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Abstract
Bioremediation is the effective remediation technology for soils contaminated by biodegradable contamination. However, bioremediation of soils contaminated by hydrophobic compounds still remains a
major challenge for the scientific and industrial world. There is still the need to develop techniques which
allow an increase in bioremediation efficiency. A possible solution seems to be the stimulation of bacteria
migration through the subsurface while using bioremediation.
In this study a weak electric field in combination with the following bacterial strains: Pseudomonas
putida, Bacillus subtilis and Klebsiella pneumoniae was used to stimulate bacterial cell migration, as well
as the biodegradation of crude oil contamination in soil samples.
Bacterial cell migration under the influence of the weak electric field and crude oil biodegradation
were estimated during the experiments. The effect of changes in electrode polarization were also included
in this study.
Results show that weak electric field application has a great influence on the speed and direction of
bacterial migration in soil samples and biodegradation of the pollution. From the study of the application of
the electric field in soil bacteria migration can be forced in the desired direction and consequently stimulate
biodegradation of contamination in selected areas.
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Introduction
In situ technologies are very popular methods of soil
remediation. These technologies allow the recultivation
process in a contaminated area without complex and expensive excavation work, which is mostly the case in ex
situ technologies. Bioremediation, however, is affected
by certain factors, which limit its efficiency. Some of
the most significant factors are: presence of recalcitrant
contamination in soils, very high level of soil contamination, and difficult geological conditions such as a low
permeable clay presence limiting water and air migration
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in soil. Several methods of bioremediation enhancement
have been developed to increase technological efficiency.
The most effective have proven to be: both chemical and
physical methods of soil aeration, nutrient application
with mostly nitrogen and phosphorus compounds, additions of surfactants, additions of bacterial strains (bioaugmentation) and the electric field application.
The use of an electric field to force the transport of
contaminants in the soil is called the electrokinetic method. This method of enhancement can be very effective
under specific conditions [1-7] because it induces electro-osmosis, electrophoresis and electrolysis in the soil,
which are strictly connected with contaminant migration
in the subsurface.
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The transport process of contaminants consists of two
phenomena:
1. solution flow according to Darcy’s law and electrokinetic phenomena,
2. redistribution of dissolved compounds caused by diffusion and ion migration in the electric field.
Therefore, a resultant movement of dissolved contaminants in the electric field depends on the following
factors: hydraulic fluid flow, electrokinetic flow of fluid,
diffusion of dissolved compounds and migration of ions
induced by electric field interaction.
Electrokinetic methods facilitate speeding up the transport and gathering of water-soluble contaminants in specially designed wells for their subsequent evacuation. Similar
technology is also used to remove soil contamination caused
by heavy metal ions, nitrates, and some polar organic compounds such as phenol or acetic acid [1, 2, 3, 5, 8-12].
However, this technological application is not successful
for soils contaminated with hydrophobic compounds. The
mobility of the contamination is greatly decreased because
of the insolubility of hydrophobic compounds in water and
their strong adhesion to soil particles. To date no successful technology has been found to purge non-polar organic
substances from the soil. In order to overcome the poor contamination migration in soils, research on the behaviour of
bacterial cells in the electric field was undertaken.
In terms of mobility, soil micro-organisms may be divided into two classifications: disperse micro-organisms
(mobile or free swimming micro-organisms that have long
tails or protozoa accelerating their movement through water) and aggregated micro-organisms (those which cluster
and prefer an attached growth rather than remaining in a
disperse phase) [13]. Most motile bacteria move by the
use of flagella, rigid structures 20 nm in diameter and 1520 μm, which protrude from the cell surface [14].
Due to the specific wall formation of the bacterial
cell, numerous chemical groups are directed outside the
cell, which results in a summary negative charge on the
cell surface [15, 16]. Regarding the negative charge at the
bacteria surface it is possible to speculate about bacterial
movement under the influence of this electric field. Upon
application of the electric field the pull of the negatively
charged micro-organisms should be toward the anode and
the one-dimensional flow of pore fluid from the anode to
cathode [13]. However, bacterial behaviour in the electric field will strongly depend on field intensity. When the
electric current density is 0.1-0.2mA/cm2, the pH at the
anode is stable in the range of 2-3 and pH at the cathode
in the range of 8-12. These pH values are sufficient to destroy the acid-intolerant microbial species near the anode,
while base-intolerant ones are killed at the cathode. Marks
et al. (2000) found that the current density of 0.1-0.2mA/
cm2 is preferable in order to achieve a one-dimensional
flow of pore fluid with bacterial strain from the anode
to cathode [13]. Liu et al. [18] proved that electric field
application stimulated directed bacterial movement. Bacterial movement under the influence of the electric field
was studied in capillaries with an 8 µm inside diameter.
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The paper also demonstrated that the direction of bacterial
movement strongly depends on electric field intensity.
The following work was carried out to estimate the
influence of the weak electric field on the activity of selected bacterial strains in soils. Research also included
studies of the impact of the electric field on the biodegradation of crude oil.

