
Journal of Hazardous Materials B121 (2005) 187–194

The use of non-uniform electrokinetics to enhance in situ
bioremediation of phenol-contaminated soil

Qishi Luoa,b,∗, Xihui Zhanga,c, Hui Wanga, Yi Qiana

a Department of Environmental Science and Engineering, Tsinghua University, Beijing 100084, PR China
b Shanghai Academy of Environmental Sciences, Shanghai 200233, PR China

c Research Center for Environmental Engineering and Management, Shenzhen Graduate School of Tsinghua University, Shenzhen 518055, PR China

Received 19 June 2004; received in revised form 3 February 2005; accepted 17 February 2005
Available online 16 March 2005

Abstract

In situ bioremediation is an attractive and often cost-effective technology for the cleanup of organics-contaminated sites, but it often requires
extended treatment time under field conditions. This study explored the feasibility of using non-uniform electrokinetic transport processes
to enhance in situ bioremediation. A bench-scale non-uniform electrokinetic system with periodic polarity-reversal was developed for this
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urpose, and tested by using a sandy loam spiked with phenol as a model organic pollutant. The results demonstrated that n
lectrokinetic processes could accelerate the movement and in situ biodegradation of phenol in the soil. Bidirectional operation en
henol biodegradation more effectively than unidirectional operation. At the same time, a smaller polarity-reversing interval induce
nd more uniform removal of phenol from the soil. The results also showed that reversing the polarity of electric field applied could

he soil pH and moisture, but it increased the consumption of electricity.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In situ bioremediation is often a cost-effective technol-
gy for the cleanup of sites contaminated with organic pol-

utants. It neither alters the intrinsic soil properties nor does
t involve transport of contaminants off site[1]. However,
he remediation rate is usually very slow. The slow rate of in
itu bioremediation results primarily from the limited oppor-
unities of interactions between contaminants and degrading
acteria under in situ conditions[2]. Previous studies had
upported this by demonstrating that the well-mixed ex situ
ystems are often orders of magnitude faster than the undis-
urbed systems[3]. Unfortunately, the energy consumption
nd costs associated with the well-mixed ex situ operation
re considerable.

∗ Corresponding author. Tel.: +86 21 64085119x2317;
ax: +86 21 64840680.
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An alternative solution is to mix the contaminants, ba
ria, and even bacterial nutrients under in situ conditions.
may be achieved by using non-uniform electrokinetics
reversing periodically the polarity of the applied direct c
rent electric field (dc field). When a non-uniform dc field
imposed upon soil matrix, it can induce a variety of trans
processes, including electromigration, electroosmosis,
trophoresis and dielectrophoresis[4–8]. These mechanism
can transport the contaminants, degrading bacteria, bac
nutrients, and even pore fluids through the soil matrix,
thus may have the potential to accelerate the mass transf
the interactions among contaminants, bacteria, and bac
nutrients during in situ bioremediation. At the same ti
reversing the polarity of dc field can change the movem
direction, and hence may produce more opportunities fo
bacteria and contaminants in soils to contact and interac
each other.

The objective of this study is to investigate the effect
ness of using non-uniform electrokinetic processes to
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hance in situ bioremediation of soils contaminated with or-
ganic pollutants. For this purpose, a bench-scale non-uniform
electrokinetic system with periodic polarity-reversal was de-
veloped, and tested by using phenol and a sandy loam soil as
model organic chemical and soil, respectively. The choice of
phenol was based on its prevalence in the environment and
its biodegradability in a wide range of concentration[9,10].

2. Background

When a non-uniform dc field is applied to a soil matrix, it
can induce various complex electrochemical and geochemi-
cal transport processes and phenomena including electroos-
mosis, electromigration, electrophoresis, dielectrophoresis,
and electrolysis reaction. Electroosmosis is the mobilization
of pore fluids in an electric field, usually from the anode to-
ward the cathode. Electroosmotic flow is able to drive the
free-phase dissolved and even the sorbed organics toward
the cathode[11]. Electromigration is the movement of ionic
species in a dc field; the cations towards the cathode while
the anions towards the anode. Due to the combined effects
of electromigration and electroosmosis, the movement of
cationic species towards cathode is enhanced whereas the
movement of anionic species towards anode is reduced[12].
Since electromigration rate is at least one order of magnitude
g
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tal media. The concentration of ionized phenol will increase
with pH. The sorption of phenol by soil media depends partly
upon its form. The neutral phenol is expected to undergo
more sorption than the ionized form[17]. In highly alka-
line soils, phenol exists mainly in its ionized form and has
demonstrated to be poorly absorbed. In addition, the ionized
and neutral phenol are mobilized mainly by electromigra-
tion and electroosmotic flow, respectively. Therefore, it can
be reasonably inferred that the movement of phenol in soils
may vary with its dissociation degree, ultimately with the
soil pH.

