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Abstract: The remediation of soil contaminated with petrochemicals using conventional methods
is very difficult because of the complex emulsions formed by solids, oil, and water. Electrokinetic
remediation has of recent shown promising potential in the removal of organics from contaminated
media as calls for further improvement of the technology are still made. This work investigated the
performance of electrokinetic remediation of soil contaminated with petrochemicals by applying fixed
electrode configurations and continuous approaching electrode configurations. This was done in
combination with bioremediation by inoculating hydrocarbon degrading bacteria and biosurfactants
with the aim of obtaining an improved method of remediation. The results obtained show that the
biosurfactant produced by the hydrocarbon degrading bacteria Pseudomonas aeruginosa was able to
enhance oil extraction to 74.72 ± 2.87%, 57.375 ± 3.75%, and 46.2 ± 4.39% for 185 mm fixed electrodes,
335-260-185 mm continuous approaching electrodes, and 335 mm fixed electrode configurations,
respectively. By maintaining high current flow, the 335-260-185 mm continuous approaching electrodes
configuration enhanced electroosmotic flow (EOF) on every event of electrodes movement. The fixed
electrode configuration of 185 mm provided amiable pH conditions for bacterial growth by allowing
quick neutrality of the pH due to high EOF as compared to the 335 mm fixed electrodes configuration.
After 240 h, the carbon content in the soil was reduced from 0.428 ± 0.11 mg of carbon/mg of the
soil to 0.103 ± 0.005, 0.11355 ± 0.0006, and 0.1309 ± 0.004 for 185 mm, 335-260-185 mm, and 335 mm,
respectively. The application of biosurfactants and continuous approaching electrodes reduced the
energy expenditure of electrokinetic remediation by enhancing the decontamination process with
respect to time.
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1. Introduction

The petroleum industry has been a great contributor to environmental pollution in the last
three decades due to the negative effects it poses to the environment [1]. Petrochemicals are usually
composed of petroleum hydrocarbons which are made up of alkanes, cycloalkanes, benzene, toluene,
xylenes, phenols, and various polycyclic aromatic hydrocarbons [1]. The greatest concern regarding
contamination by these hydrocarbons lies in their mutagenic, carcinogenic, and toxic characteristics [2].

Souza et al. [2] previously argued that hydrocarbons getting into contact with soil may form
four different phases. These include the formation of a vapor phase in which the hydrocarbons
move to the soil vapor and at times adsorb on the solid surfaces of the soil or dissolve in water.
The other is the formation of a free liquid phase which can easily penetrate the soil into the lowest
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points reaching groundwater. At times, the hydrocarbons form a dissolved phase if the hydrocarbons
are highly hydrophobic forming a hydrocarbon layer on the surface of either the soil or soil water
and a plume in groundwater. Lastly, the hydrocarbons can form a residual liquid phase where the
hydrocarbons are highly viscous or are adsorbed to the surfaces of the soil particles. The contact of
fine solids, oil, and water leads to the formation of stable emulsions which act as a barrier to prevent
droplet coalescence because they adsorb at the droplet surface thus lowering the demulsification rate
constant [3]. Aliphatics, aromatics, nitrogen sulfur oxygen containing compounds, and asphaltenes
are some of the major petrochemical constituents that are preventers of coalescence [4]. Therefore,
it is almost impossible to remediate contaminated soil to the satisfactory and admissible levels using
conventional remediation technologies [5].