Materials and Methods
The experiments were carried out in two polyethylene
tubes, (1 m length and 6cm width). The tubes were supplied with five bored holes, which were placed at the following points: cathode, anode, A, B, X1, Y1, X2, Y2, S1, S2,
and enabled the sampling of soil from these points during
experiments (Fig. 1). At the beginning of each experiment
both tubes were filled with the contaminated soil, which
was collected from a pipeline leakage area; the soil in the
tube was not additionally compacted. The soil used in the
experiments was clay soil with a hydraulic permeability
coefficient below 1x10-7m/s. Average soil humidity was
13% (by weight). The average fuel oil hydrocarbon content in the soil was 3.11% (by weight). The hydrocarbon
content was estimated based on the method of organic
matter extraction from soil. Extraction was carried out at
room temperature for 24h using diethyl ether as a solvent.
Later, the solution was filtrated, dried, and the solvent
evaporated and the remainder mass estimated.
The electrodes were placed at the ends of one tube and
connected with the direct current source. The ends of the
second tube were closed and it was used as a comparative
system.
Suspensions of the selected bacterial strains were introduced to both systems at the central points (holes) S1
and S2. The average number of bacteria cells in the suspensions used for the experiments was 1*109cells/ml.
Most experiments were carried out in sterile conditions.
In these cases soil, tubes and electrodes were sterilized
before experiments.
During the experiment soil samples were collected
from points (holes): A, B, X1, Y1, X2, Y2, S1, S2, cathode,
anode to measure the number of bacterial strains. For that

Fig. 1. Schema of the laboratory system.
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Table 1. Results of the migration of Pseudomonas putida in the system under the influence of electric current and in a comparative system.

Time
[day]

Number of bacterial cells of Pseudomonas putida [CFU/g] (x10-7)
under the influence of electric field 10V/m

a comparative system

cathode (-)

X1

S1

X2

anode (+)

A

Y1

S2

Y2

B

7

0

0

4.8

0

0

0

0

6.4

0

0

14

0

0

1.8

0

0

0

0

6.8

0

0

21

0

0

6.0

9.6

0

0

0

1.5

0

0

28

0

0

4.0

5.0

0

0

0

6.0

0

0

35

0

1.0

0.9

1.2

0

0

0

1.4

0

0

42

0

0.01

2.0

1.0

0

0

0

3.0

0

0

Table 2. Results of the migration of Klebsiella pneumoniae in the system under the influence of electric current and in a comparative system.
Time
[day]

Number of bacterial cells of Klebsiella pneumoniae [CFU/g] (x10-7)
under the influence of electric field 10 V/m
a comparative system
cathode (-)
X1
S1
X2
anode (+)
A
Y1
S2
Y2

B

7

0

0

4.8

0

0

0

0

6.4

0

0

14

0

0

1.5

0

0

0

0

4.0

0

0

21

0

0

1.8

0.88

0

0

0

2.4

0

0

28

0

0

0.44

3.6

0

0

0

0.1

0

0

35

0

0

1.2

4.0

0.0001

0

0

2.0

0

0

42

0

0

1.0

0.28

0.24

0

0

1.3

0

0

purpose bacteria cells from the soil samples were extracted to the physiological solution and then seeded on an
agar plate, incubated for 48 hours at 38˚C and counted. At
the end of each experiment biodegradation degrees were
evaluated at the same points using the above ether extraction method.
Pseudomonas putida (motile by means of one or more
flagella), Klebsiella pneumoniae (nonmotile) and Bacillus subtilis (motile by means of one or more flagella) were
used as separated bacterial strains. Also a biopreparation
HBP-10 (GENESIS Technologies International, Buford,
GA USA), containing Pseudomonas, Bacillus, and other
bacteria was tested.