3. Materials and methods

3.1. Soil

A sandy loam was used in this study, with vari-
ous characteristics as described in previous research[18].
The soil was obtained from the topsoil layer (0–30 cm)
of a woodland near Tsinghua University, passed through
a 2 mm sieve, sterilized by an autoclave three times,
dried at 105◦C, and then stored in a desiccator for the
tests.

3.2. Bacteria
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reater than the electroosmotic flow[13], electromigration
enerally dominates the mass transport. In addition,

rophoresis is the transport of charged particles such as
articles or bacterial cells toward the electrode opposite i

arity, while dielectrophoresis is the translational motion
eutral matter and even bacteria toward strongest field r
ue to polarization effects in a non-uniform field regard
f its direction[8,14].

Importantly, when a dc field is applied to wet soils thro
nert electrodes, electrolysis of pore fluids occurs at both
rodes[15]:

t the anode: 2H2O → 4H+ + O2(g) + 4e−

t the cathode: 2H2O + 2e− → 2OH− + H2(g)

he oxidation at anode generates an acid front, while th
uction at cathode produces a base front. These acid
ases will advance through soil matrix by diffusion, elec
igration and electroosmosis, and thus may change so

13]. The change in soil pH will affect not only the rate a
ven direction of electroosmotic flow[15,16], but also the
orption and biodegradation of organics in soils. There
H control is of significance for electrokinetic treatment.
lying conditioning agents and constructing modified r

ors are the two common strategies in this field[7]. However
eversing the polarity of electric field seems a simple s
ion, since the H+ and OH− generated at electrodes may
eutralized automatically by this way.

As an ionizable organic chemical, phenol can exist in
eutral and ionized form depending on the pH of environm
A mixed culture of phenol-degrading bacteria was u
he bacteria were isolated from a soil contaminated
etrochemicals by using basic mineral media with ph
s the sole carbon source (designated as MP media
he MP media consisted of 3.0 g K2HPO4, 1.5 g KH2PO4,
.25 g (NH4)2SO4, 10 mg NaCl, 100 mg MgSO4, 1.0 mg
eSO4·7H2O, and 500 mg phenol per liter of deionized w

er. The pH was adjusted to 7.0. All the chemicals used
f analytical grade.

The bacterial cells were grown in MP media on a sh
t 30◦C and 150 rpm, harvested in the exponential gro
hase by centrifugation, washed twice, and then resusp

n sterilized deionized water to obtain highly concentra
acterial suspension for the tests.

.3. Testing system

A schematic diagram of the testing system was show
ig. 1. It consisted of a soil cell, a pair of electrodes, an e

rode control system, an electric current and voltage real
onitoring system, and a dc power supply. The soil cell
ade of Perspex with an inner size of length 24 cm× width
2 cm× height 10 cm. Column-shaped graphite electro

ength 12 cm× diameter 0.5 cm, were used to generate
niform electric field. The electrode control apparatus
apable of reversing the polarity of electric field, thus
owing changing the operation mode during the tests.

onitoring system could monitor electric current and v
ge on-line and store them into a personal computer for
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Fig. 1. Schematic of experimental set-up and sampling positions.

analysis. The power supply could provide a constant dc elec-
tric voltage in a range from 0 to 60 V for the electrokinetic
tests.

3.4. Testing procedure

The soil was spiked with phenol in a ratio of 200 mg-
phenol/kg-dried-soil by mixing phenol solution into the ster-
ilized soil and adjusting moisture to 17.5% (w/w) (a water
saturation of 53%). About 1.2 kg of the moist soil was then
tamped into the soil cell in layers, vibrated the cell, and com-
pacted for 12 h at a pressure of 0.1 kg/cm2 so as to minimize
the void space in the soil. The extruded pore fluids were re-
moved from the surface layer using bibulous paper. A soil
bed with a volume of length 24 cm× width 12 cm× height
2.5 cm was prepared for each test.

