safe and cost-effective technology for the cleanup of organic-contaminated soil, but its remediation rate is usually
ery slow, which results primarily from limited mass transfer of pollutants to the degrading bacteria in soil media. This study investigated the
easibility of adopting 2D non-uniform electric field to enhance in situ bioremediation process by promoting the mass transfer of organics to
egrading bacteria under in situ conditions. For this purpose, a 2D non-uniform electrokinetic system was designed and tested at bench-scale with
sandy loam as the model soil and 2,4-dichlorophenol (2,4-DCP) as the model organic pollutant at two common operation modes (bidirectional

nd rotational). Periodically, the electric field reverses its direction at bidirectional mode and revolves a given angle at rotational mode. The results
emonstrated that the non-uniform electric field could effectively stimulate the desorption and the movement of 2,4-DCP in the soil. The 2,4-DCP
as mobilized through soil media towards the anode at a rate of about 1.0 cm d−1 V−1. The results also showed that in situ biodegradation of
,4-DCP in the soil was greatly enhanced by the applied 2D electric field upon operational mode. At the bidirectional mode, an average 2,4-DCP
emoval of 73.4% was achieved in 15 days, and the in situ biodegradation of 2,4-DCP was increased by about three times as compared with that
ncoupled with electric field, whereas, 34.8% of 2,4-DCP was removed on average in the same time period at the rotational mode. In terms of

aintaining remediation uniformity in soil, the rotational operation remarkably excelled the bidirectional operation. In the hexagonal treatment

rea, the 2,4-DCP removal efficiency adversely increase with the distance to the central electrode at the bidirectional mode, while the rotational
ode generated almost uniform removal in soil bed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Chlorinated phenols, as recalcitrant organic pollutants, have
osed serious environmental problems due to their wide use
s biocides, wood preservatives and organic precursors of pes-
icides [1,2]. Soil chlorophenol contamination mainly resulted
rom spilling or dripping chlorophenol–solvent mixture onto the
round. Chlorophenols tend to remain in the soil phase for a long
ime period due to their toxicity and hydrophobicity. Despite

hlorophenol toxicity, it has been found that a variety of bacteria
re able to degrade different chlorophenol isomers [3–6]. Bio-
ogical treatment of chlorophenols-contaminated sites attracted
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ore and more attention than physical and chemical methods
ue to its cost effectiveness and no secondary contamination.
x situ biological treatment such as soil slurry reactor would

nevitably disturb the local environments; while in situ biore-
ediation is usually less efficient, primarily due to limited pol-

utants mobilization to the degrading bacteria in soil media [7].
Electric fields have been applied in soil to increase contact

pportunities between pollutants and bacteria [8]. The electric
eld imposed on a soil matrix can induce, complex, coupled
lectrochemical and geochemical processes in the soil matrix
ncluding electroosmosis, electromigration and electrophoresis
9–12]. Electroosmosis is the movement of pore fluids in an

lectric field, which mobilizes the water-soluble composition of
he organics along with pore fluid from the anode to the cathode
13]. Electromigration is the transport of ions and ion complexes
o the electrode of opposite charge, and is often at least one order
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the tests. The preliminary study showed that bacterial suspension
added into soil could degrade 2,4-DCP at a content of 200 mg/l
in aqueous phase by 91% during 2 days, indicating its high initial
activity.

Table 1
The main characteristics of the tested soils

Item determined Sandy loam

Particle size analysis (%)
<2 �m 11.21
2–10 �m 5.01
10–50 �m 7.00
50–250 �m 63.31
>250 �m 13.47

BET surface area (m2/g) 8.10
Carbonate (%) 0.0306
Organic matter (g/kg) 5.33
CEC (cmol/kg) 11.25
pH 7.74
Air-dried density (g/cm) 1.35
0 X. Fan et al. / Journal of Haza

f magnitude greater than electroosmosis [14]. Thus, in an elec-
ric field, ionizable organic pollutants and ionic nutrients are
ransported in soil media predominantly by electromigration.
lectrophoresis is the transport of charged particles, including
lay particles and bacterial cells, toward the electrode of oppo-
ite polarity [15]. These principal electrokinetic mechanisms
lay the critical roles in motivating organic molecules, bacterial
ells and nutrients crossing soil matrix and thus have the poten-
ials for accelerating the mass transfer and interactions among
rganic pollutants, bacterial cells and nutrients during in situ
ioremediation [16].