Due to difficulties related to the removal of petrochemical contaminants, numerous methods have
been studied and reported regarding remediation of soil contaminated with oil [1]. Considering a variety
of improvements made in different remediation methods, some of the methods have now been reported
to be effective, but a variety of challenges have still been associated with those methods nevertheless [1].
For example, the use of advanced oxidation processes have been reported to alter soil properties by
increasing soil acidity, producing more toxic products, and involving high consumption of energy [6].
Biological treatment methods such as bioremediation, bioattenuation, bioaugmentation, biostimulation,
bioventing, and biosparging require long treatment periods to achieve satisfactory decontamination,
are inefficient in saline soils, and are only suitable for the treatment of soil contaminated with low
molecular weight petroleum hydrocarbons [1]. Chemical treatment methods have issues to do with
toxicity and biodegradability of chemicals used to contain, sequester, precipitate, concentrate, separate,
and remove contaminants from the polluted soil [7]. Thermal treatment methods are associated with
air pollution issues due to exiting flue gases; the treatment alters the chemical, physical and biological
properties of the soil, and has high energy requirements [4].

On the other hand, the use of biosurfactants and electrokinetic remediation have captured
researchers’ attention in recent years. Electrokinetic remediation has the potential to remove volatile
organic compounds, BTEX compounds (such as toluene, xylene, benzene, and ethylbenzene), phenols,
polychlorinated biphenyls, toluene, chlorophenols, trichloroethane, and total petroleum hydrocarbons
from contaminated media even in heterogeneous fine-grained contaminated media where other
techniques may not be effective [8]. The decontamination mechanism during electrokinetic remediation
involves the movement of the solid phase (colloidal particles) and the liquid phase (oil and water)
towards the electrode areas [9]. After the breakdown of colloidal aggregates in the matrix (under the
influence of the applied electric field), the colloids move to the oppositely charged electrodes as a result
of electrophoresis while the liquid phase (oil and water) moves towards the electrode areas as a result
of electroosmosis [9].

For electrokinetic remediation process improvement, researchers have argued that the
electrokinetic treatment performance can be improved by the use of solvents, hot water extraction,
and surfactants that act as flushing agents to enhance the decontamination mechanisms of
electroosmosis, electromigration, and electrophoresis [10,11]. The use of synthetic surfactants is however
associated with a range of problems such as environmental toxicity and resistance to biodegradation [12].
Biosurfactants have received increasing attention since they exhibit greater environmental compatibility,
more diversity, better surface activity, lower toxicity, higher demulsification ability, higher selectivity,
and higher biodegradability [13]. Through micellization, surface tension reduction, increasing
contaminant bioavailability to microorganisms, solubilization and increased adsorption, biosurfactants
may increase the rate of contaminant removal by altering the surface properties of the matrix leading
to the improved motion and coalescence of the contaminants [14]. Biosurfactants can be synthesized
by a variety of microorganisms; the production of biosurfactants by a specific isolate can mainly be
confirmed if the isolate can exhibit reduction of surface tension below 40 mN/m relative to critical
micelle concentration [15].
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In electrokinetic remediation, great emphasis is also put on the configuration of the electrodes
besides the addition of enhancement additives, consideration of voltage gradient, electrolytes,
and operational time because electrode configurations strongly affect the final efficiency of the
process and the overall costs [16]. Various electrokinetic improvement interventions have been
reported but most have low decontamination efficiencies, lead to extreme increments in treatment
costs, and encourage a mass transfer of the contaminants in the remediation process; in fact, the
contaminant would still be present in the aqueous phase after treatment [17]. Very few studies
have been done regarding the optimization of the electrokinetic process by use of different electrode
configuration techniques, combining electrokinetic remediation with other sustainable technologies
such as bioremediation and use of biosurfactants [18–20].

To come up with ways of improving the remediation process of petrochemical contaminated media,
our study combined the application of biosurfactants, bioremediation, and electrokinetic remediation
under pulsating electrode configurations. The study was done by evaluating the performance of
the combined process where biosurfactants produced by Pseudomonas aeruginosa were applied under
different electrode configurations so as to identify strategies that can improve the remediation process
either by elimination of the contaminant in the media or separation of the contaminant from the
soil. Petrochemical hydrocarbon removal due to variation in pH, bacterial growth, electroosmotic
flow, electrophoresis, and electrode configurations was analyzed. The focus was therefore put on
the evaluation of the proposed electrode configurations, the effect of biosurfactants, and the effect of
combining bioremediation and electrokinetic remediation.