The phenol-degrading bacteria were inoculated into a spe-
cific location (local inoculation), or into the whole soil spec-
imen (whole inoculation). Local inoculation was performed
using a pipette to deliver 500�L aliquots of highly con-
centrated cell suspension (1.8× 1012 CFU/ml) at approxi-
mately 0.5 cm intervals across the width of soil specimen.
The pipette tip was inserted into the compacted soil so that
its end was 0.5 cm below the surface, and then expelled the
cell suspension gently while pulling the pipette out. Whole
inoculation was conducted by mixing bacterial suspension
( g
s ted, a
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Three separate groups of tests were conducted. The first
was to investigate the mobilization of phenol and the change
of soil pH and moisture when adopting different operation
mode. The resulting information was used to determine the
position at which the bacteria were injected and the operation
parameters for the subsequent tests. The second and the third
were to evaluate the in situ biodegradation of phenol coupled
with non-uniform electrokinetics under local and whole in-
oculation, respectively. Control tests, with no electric field
applied or no bacteria inoculated, were run in parallel.

At the end of test, the soil bed was destructively sampled
using a U-shaped sampler and a spatula to determine the
phenol, phenol-degrading bacteria, soil pH and moisture. In
order to reflect the spatial variation regarding the variables,
sampling lines were arranged along the middle line on which
the two electrodes were located, and along the sideline with
a distance of 4 cm from the middle line. Seven spots, with
distances of 1, 4, 7, 10, 13, 16 and 19 cm from the (initial)
anode, were sampled on each line, as shown inFig. 1.

Methylene chloride was used to extract phenol from the
soil samples. About 1.0–1.5 g of soil sample was mixed with
10 ml of methylene chloride in a Teflon-sealed glass vial,
extracted by sonication, and filtered through 0.45�m mem-
branes. The filtrate was then analyzed by high performance
liquid chromatography (HPLC; Hewlett Packard 1050) at
275 nm using a C18 reverse phase column (Agilent, Zorbax
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1.2× 1010 CFU/ml) directly into the soil during preparin
oil specimen. Before the reactor assembly was conduc
raction of soil specimen was obtained to determine the a
nitial content of phenol, soil pH and moisture, since a por
f phenol and water could volatilize during the preparat

Two electrodes were oppositely installed into the soil
ith a distance of 20 cm from each other. Power supply, e

rode control apparatus, and monitoring equipment were
onnected to the electrodes. Once the assembly was
leted, the electrokinetic reactor was enclosed with a pe
over to prevent the soil bed from excessive evaporatio
ater and phenol. A constant voltage gradient of 1.0 V
as then applied through the electrodes in one way (u

ectional operation) or two ways (bidirectional operatio
nd the voltage and electric current through the soil bed
ecorded every 15 min by the real-time monitoring syste
xtend-C18) and a mobile phase containing methano
% (v/v) acetic acid (60:40, v/v). The HPLC was calibra
sing four external standards prior to performing chem
nalyses.

About 0.5 g of soil sample was taken to examine the
eria distribution across the soil bed. Colony forming
CFU) was counted by preparing serial dilutions of soil s
ensions in sterile 0.1% (w/v) sodium pyrophosphate, pla
nto MP-agar plate, and incubating at 30◦C for 2 days.

In addition, soil pH was determined using a soil-to-w
atio of 1:2.5 and water content was determined using
ethods described by Lu[19]. All the analysis was performe

n triplicate, and the result was calculated as the averag

. Results and discussion

.1. The change in soil pH and moisture

The applied dc field induced the change in soil pH
oisture depending on the operation mode, as show
igs. 2 and 3. Unidirectional operation dramatically chang

he soil pH and water content. After one-directional runn
or 14 days, the soil pH near the anode dropped to pH
hile near the cathode increased to about pH 12 from

nitial pH 7.7; the soil moisture near the anode droppe
0% while near the cathode increased by 11% (Fig. 2). The
xtreme pH condition and the soil consolidation due to w

oss were considered not favorable for the biodegradati
rganic pollutants in soils. As contrast, when reversing th
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Fig. 2. The change in soil pH (a) and moisture (b) under unidirectional operation.