In an electric field, the electrolysis reaction on the surface of
lectrodes produces acids and bases which advance through soil
atrix and change soil pH. The change of soil pH will affect the

lectrokinetic transport process of chlorophenol and the viabil-
ty of bacterial cells. Chlorophenol can exist in both the ionized
nd neutral forms in soil [17]. The ratio of its ionized to neu-
ral form increases as soil pH rises, and vice versa. The existing
orm of chlorophenol exerts important effects on its transport
n soil matrix as the sorption of chlorophenol in soil is, in part,
epending upon its form in soil environment [17] and ionized
nd neutral chlorophenol migrate with different mechanisms
electromigration or electroosmosis). Moreover, the electrolysis
aused extreme soil pH affects adversely the viability of bacte-
ia near electrodes especially the cathode [18]. In order to avoid
nfavorable effects of extreme pH in electrokinetic bioremedi-
tion, some common strategies have been considered involving
pplying acid–base buffering chemicals, constructing modified
eactors and circulating electrolyte solutions in electrode com-
artments [19]. An emerging strategy is to reverse the polarity
f electric field (bidirectional operation) for automatically neu-
ralizing H+ and OH− ions electrolyzed at the electrodes. It has
een demonstrated that polarity reverse could effectively keep
oil pH stable when appropriate intervals were chosen [20–22].

In addition, non-uniform electric field was usually used to
inimize the complications associated with electrokinetic treat-
ent such as soil consolidation and cracking, development of

teep pH gradient in in situ bioremediation because columnar
lectrode for non-uniform electric field is of a smaller contact
rea with soil matrix than planar electrode for uniform [13].
on-uniform electric field could be one-dimensional (1D) or

wo-dimensional (2D) depending upon the electrode array. Gen-
rally, electrode pairs are adopted to generate 1D electric field,
hile the configurations of regular polygons are used to produce
D electric field. In theoretical modeling study, the distribution
f 1D and 2D electric field is usually simplified to be linear
nd radial, respectively, despite more complicated distribution
nder practical conditions [23]. Previous studies had demon-
trated that 1D non-uniform electrical field could effectively
nhance the biodegradation of phenolic organics in unsaturated
oil [21]. The studies on 2D electrokinetic remediation were rare
nd concentrated on theoretical aspects. Because of the superi-
rity in modularizing the treatment cell to develop electrode

atrix, 2D configuration may be more accessible to large-scale
eld application than 1D electrode array. It has been proved that
any organics such as PAHs and BTEX compounds could be
oved by electroosmosis towards the cathode in 2D electric field
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24]. Therefore, it should be possible to combine electrokinetic
ovement of organics in 2D electric field with biodegrada-

ion in situ, thus overcoming the constraints of mass transfer
o biodegradation in soil media.

The present study aimed at assessing the feasibility of
dopting 2D non-uniform electric field to accelerate in situ
ioremediation of chlorophenol-contaminated soil. For this pur-
ose, a 2D non-uniform electrokinetic system was developed
nd tested in bench-scale experiments at bidirectional and rota-
ional modes. In order to reduce the ineffective area, hexagonal
lectrode matrix was adopted to produce 2D electric field. In
ddition, a sandy loam and 2,4-DCP were selected as the model
oil and chlorophenol, respectively.