2. Materials and Methods

2.1. Petroleum Contaminated Soils

The properties of the soil used in these experiments are presented in Table 1. The atomic elements
in the soil were determined by scanning electron microscopy with energy dispersive spectroscopy
(Oxford instruments, Aztec 3.0 SPI software) with an acceleration voltage of 1.5 KV. The soil was
sieved using a 2 mm sieve to remove large coarse materials such as leaves and stones and then
sterilized at 100 ◦C in the oven. The soil was then spiked with engine oil obtained from a tribology
laboratory at the University of Pretoria to achieve a 150 mL/kg of soil contamination after homogenous
mixing using an overhead stirrer and kept for 14 days before experiments. The oil was composed of
hexadecane, eicosane, 2,2-dimethyl propane, sulfinyl sulfone, celesticetin, toluene, pentane-1-butoxy,
and 2-hexyl-1-octanol.

Table 1. Properties of the soil.

Item No. Soil Composition Quantity

1. Soil type 71% sand, 20% silt, 9% clay
2. Initial total organic carbon 40 mg/kg
3. Organic carbon after contamination 428 ± 0.11 mg/kg
4. Porosity 0.41
5. Conductivity 274 µS/cm
6. Particles sizes 74.13% > 425 µm, 21.45%, 425–300 µm, 4.42% < 300 µm
7. Major elements O = 48.83 wt%, Al = 3.69 wt%, Si = 26.18 wt%, K = 1.37 wt%, Fe = 7.2 wt%

2.2. Microbial Culture, Media, and Growth Conditions

Strain PA1 (Pseudomonas aeruginosa) was obtained from API (atmospheric tank) tank sludge of a
refinery in South Africa by selective enrichment to obtain efficient hydrocarbon degraders according to
Trummler et al. [21] (Section S1 in Supplementary Materials).
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2.3. The Mineral Salt Medium, Screening for Biosurfactant Production, Biosurfactant Production, Recovery,
and Purification

The mineral salt medium used in the growth of the strain, the screening, and biosurfactant
production methods used are described in detail (Section S1). Biosurfactant production, recovery,
and purification was done according to Bezza and Chirwa [22]. The drop collapse method for screening
production of biosurfactants was done according to Bodour and Miller-Maier [23], while the oil
spreading test was done as described by Morikawa et al. [24].

2.4. Characterization and Identification of Microbial Species

Pure cultures of biosurfactant producing isolates were characterized using the 16S rRNA genotype
fingerprinting method. This was achieved by extracting the DNA from the pure cultures according to
the protocol described in the Wizard Genomic DNA purification kit (Section S1).

2.5. Biosurfactant Characterization

Characterization of biosurfactants was done by Fourier transform infrared spectroscopy (FTIR),
thin layer chromatography (TLC), determination of surface tension, and critical micelle concentration
(cmc) according to procedures already reported by other researchers [22] (Section S1).

2.6. Evaluation of Demulsification Capability of the Biosurfactants

Water/oil (W/O) model emulsions of kerosene, hexane or toluene and oil/water (O/W) emulsions
of Tween-Triton-kerosene were prepared according to the protocol already reported by other
researchers [25] (Section S1) to evaluate the demulsification capability of the biosurfactants.