Fig. 3. The change in soil pH (a) and moisture (b) under bidirectional operation for 10 days at different polarity-reversal intervals.

larity of electric field at intervals of 1.5, 3 and 12 h, the soil pH
was maintained in a range from 7.4 to 9.0, and the soil mois-
ture changed no more than 5% (Fig. 3), indicating that the soil
properties could be kept undisturbed by reversing the polarity
of the applied electric field at an interval of no more than 12 h.
Therefore, bidirectional operation may be favorable for in situ
bioremediation.

4.2. The mobilization of phenol in the soil

A saturated sorption amount of about 240 mg-phenol/kg-
dried-soil was previously reported for the soil[18]. In
this study, the actual initial content of phenol was about
165 mg/kg, much less than the saturated sorption amount.
Mobilization of the phenol at this content requires desorp-
tion of phenol from soil particle surface since most of the
phenol are absorbed at this content[11]. At the beginning of
test, the phenol in the spiked soil was uniformly distributed.
Under a constant electric gradient of 1.0 V/cm, however,
the phenol was concentrated to a specific region depending
upon the treatment time and the operation mode, as shown in
Figs. 4 and 5. These findings demonstrated that the applied
dc field could desorb and mobilize the phenol through the
soil matrix.

Under unidirectional operation, the phenol in the anode re-
gion was gradually reduced while in the cathode region was
i mo-
b ays,
h ved
g enol
c after
1 lues
w con-

Fig. 4. The temporal variation of phenol in the soil under unidirectional
operation.

Fig. 5. The effect of polarity-reversal on the movement of phenol in the soil
(10 days).
ncreased before 10 days, indicating that the phenol was
ilized to the cathode region over this period. After 10 d
owever, it was quite the contrary; the phenol was mo
radually to the anode region. Moreover, the peak ph
ontent was observed at 1 cm away from the cathode
day; over the period from 3 to 10 days, the peak va
ere all at 4 cm from the cathode; however, the peak
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Fig. 6. The spatial variation of phenol in the soil under non-uniform elec-
trokinetics (6 days).

tent was at 10 cm from the cathode after 14 days (Fig. 4).
These results suggested that, under unidirectional operation,
the phenol was moved much faster after 10 days. This might
result from the change of soil pH during the test. With treat-
ment time increased, the soil pH near the anode gradually de-
creased while near the cathode increased (Fig. 2a). Therefore,
the ionized phenol in the cathode region would increase, sug-
gesting that an increasing amount of phenol might be moved
by electromigration to the anode. At the same time, the elec-
troosmotic flow towards the cathode region would decrease
as a result of soil pH drop in the anode region[10,20], and thus
a decreasing amount of phenol would be dragged towards the
cathode region by the electroosmotic flow.

Under bidirectional operation, however, no accumulation
of phenol was observed in spite of the slight increase in the
middle cell after 10 days (Fig. 5). Reversing the polarity of
electric field can change the movement direction, and hence
may cause the phenol to move back and forth through the
soil.

In addition, in a non-uniform dc field, the movement of
phenol varied spatially, as shown inFig. 6. The phenol in
the middle region was concentrated to 4 cm away from the
cathode with a maximum increase of 98% after unidirectional
operation for 6 days, while in the side region the phenol was
accumulated at 1 cm away from cathode with a maximum
increase of 40%. This may result from the spatial variation
o tric
fi side
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t

4
i
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Fig. 7. The biodegradation of phenol in the soil under unidirectional opera-
tion (local inoculation).

moved in a direction opposite to the movement of phenol. The
bacteria could be transported by electrophoresis to the anode
region due to their negative surface charge[21], and hence
more opportunities might be produced for the phenol to be
attacked by the inoculants under such conditions. The results
(shown inFig. 7) showed that, after unidirectional operation
for 3 and 6 days at 1.0 V/cm, the phenol in the middle region
dropped on average by 21 and 50%, respectively. Compared
with the control test in which no bacteria were inoculated,
the phenol in the regions of 4–10 cm away from the cath-
ode decreased 42% after 6 days; however, about 80% of the
initial phenol still remained in this region. These suggested
that, under local inoculation, unidirectional operation could
not effectively enhance the in situ biodegradation of phenol
in the soil.