. Material and methods

.1. Soil and bacteria

A natural soil used as the experimental soil was categorized
s sandy loam, with various characteristics listed in Table 1.
he corresponding analytic methods were described by Lu [25].
he natural soil was sterilized three times using an autoclave
nd dried at 105 ◦C for bioremediation test. In addition, the con-
aminated soil was obtained by blending 2,4-DCP solution in
nhydrous ethanol into the natural soil and then evaporating the
thanol completely beneath a ventilation hood.

The bacterial species capable of degrading 2,4-DCP were
solated from a soil contaminated with pesticides by using a
asic mineral media with 2,4-DCP as the sole carbon source
designated as CP media), as described by Quan et al. [26]. The
acterial cells were grown in CP media on a shaker at 30 ◦C
nd 150 rpm and harvested in the exponential growth phase by
entrifugation. After washed twice, they were resuspended in
terilized deionized water to obtain bacterial suspension for all of
aturated water content (%) 33.0
oint of zero charge 1.5
iquid limit (%) 19.7
lastic limit (%) 18.2
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cycle, with the same reversal interval as bidirectional mode.
Whenever bidirectional or rotational mode was used, the initial
polarity of central electrode was anodic so as to prevent water
accumulation and weaken electrolysis reaction therein.

Table 2
Variables in different groups of tests

Group number 1 2 3 4

Soil bed Rectangle Square Square Square
2,4-DCP content (mg/kg soil) 100 0 100 100
Dry soil weight (kg) 2.2 2.8 2.8 2.8
Moisture (%) 17.5 20.8 20.8 20.8
Bacterial content (CFU/g soil) N/A N/A 2.3 × 108 2.3 × l08

Operational mode U and B U and B B R
Fig. 1. Schematic of experimental set-up (

.2. Experimental system

Two sets of electrokinetic systems were used in the tests.
ach consisted of a soil cell, inert graphite electrodes, an elec-

rode control system, an electric current and voltage real-time
onitoring system and a dc power supply. The first set of

ystem was made of a rectangle soil cell in a size of length
4 cm × width 12 cm × height 7 cm, as described by Luo et
l. [16]. The second one was made of perspex, with an inner
ffective size of length 22 cm × width 22 cm × height 10 cm, as
hown in Fig. 1a. Column-shaped graphite electrodes, length
cm × diameter 0.5 cm, were used to generate the non-uniform
lectric field. The electrode control apparatus (Omron, Japan)
as capable of switching the polarity of electric field, and thus

llowing a change in operational modes (i.e. unidirectional, bidi-
ectional or rotational) for tests. The monitoring system could
onitor electric current and voltage on-line and store them into
personal computer for later analysis. The power supply could
rovide a constant direct current electric voltage in a range from
to 60 V for the electrokinetic tests.

.3. Experimental procedures

During experimental preparation, the soils of different types
nd weights were blended with either deionized water or bacte-
ial suspensions (about 1.0 × 109 CFU/ml) thoroughly to obtain
arget moisture (shown in Table 2). The wet soils were tamped
nto the soil cell in layers, vibrated for 5 min and then com-
acted for 12 h at a pressure of 0.1 kg/cm2 so as to minimize
he void space. The extruded pore fluids from the top layer
as removed with bibulous paper. The soil beds with the vol-
me of length 24 cm × width 12 cm × height 5 cm and length

2 cm × width 22 cm × height 3.5 cm were obtained in rectan-
le and square reactors, respectively. The soil beds were then
ampled to determine initial soil pH, water content and 2,4-DCP
ontent.

O
N

W
r

sampling points (b) in the square reactor.

For the rectangle reactors, a couple of electrodes were oppo-
itely installed into the wet soil specimen with a distance of
0 cm and then connected with two poles of power supply
hrough electrode control apparatus and monitoring equip-

ent. When bidirectional operation was applied, two electrodes
xchanged polarity periodically.