Results
The Influence of the Electric Field on the Migration
of the Mixture of Pseudomonas Putida and
Klebsiella Pneumoniae in Soil in Sterile Conditions
In this experiment mixtures of the bacteria Pseudomonas putida and Klebsiella pneumoniae were introduced
to both systems. The experiment lasted 42 days, electric

field intensity was 5V/m and current density at 6x10-3mA/
cm2. The pH at anode and cathode during the experiment
were 7.0 ±1.0.
Both bacterial strains were observed at points X2 after
21 days of experiments in the system, under the influence
of an electric field (Table 1 and 2). Cells of Klebsiella
pneumoniae were also detected at the anode point (+) after 35 days. These results indicate that bacterial migration
is directed towards the anode under the impact of the electric field (electrophoresis). However, Pseudomonas putida bacterial cells were also detected at sampling point X1
on day 35 of the experiment. This means that the electric
field application also can stimulate bacterial movement
toward the cathode. Bacterial migration in the opposite
direction was probably caused by the electroosmotic migration of water through soil (electroosmosis). Instead, in
the comparative system, bacterial migration was not observed as bacterial cells were detected only at a central
point (S2).
While bacterial migration to the anode was expected
(negative surface charge of bacterial cells made them migrate
towards the anode) bacteria migration to the cathode may be
considered surprising. Bacterial migration in both directions
(cathode and anode) may result from the competition be-
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tween two phenomena: electrophoresis and electro-osmosis
[15, 18, 19]. However, there may be other reasons than electro-osmosis that caused bacteria to migrate to the cathode.
One of the reasons could be the migration of ions and water
in soil toward the cathode under the influence of the electric
field. This process could create favorable conditions for bacterial growth in the area near the cathode. This circumstance
might cause bacterial cells to move to the cathode, although
the net negative charge at their surface should make them
move toward the anode. However, it is impossible to justify
the most probable mechanism of the process based only on
the achieved results of the experiments.
Very interesting results of contaminant biodegradation
was observed after 42 days of the experiment (Fig. 2).
Significantly advanced biodegradation of the contaminant was observed in the system under the influence of
the electric field. The degree of biodegradation increases
toward the anode and cathode similar to the increase of
the number of bacterial cells (Fig. 2).

The Influence of the Electric Field and the Polarity
of Electrodes on the Migration of the Bacteria Strain
Bacillus Subtilis in the Soil in Non-Sterile Conditions
In this experiment the suspension of the Bacillus subtilis strain was introduced to both systems. The experiment lasted 91 days and on day 63 of the experiment the
polarity of electrodes was changed, the electric field intensity being 5V/m and current density at 6x10-3mA/cm2.
pH at the anode and cathode during the experiment was
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7.0 ±1.0. The obtained results (Fig. 3) indicate that the
Bacillus subtilis bacteria also migrated to the anode (up
to day 63 of the experiment). When the polarity of the
electrodes was changed, the number of bacterial cells decreased at the “old” anode with an increase in the number
of bacterial cells at the “old” cathode.

Influence of the Electric Field on the Migration
of Micro-Organisms of the Hydrobiopreparation
Group 10 (HBP-10) in Non-Sterile Conditions
The suspension of the biopreparation HBP-10 containing Pseudomonas, Bacillus, and other bacteria were
introduced to both systems. The experiment was run for
56 days, maintaining the electric field at 5V/m and current density at 6x10-3mA/cm2. The experiment was carried
out in non-sterile conditions. pH at the anode and cathode
during the experiment was 7.0 ±1.0.
The results obtained in the experiment (Tables 3, 4
and Fig. 4) show the influence of the electric field on the
mixture of the Pseudomonas and Bacillus bacteria. It facilitates the migration of the microorganisms toward the
anode, similar to a single strain of bacteria. In the system,
under the influence of the electric field a larger biodegradation was observed than in the comparative system.