Three factors associated with unidirectional operation
might contribute to the higher local phenol remains. The first
was the sharp change in soil pH and moisture (Fig. 2), which
would affect adversely the biodegradation process in the soil.
The second was the concentrating effect (Fig. 4), which could
hinder the bulk of phenol from approaching the inoculants.
The third was the limited chance to interact between the inoc-
ulants and the phenol since, under unidirectional operation,
the locally injected bacteria were moved as a whole to the
anode region[5,21,22], and hence might be dispersed inade-
quately throughout the soil.

uld
m e,
a enol
( t
b r to
d irec-
t ding
b ath-
o Two
b and
i per-
f ad-
j wed
f electric field density throughout the soil bed. The elec
eld density is greater in the middle region than in the
egion[8], and thus greater driving forces can be induce
he middle region.

.3. The in situ biodegradation of phenol under local
noculation

From the results of the first experiment, in which the p
ol could be concentrated to a region of about 4 cm a

rom the cathode under one-directional operation for 3
ays (Fig. 4), it was decided to add the phenol-degrad
acteria into that region in attempt that the bacteria wou
However, reversing the polarity of electric field co
aintain the soil pH and moisture (Fig. 3) as described abov
nd also could manipulate the movement of both ph
Fig. 5) and bacterial inoculants[21] in the soil, which migh
e favorable for in situ biodegradation of phenol. In orde
emonstrate this, the biodegradation of phenol under bid

ional operation was tested by injecting the phenol-degra
acteria at the middle location of 10 cm away from the c
de and reversing the polarity of electric field every 12 h.
idirectional operation modes were tested: continuous

ntermittent operation. The intermittent operation was
ormed by switching the power off for 12 h between two
acent polarity-reversals. The intermittent operation allo
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Fig. 8. The biodegradation of phenol in the soil under bidirectional operation
(local inoculation).

providing adequate time for the bacteria and phenol to inter-
act before they were mobilized again.

The results (shown inFig. 8) showed that, under con-
tinuous operation, the phenol in the middle region dropped
on average by 41 and 56% after 3 and 6 days, respectively,
while under intermittent operation, just dropped by 28 and
45%, respectively. Compared with the control test in which no
bacteria were inoculated, the phenol dropped on a whole 51
and 40% after 6 days under continuous and intermittent oper-
ation, respectively. These findings demonstrated that, under
local inoculation, reversing the polarity of electric field could
accelerate the in situ biodegradation of phenol in the soil. In
addition, intermittent operation produced a lower phenol re-
moval of 19% than continuous operation, but it consumed
only about half of electricity since the electric field was ap-
plied only for half of the total operation time. Therefore,
intermittent operation might be valuable under local inocu-
lation.

4.4. The in situ biodegradation of phenol under whole
inoculation

In order to minimize the effect of bacterial diffusion
and biofouling that might occur under local inoculation, the
phenol-degrading bacteria were injected into the whole soil
bed by mixing the bacterial suspension with the soil during
s and
t ence
a xist.
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Fig. 9. The biodegradation of phenol in the soil under whole inoculation (10
days).

However, when reversing the polarity of electric field ev-
ery 1.5, 3 and 12 h, the phenol in the middle region dropped
on average by 67, 60 and 49%, respectively, after continu-
ously running for 10 days. Moreover, the phenol was rela-
tively uniformly removed at intervals of 1.5 and 3 h; while
at an interval of 12 h, the phenol remained higher near both
electrodes and lower in the middle cell (Fig. 9). These re-
vealed that polarity-reversal could enhance significantly the
in situ biodegradation of phenol in the soil, and the faster
the polarity-reversal, the higher the biodegradation rate. An
interval of no more than 3 h seemed to be appropriate under
whole inoculation.