In the square reactors, six electrodes were arranged in a
exagonal configuration, and the seventh electrode was located
n the center of hexagon, as shown in Fig. 1a. The distance
etween central electrode and peripheral electrode was 10 cm.
ll the electrodes were then connected with power supply

ccording to Fig. 1b. Under bidirectional operation, central and
eripheral electrodes exchanged polarity periodically, as shown
n Fig. 2a. In contrast, rotational operation mode was more
omplicated, with the whole process shown in Fig. 2b. Under
his mode, the peripheral electrodes were electrified one by one
lockwise, while the central electrode was electrified all along.
oreover, electrodes reversed polarity once every rotational
perational time (days) 10 4 15 15
umber of duplicate tests 2 2 2 2

here U, B and R refer to unidirectional, bidirectional and rotational operation,
espectively.
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Fig. 2. Schematic of bidirectional (a) and rotational (b) mod

Four separate groups of tests were conducted, with basic
ariables listed in Table 2. The first group was to investigate
,4-DCP desorption and migration under non-uniform electric
eld. The second group was to study the change of soil char-
cteristics under 2D electric field and the results were used to
etermine a proper polarity-reversal interval for bidirectional
peration. The third and fourth group were to study in situ
lectrokinetic biodegradation of 2,4-DCP at bidirectional and
otational modes, respectively. In last two bioremediation tests,
ater content was increased to 21% so as to prevent moisture

rom being limiting factor of biodegradation. Each test was run at
constant voltage gradient of 1.0 V/cm in the soil cell while the
urrent and voltage across the soil specimen were automatically
easured every 15 min. A control experiment with no electric

eld applied was conducted in parallel.

At the end of tests, a fraction of the soil specimen (length
cm × width 1 cm × height 3.5–5 cm) was taken using a U-

haped sampler and a spartula to determine the soil pH, water

O
a

o

an operation cycle by use of a hexagonal electrode matrix.

ontent and the residual 2,4-DCP content. In the rectangle soil
ells, the soil samples were taken along the line on which the two
lectrodes were located. Seven sampling points were distributed
n each line, with a space of 3 cm between neighboring locations.
or the square soil cells, the specimens were sampled clockwise
rom the initial location labeled “1” to the final location labeled
6” (Fig. 1a). For the purpose of reflecting spatial variation,
pecimens were sampled at six sorts of points indicated by A,
, C, D, Op and Oc, respectively. Points B and D referred to the
oints in bisector of hexagonal configuration, with the distance
f 8 and 4 cm from the central electrode, respectively (Fig. 1a).
oint A was the midpoint of adjacent point B and point C was in

he middle of adjacent point D (Fig. 1a). In order to monitor soil
haracteristics around electrodes, soil bed was sampled at point

p and Oc which were located in hexagonal bisector and 1.0 cm

way from the peripheral and central electrodes, respectively.
Acetonitrile was used to extract 2,4-DCP from 1.0 to 1.5 g

f soil samples. After ultrasonic extraction for three times (with
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n extraction efficiency of 94.8%), the extractant was filtered
hrough 0.45 �m Teflon membrane and then analyzed on a high
erformance liquid chromatograph (HPLC, Hewlett Packard
050) at 284 nm equipped with a reverse-phase C18 column
Agilent, USA) and a mobile phase containing methanol and 5%
cetic acid (67/53, v/v). HPLC was calibrated using four external
tandards prior to performing chemical analysis and using stan-
ard 2,4-DCP during analysis to ensure that the system remained
ood performance and to certify a consistent response. In addi-
ion, the syringe for sample injection was rinsed three times
etween each injection to eliminate cross-contamination.

Soil pH was determined using a soil to water ratio of 1:2.5
nd water content of the soil samples was determined using
he standard methods [25]. All the analysis was performed in
uplicate and the average value was presented for the testing
esult.