2.7. Electrokinetic Set Up

The electrokinetic reactor was meticulously constructed from acrylic glass to make three
compartments: a soil compartment (160.5 mm × 150 mm × 150 mm) and two electrode compartments
(90 mm × 150 mm × 150 mm) so that one of them constituted the anode and the other one the cathode
with outlets to electrolyte overflow reservoirs (Figure 1). Distilled water was used as the electrolyte
with the electrode-medium compartment interfaces fixed with glass filters (Whatman microfiber Grade
GF/A: 1.6 µm) to allow electroosmotic flow across the cell.
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Graphite electrodes (100 mm long× 20 mm diameter) were placed in the electrode compartments at
specified distances from each other as a pulsating electrodes configuration. This was to have the anode
and cathode fixed electrode spacings of 185 mm and 335 mm as two fixed electrode configurations
while the third electrode configuration involved the continuous movement of electrodes after every
three days to have continuous electrode spacings of 335 mm, 260 mm, and 185 mm (335-260-185 mm)
as a continuous approaching electrode configuration with all the electrodes connected to the DC power
supply (0–30 V, 0–3 RS-IPS 303A) of 30 V using stranded iron wires. Experiments with fixed electrode
configurations were run for 10 days while in experiments with continuous approaching electrodes,
distances were reduced after every three days from 335 mm to 260 mm then to 185 mm. All the
experiments had 2 kg of petrochemical contaminated soil inoculated with 30 g of cells resuspended in
deionized water (5.43± 0.62 log colony forming unit (CFU)/mL) and 26 g/L of biosurfactant supernatant.
The control experiment had no biosurfactants or cells and was spiked with 300 mg/L of sodium azide
to prevent microbial growth. All experiments were done in triplicate.

The medium compartment was divided into seven sections to the nearest cathode to allow
measurements of pH, bacterial growth, and total organic carbon. Electroosmotic flow (EOF), pH,
current measurements, and bacterial counts were made after every 24 h. To determine the number of
viable cells, 10 mL of an aliquot were picked from each of the seven sections in the soil compartment at
10 mm, 30 mm, 50 mm, 70 mm, 100 mm, 130 mm, and 160 mm horizontal distances from the cathode
including samples from the anode and cathode compartments after every 48 h to determine colony
forming units (CFUs) at each section as formally described by other researchers [26].

Electroosmotic flow (EOF) in this study was determined as the volume of water or oil (liquid phase)
that moved from one compartment to the other. EOF of water was determined as the volume of water
that moved from the anode and medium compartments to the cathode compartment while the EOF
of oil was determined as the volume of oil that moved from the medium compartment towards the
anode compartment. Oil extracted or recovered after the electrokinetic process of remediation was
considered as the oil that was displaced from the soil bed to settle on top of the water layer in any of
the three reactor compartments. The thickness of the oil on top of the water was measured in each of
the compartments and multiplied by the known reactor dimensions (oil thickness/height × length of
the compartment ×width of the compartment) of the reactor to obtain the volume of oil recovered as
was done by other researchers [27]. The oil floating on top of each of the initial constituents of each
compartment was referred to as oil extracted because this can be skimmed off by physical means.

2.8. Total Carbon Analysis

Solid samples were picked from each of the seven sections in the soil compartment at 10 mm,
30 mm, 50 mm, 70 mm, 100 mm, 130 mm, and 160 mm horizontal distances from the cathode after
240 h. The samples were air dried for five days and grinded to the smallest particles using a mortar
and pestle. The fine samples were ready for analysis in the Schimadzu Total Organic Carbon Analyzer
after they were sieved to remain with particles small enough to go through a 600 µm mesh. The solid
sample boats were decontaminated of carbon residue by brush washing under flowing tap water
followed by rinsing with distilled water. The boats were then soaked in 2 M hydrochloric acid for
10 min and heated in a furnace at 900 ◦C for 10 min and left to cool before running a sample.

3. Results

3.1. Screening, Isolation, and Identification of the Strain for Hydrocarbon Degradation and Biosurfactant
Production

The hydrocarbon degrading and highest biosurfactant producing strain PA1 obtained after
isolation and passing of the biosurfactant screening test (using the drop collapse method and the oil
spreading test) was identified using the 16S rRNA sequence analysis. The 16S rRNA sequence of PA1
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showed the highest similarity to Pseudomonas aeruginosa with query cover of 100% as shown in the
phylogenetic tree (Figure 2).
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corresponding to 0.020 estimated nucleotide distance per sequence position.