Conclusions
All experiments indicate the significant impact of the

Fig. 2. Results of biodegradation of oil and a number of bacterial cells at the end of the experiment, in the system under the influence
of the electric field and in a comparative system (42 days, Klebsiella pneumoniae, Pseudomonas putida), 1 – cathode, A; 2 – X1, Y1; 3
– S1, S2; 4 – X2, Y2; 5 – anode, B.
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toward cathode (Pseudomonas putida cells were detected
at points X1 and X2 in the system under the influence of the
electric field, while in the comparative system the bacteria
cells were present only at the central point). The bacteria
movement toward the anode is induced by electrophoresis.
However, it is difficult to judge the mechanism of the process of bacterial movement to cathode. Probably an electro-osmosis induces water migration in soil and electromi-

CFU

weak electric field on the activity of the selected bacterial
strains: Bacillus subtilis, Pseudomonas putida, Klebsiella
pneumoniae as well as the mixture of bacterial strains of
Bacillus and Pseudomonas in the soil contaminated by
crude oil.
The influence of the electric field with an intensity at
5V/m and current density at 6x10-3mA/cm2 causes the migration of the bacterial strains toward the anode, as well as
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Fig. 3. Results of the migration of Bacillus subtilis bacteria in the system under the influence of the electric field (X2) and in a comparative system (Y2), (a change of a polarity of electrodes – day 63 of experiment).

Fig. 4 Results of biodegradation of oil and a number of bacterial cells at the end of the experiment, in the system under the influence
of the electric field and in the comparative system (56 days, the biopreparation HBP-10), 1 – cathode, A; 2 – X1, Y1; 3 – S1, S2; 4 – X2,
Y2; 5 – anode, B.
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Table 3. Results of the migration of a mixture of bacterial strains in the system under the influence of the electric current (the biopreparate HBP-10).
Number of HBP-10 bacterial cells [CFU/g]

Time
[day]

anode

X1

S1

X1

cathode

28

4.37*108

5.06*108

2.68*108

1.46*108

9.41*108

35

1.58*1010

9.10*109

4.47*108

2.57*108

7.48*107

42

2.00*1011

2.00*1010

1.39*1010

2.30*108

2.30*108

49

1.35*1010

1.83*1010

9.08*109

3.67*109

7.47*107

56

3.86*1010

1.97*1010

4.27*109

2.20*109

6.41*107

Table 4. Results of the migration of a mixture of bacterial strains in the comparative system (the biopreparate HBP-10).
Number of HBP-10 bacterial cells [CFU/g]

Time
[day]

A

Y2

S2

Y1

B

28

7.48*107

4.57*108

1.45*108

9.76*108

5.36*107

35

5.44*106

2.83*107

1.53*1010

8.60*106

9.22*106

42

2.10*108

1.90*108

5.72*1010

9.85*108

2.60*108

49

2.71*109

1.87*1010

4.54*1010

1.45*1010

9.96*109

56

1.59*109

2.06*1010

6.12*1010

1.67*1010

1.18*109

gration that stimulates ion migration. Both processes may
create favorable conditions for bacterial growth. The results
correspond well with previous studies on this topic, which
indicate bacteria movement both in terms electrophoresis
[15] and electroosmosis [18]. However, some research has
to be done in this area to identify the mechanism.
It should be noticed that the electric field with an
intensity at 5V/m and current density at 6x10-3mA/cm2
favor bacterial movement toward the anode, which is
opposite to the bacterial movement achieved during experiments with the greater electric current density (0.1
– 0.2mA/cm2 Marks et al [13] and 3.0 - 8.0mA/cm2 Wick
et al [20,21]).
The change of the polarity of electrodes induces
changes in direction of bacterial migration in the soil.
The weak electric field caused a large growth of bacterial cells at the sampling points compared to the soil
without the electric field impact and resulted in greater
oil biodegradation in the contaminated soil. For example,
at the and of the experiment with HBP-10, at point X1,
the biodegradation degree was 12% greater than at point
Y1; and at point X2 the biodegradation degree was almost
20% greater than at point Y2.
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