. Result and discussion

.1. The mobilization of 2,4-DCP under non-uniform
lectric field

In this study, the initial content of 2,4-DCP and water in tested
oil was about 100 mg/kg and 17.5%, respectively. Based on the
orption study for 2,4-DCP on the natural soil by Luo et al. [8],
bout 78 mg/l of 2,4-DCP was in porous water and 86.4% of
he total 2,4-DCP was sorbed on soil particles. Therefore, the

igration for the most of 2,4-DCP at this content would require
,4-DCP desorption from soil particle surface. At the beginning
f the test, 2,4-DCP was evenly distributed in soil cell, with the
omogeneous pH and water content. Under a constant electric
radient of 1.0 V/cm at unidirectional operation, however, the
,4-DCP was concentrated to a specific region depending on
he operation time as shown in Fig. 3. These results suggested
hat the 2,4-DCP could be desorbed and mobilized through soil

atrix in the applied non-uniform electric field.

In the process of 10-day unidirectional operation, the 2,4-

CP dropped gradually in the cathode region, while increased
lightly or remained unchanged in the anode region at the early
tage, as shown in Fig. 3, demonstrating the bulk 2,4-DCP was

ig. 3. The change of 2,4-DCP distribution in soil at unidirectional mode over
0 days.
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ig. 4. The distribution of 2,4-DCP in soil under different pH conditions at
nidirectional mode (3 days).

obilized to the anode region over this period. At the initial stage
f test, the migration of 2,4-DCP was only remarkable in cathode
egion. After 1-day operation, the 2,4-DCP content at a distance
f 1 cm from the cathode was decreased to zero, whereas in the
egion 4 cm from the cathode improved by 10% and at other
ositions kept almost unchanged (Fig. 3). After 6 days, the peak
,4-DCP was observed at 10–14 cm away from the anode. At
he end of 10 days, the peak content of 2,4-DCP was observed
t 10 cm from the anode. This could infer that the 2,4-DCP was
obilized through soil media towards the anode at an average

ate of about 1.0 cm d−1 V−1. With treatment time increased, the
oil pH near the cathode increased (data not shown) [21]. As an
onizable organics at high pH, 2,4-DCP at the cathode in soil

oving toward anode in electric field in later stage might rely
n electromigration as the main mechanism of its electrokinetic
ransport due to its higher efficiency. Furthermore, 2,4-DCP in
node region was reduced to some extent after 3-day opera-
ion. This might result from the migration of neutral 2,4-DCP to
athode through electroosmosis.

Because pH changed in the soil during the treatment time
eriod, the effect of pH variation on 2,4-DCP migration was
lso examined in this study. pH 7.7 and 9.3 were chosen to
epresent neutral and alkaline soil conditions, respectively. Our
esults showed that under initial pH 7.7, the peak 2,4-DCP was
t a distance of 4 cm away from the cathode after 3-day uni-
irectional operation, whereas, with pH 9.3, the peak 2,3-DCP
as at 19 cm, and the peak content was over 1.24 times of that
nder pH 7.7 (Fig. 4). These indicated that the 2,4-DCP in soil
oved mainly towards the anode region under pH 9.3, and its
igration rate was five times greater than that under pH 7.7.
atural soil had an average pH of 7.7, close to the 2,4-DCP pKa
alue of 7.85. The slight increase of pH in soil could induce
ramatic dissociation of neutral 2,4-DCP, based on the dissocia-
ion equilibrium [17]. The electrolysis reaction could change the
oil pH conditions with treatment time and thus might influence
,4-DCP migration in soil bed, especially cathode region.

At bidirectional modes with polarity-reversal intervals of 6

nd 12 h under the application of 1D electric field, there was no
ignificant accumulation of 2,4-DCP observed in the electroki-
etic cells over 6-day period in spit of the slight decrease at the
lectrodes region (Fig. 5), indicating that bidirectional operation
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seemed to be unsuited with biodegradation. Therefore, when 2D
configuration was adopted, bidirectional operation was carefully
investigated to control the variations of pH and moisture near
the central electrode.
ig. 5. Effect of polarity-reversal of non-uniform electric field on 2,4-DCP
istribution in soil bed (6 days).

ould keep 2,4-DCP uniformity in the soil bed. Reversing the
olarity of electric field can change 2,4-DCP movement direc-
ion periodically and hence may result in 2,4-DCP to move back
nd forth through the soil. As a result, no significant net effect
n the distribution of contaminant was observed.