More importantly, the phenol in the side region (4 cm away
from the middle region) also decreased (about 54%) under
continuous operation for 10 days at an interval of 3 h (Fig. 10),
suggesting that these sideline regions were still the effective
range in the non-uniform electric field. However, the phenol-
degrading bacteria were distributed mainly in the middle re-
gion, especially in the two electrodes regions (Fig. 11). Under
continuous operation for 10 days at an interval of 3 h, the bac-
teria in the middle region were about 1.6 times higher than
that in the sideline regions. This might result from the dielec-
trophoretic movement of bacteria in a non-uniform dc field.
Under bidirectional operation, the phenol could not be mobi-
lized significantly (Fig. 5), but the bacteria might be moved

F onal
o

oil preparation. At the beginning of test, the inoculants
he phenol were both evenly distributed in the soil, and h

maximum chance of contact between them might e
nder no application of electric field, however, the phe

ust decreased on average about 9% after 10 days, sugg
hat the mass-transfer governed the biodegradation of
ol by the inoculants even if they were both dispersed

ormly throughout the soil. When a constant electric grad
f 1.0 V/cm was applied in one-way for 10 days, the phen

he middle region dropped on average by 46%, but 86% o
nitial phenol still remained in the region of 4–7 cm from
athode (Fig. 9). These indicated that, under whole inocu
ion, unidirectional operation stimulated the biodegrada
f phenol in the soil, but it still caused the phenol to c
entrate to specific regions, just like the cases under
noculation (Fig. 7) and no inoculation (Fig. 4).
g

ig. 10. The spatial distribution of phenol in the soil under bidirecti
peration at an interval of 3 h (whole inoculation, 10 days).
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Fig. 11. The spatial distribution of phenol-degrading bacteria in the soil
under bidirectional operation at an interval of 3 h (whole inoculation).

by dielectrophoresis to the two electrodes, regardless of the
direction of electric field applied[8].

In addition, under intermittent operation for 10 days at
an interval of 12 h, the phenol in the soil just dropped on
average by 22%, much lower than that under continuous op-
eration (Fig. 12), suggesting that continuous operation might
be desirable under whole inoculation.

4.5. The consumption of electricity

The electricity consumption per unit volume of soil was
calculated by the following equation[23]:

Eu = 1

Vs

∫ t

0
UI dt

whereEu is the electricity expenditure per unit volume of
soil (kW h/m3), Vs the soil volume (m3), U the electric po-
tential difference across the electrodes (V),I the electric cur-
rent (A), andt the treatment time (h). The results showed,
when reversing the polarity of dc field every 1.5, 3.0 and
12 h, the electricity consumption in 10 days was 64.5, 63.6
and 59.9 kW h/m3, respectively, whereas unidirectional oper-
ation just consumed 40 kW h/m3. This implied that polarity-
reversal could increase the energy consumption in compari-
son with unidirectional operation, and the faster the polarity-
r rity-
r , and

F enol
i

consume a relatively high capacitive part of the current due to
the double layer discharging or recharging[24]. Therefore, a
proper interval should be adopted for the purpose of saving
energy.

5. Conclusions

(1) Non-uniform electrokinetic processes can effectively en-
hance the desorption and movement of phenol in sandy
loam depending upon the operation mode. Under unidi-
rectional operation, the phenol was moved and accumu-
lated to specific regions. However, reversing the polarity
of electric field could disperse the phenol throughout the
soil.

(2) Non-uniform electrokinetics can accelerate effectively
the in situ biodegradation of phenol in sandy loam, the
efficiency of which is related to the operation mode. Re-
versing the polarity of electric field could effectively en-
hance the biodegradation of phenol in the soil depending
upon the polarity-reversing interval. A faster polarity-
reversal could produce a more uniform and higher phe-
nol removal from the soil. Unidirectional operation could
also accelerate the phenol biodegradation, but it caused
higher phenol remains in specific regions.

( per-
tion
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ity-
sed
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H-
998)

s, J.

Soil
Inst.,

tion,

a, J.

ils, J.
eversal, the greater the electricity consumption. Pola
eversal may induce a frequent change in double layer

ig. 12. The effect of polarity-reversal mode on biodegradation of ph
n the soil under whole inoculation (at an interval of 12 h, 10 days).
3) Operation mode has important effect on soil pro
ties and energy consumption. Unidirectional opera
induced the extreme soil pH and soil consolidat
whereas bidirectional operation could maintain the
pH and moisture at large if adopting a proper polar
reversing interval. However, polarity-reversal increa
the electricity consumption; the faster the polar
reversal, the greater the electricity consumption.
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