The studies above demonstrated 2,4-DCP could be desorbed
nd migrated in soil matrix under the application of non-uniform
lectric field and the bidirectional operation might provide the
ossibility to enhance in situ biodegradation of 2,4-DCP in soil
atrix by improving the transport of 2.4-DCP to degrading bac-

eria without changing contaminant distribution in the soil.

.2. The changes of soil characteristics under different
peration modes

The clean natural soil was used in hexagonal configuration
o examine the effects of applying 2D electric field on soil prop-
rties. The experimental results showed the soil water content
nd soil pH varied with operation mode and treatment time
Figs. 6 and 7). Unidirectional operation induced the extreme soil
H and the remarkable change of water content in the electrode
egion under hexagonal configuration.

After 4-day operation, the soil pH near the cathode increase
rom initial 7.7–9.5, while near the anode dropped sharply to
bout 0.7 (Fig. 6a). This indicated that soil pH around the central
lectrode changed more dramatically than that near the periph-
ral electrodes. The rapid acidification in the central region was
nduced by the intense electrolysis reaction around the central
lectrode. Theoretically, the current through central electrode
as six times as large as that passing individual peripheral elec-

rode. In the other part of the cell, soil pH kept almost unchanged.
his might be attributed from the high buffering capacity of nat-
ral soil. The previous study has demonstrated the acid–base
uffering capacity of natural soil tested was much greater than
ther types of soil, such as kaolin soil [8]. Generally, electrolysis
eaction caused less soil pH change in the soil with the greater
cid–base capacity.
In addition, the soil moisture near the anode reduced by
4.3% while near the cathode increased by 18.0% (Fig. 6b),
hich might result from radial electroosmotic flow directing to

athode. Due to the extreme pH and moisture variation in the
F
a

ig. 6. The change of soil pH (a) and water content (b) at unidirectional mode
ver 4 days.

entral region after a short-term operation, unidirectional mode
ig. 7. Effect of polarity-reversal of non-uniform electric field on soil pH (a)
nd water content (b) at the operation of 6 h interval for 4 days.
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Generally, soil pH with a range from 5.5 to 8.5 was considered
s a favorable condition for bioremediation [27]. The results with
nidirectional mode showed that, after 6 h unidirectional oper-
tion, pH near the central electrode dropped to 5.8, close to the
ower limit of the favorable range for bioremediation (Fig. 6a). It
uggested the polarity of electric field should be reversed in time
o as to prevent further acidification. The extreme pH conditions
ould be adequately avoided if the reversal occurred earlier, e.g.
fter unidirectional operation for 3 h. Unfortunately, the rever-
al in advance might induce more energy to be consumed on the
asis of the previous finding that the faster polarity reversal, the
reater the electricity consumption [21]. Thus, 6 h seemed to be
better interval for bidirectional operation to keep proper soil
H condition and to save energy at the same time.

Under bidirectional operation with an interval of 6 h, the
ramatic changes in the soil pH and water content could be
ffectively controlled in the electrode region, as shown in Fig. 7.
t the end of 4 days, the soil pH was maintained in a range

rom 7.0 to 7.7 (Fig. 7a) while the soil moisture changed less
han 5% (Fig. 7b) all over the sampling locations in the cell.
t was concluded from these results that, bidirectional operation
ould overcome the rapid acidification and water draining in cen-
ral region associated with unidirectional application of electric
eld. As a result, bidirectional operation with a polarity-reversal

nterval of 6 h was chosen as an optimized operation mode for
ater electrokinetic bioremediation.

.3. The in situ biodegradation of 2,4-DCP under
idirectional operation

The test cells were prepared as listed in the group 3 of Table 2.
t the beginning of test, the degrading bacteria and 2,4-DCP
ere completely mixed and evenly distributed in the tested soil.

n the control tests which were uncoupled with electric field,
2.9% of 2,4-DCP was found still remained in the soil after 15
ays at moisture of 20.8% regardless the locations of sampling
Fig. 8). This indicated that in situ biodegradation without an
mposed electric field was not sufficient enough. Slow biodegra-

ation with the favorable distribution form of contaminant and
egrading bacteria implied that an adequate mass-transfer might
e required for the effective biodegradation of 2,4-DCP in the
oil matrix.

ig. 8. The average removal rate of 2,4-DCP at different positions under bidi-
ectional and rotational operation (15 days).
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When a constant voltage gradient of 1.0 V/cm was applied in
bidirectional mode for 15 days, 73.4% of 2,4-DCP in the soil
as reduced on average of over all sampling locations (shown

n Fig. 8), more than three times removal as in the control tests.
his indicated that the applied electric field could significantly

mprove the biodegradation of 2,4-DCP in the soil. The results
lso showed that although the same biodegradation rate was
bserved at identical geometrical locations, the efficiency of
iodegradation of 2,4-DCP in the hexagonal treatment area var-
ed spatially, After 15 days, the 2,4-DCP at point A and B in the
uter sampling circle decreased on average by 61.0 and 60.7%,
espectively, whereas at point C and D decreased by 85.4 and
5.5%, respectively, suggesting a more rapid removal of 2,4-
CP in inner circle (shown in Fig. 8). The maximum removal
f 2,4-DCP with 88.4% was observed at point Oc. Unevenness
n remediation might be attributed to the unique radial distribu-
ion of 2D electric field. The closer to the center electrode, the
igher the density of electric field was. The density of electric
eld is believed a driving force for mass transfer in the electric
eld [16,21], thus greater mass transfer in the region close to the
entral electrode resulted in rapider remediation of 2,4-DCP.

.4. The in situ biodegradation of 2,4-DCP under
otational operation

The extent of remediation uniformity was usually considered
s one of important parameters for evaluating good remedi-
tion methods. As shown previously, bidirectional operation
nduced uneven bioremediation under hexagonal configuration.
he dynamic mechanism of the process might be continu-
us linear movement of contaminants and bacteria induced by
idirectional electric field. In contrast, rotational electric field
ossesses a potential to producing a more complex mechanism,
.e. the multidirectional movement of contaminants and bacteria.
o study the characteristics of rotational electric field, rotational
peration was adopted in the test for enhancing biodegradation
f 2,4-DCP in soil.

As shown in Fig. 8, after rotational operation for 15 days, 2,4-
CP at all the sampling points decreased on average by 34.8%,

bout one time greater than removal in control tests without
pplied electric field. This demonstrated that rotational electric
eld could enhance the biodegradation of 2,4-DCP in tested soil.
oreover, after 15-day operation, the 2,4-DCP at the points A,
, C and D dropped similarly, on the average by 37.4, 37.5,
5.4 and 33.4%, respectively; while 34.9 and 36.2% of 2,4-
CP were removed at the points Oc and Op, respectively. These

esults revealed that rotational operation could induce 2,4-DCP
emoval in the soil cell more uniform than bidirectional opera-
ion. In addition, soil pH in all sampling points remained in a
arrower range from 7.4 to 7.6 after 15-day rotational operation,
specially even in the region around the central and peripheral
lectrode (Fig. 9). In contrast, under bidirectional operation, a
igh pH value of 8.8 at point Oc was observed, though soil pH at

he rest of the sampling points was kept within favorable range
Fig. 9). Our results demonstrated that both bidirectional and
otational operation could be useful in the control of pH vari-
tion of bulk soil in the process of remediation, but rotational
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ig. 9. The change of soil pH in the process of electrokinetic bioremediation at
ifferent modes (15 days).

ode showed more effective in maintaining the pH stability of
he central region.

The uniformity of 2,4-DCP removal and the stability of soil
H with rotational mode in the tests may be attributed to the
dentical current and approximately linear electric field through
entral and peripheral electrode due to only one couple of elec-
rode used at each interval in the rotational process. Rotational
peration mode included the advantages of bidirectional opera-
ion that moved pollutants and degrading bacteria forth and back
n soil, but effectively reduced the electrolysis reaction occur-
ing around the central electrode and avoid radial electric field
nder bidirectional operation. Since the density of electric field
trongly influenced mass transfer and biodegradation of pollu-
ants, linear electric field might induce comparatively uniform
emoval in contrast with radial electric field.

The bioremediation efficiency under rotational operation was
ower than that under bidirectional operation in the same elec-
rode configuration. Nevertheless, it might still be considered as
better mode due to its unique advantages in holding uniformity
f bioremediation and stabilizing soil pH.

.5. The current and electricity consumption

Current and electricity consumption were depending upon the
peration modes. Whether bidirectional or rotational operation
as adopted, the current dropped slightly with the treatment

ime. After 15-day bidirectional and rotational operation, the
verage current of each day decreased from the initial 21.3 and
.5 mA to final 15.8 and 5.7 mA, respectively (Fig. 10). In con-
rast, the current dropped by the same extent within only 3
ays under the unidirectional operation (data not given here),
ndicating polarity reversal adopted in bidirectional and rota-
ional mode could effectively prevent the current drop. At a
table voltage gradient of 1 V/cm, current variations reflected
he changes of soil conductance, which was closely related
ith soil characteristics. Constant soil conductance might be

ttributed to automatic neutralization of H+ and OH− around

lectrodes, to-and-fro movement of pore water (ions) in soil
ed and alternation of the double electric layer discharging and
echarging on soil surface, which were related with polarity
eversal [21].

f

d
t

ig. 10. The change of current in the process of bioremediation at different
odes over 15 days.

The electricity consumption per unit volume of soil was cal-
ulated by the following equation [28]:

u = 1

VS

∫ t

0
UI dt

here Eu is the electricity expenditure per unit volume of soil
kWh/m3), Vs the soil volume (m3), U the electric potential dif-
erence across the electrodes (V), I the electric current (A) and
is the treatment time (h).

The results showed that, under bidirectional rotational mode,
he total electricity consumption in 15 days was 38.7 kWh/m3,
hereas, rotational mode consumed 16.8 kWh/m3, in the same

ime period. If correlated with the efficiency of 2,4-DCP
emoval, every kWh of electricity consumption enhanced the
emoval of 2,4-DCP in tested soil by a mass of 2.18g for bidirec-
ional mode and 1.65 g for rotational mode, which was calculated
n the basis of 2,4-DCP average removal in all the sampling
oints. This implied that bidirectional mode was more cost-
fficient than rotational mode in accelerating the biodegradation
f 2,4-DCP. Theoretically, rotational operation induces com-
licated multidirectional migration while bidirectional mode
roduces simple to-and-fro movement, inferring that the effi-
iency of electrokinetic mass transfer in soil matrix might be
etermined by the density but not direction of electric field
pplied. In conclusion, bidirectional operation should be adopted
f saving time and energy was emphasized.

. Conclusion

Non-uniform electrokinetic process can effectively acceler-
te the desorption and movement of 2,4-DCP in unsaturated
andy loam, primarily depending on treatment time and oper-
tion mode. In tested soil, 2,4-DCP was gradually migrated
oward anode and accumulated to specific region at unidirec-
ional mode. Polarity reversal of electric field produced an
niform distribution of 2,4-DCP throughout the soil. A high pH
ould induce more dissociation of 2,4-DCP, which was favorable

or electromigration through soil matrix.

2D electric field can effectively enhance in situ biodegra-
ation of 2,4-DCP in unsaturated sandy loam depending upon
he operation mode. Despite of higher remediation efficiency,
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Current, energy consumption and soil properties strongly
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