3.1.1. Fourier Transform Infrared Spectroscopy (FTIR) Characterization of Biosurfactants

FTIR was used to study the chemical functional groups of the biosurfactants produced by the
PA1 strain with fingerprint areas between 4000 cm−1 and 400 cm−1. Figure 3 below shows the infrared
spectra. The results show a high similarity with typical spectra of glycolipid biosurfactants with
the vibrations indicating the presence of rhamnolipids [28,29]. The broad low absorption band at
3336 cm−1 represents -OH stretching, peaks at 2920 cm−1 and 2849 cm−1 reveal stretching vibrations of
C-H bands (CH2 and CH3), and the peak at 1737 cm−1 shows the presence of C = O. C-H bending is
revealed at 1459 cm−1 and 899 cm−1, bending of the hydroxyl at 1380 cm−1 shows the presence of the
carboxylic functional group, while the strong and broad peak at 1153 cm–1 and 1118 cm−1 is for C-O-C
stretching [28].
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3.1.2. Thin-Layer Chromatography Analysis

The TLC results of the biosurfactant extracted from the acid precipitate revealed a pink spot on
plates with a retardation factor (Rf) value of 0.42 when sprayed with ninhydrin (Figure 4) signifying
the presence of amino acids in the biosurfactants similarly reported by other researchers [30]. The low
Rf also shows the polar property of the biosurfactant made up of a mono-rhamnolipid [31].
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3.1.3. Biosurfactant Yield, Surface Tension, and Critical Micelle Concentration of the
Produced Biosurfactant

The yield of biosurfactants during production depends on the culture, carbon source, medium,
and environmental conditions [31]. Biosurfactants as surface-active agents are highly dependent on
their ability to reduce surface and interfacial tension [30]. The biosurfactants produced reduced the
surface tension of water from 71 mN/m to 30.35 mN/m and had a critical micelle concentration value of
156 mg/L relating to results reported by others [32].

3.1.4. Demulsification of Emulsions

The n-hexane W/O emulsion produced the highest demulsification of 85.7% as compared to
toluene with 59.3% and kerosene with 55.6% in five days (Section S2, Figures S1 and S2). The O/W
emulsion of Tween-Triton-kerosene produced the lowest demulsification of 35.3%. Emulsions with
a continuous phase of water were easier to break as compared to those with a continuous phase of
kerosene. This can be attributed to the viscosity of the emulsions with emulsions of water being less
viscous enabling the breakup of the emulsion as compared to the more viscous emulsions with oil [25].
The findings indicate that the strain produced demulsifiers with the ability to easily break emulsions
with only one type of organic phase as compared to those with multiple organic phases which is in
agreement with some previous reports [25,33]. The ability of the surface-active agent produced by
Pseudomonas aeruginosa strain PA1 to break emulsions shows that the surface-active agent produced is
a biosurfactant with the ability to emulsify immiscible liquids and demulsify or break emulsions as
compared to bioemulsifiers that only have the capacity to emulsify [34].
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3.2. Bio-Electrokinetic Remediation

3.2.1. Variation of Current during Bio-Electrokinetic Treatment

Figure 5 shows the variation of current for the entire process of electrokinetic remediation. Since a
constant voltage of 30 V was applied throughout the experiments the results demonstrate the effect
of resistance on current flow because of decreased conductivity. The current flow in the system
was majorly low because of the low voltage of 30 V that was applied. The highest current in the
fixed electrode configurations was 2.306 ± 0.095 mA for 185 mm and 2.305 ± 0.005 for 335 mm.
The 335-260-185 mm continuous approaching electrode configuration had 2.3 ± 0.02 mA as the highest
current. Much as a constant voltage was applied, there were some minor differences noticed in
the current with different electrode configurations. This is because of the differences in electrode
configurations where the current in the fixed 335 mm electrode configuration continuously drops
because of an increase in resistance. The high resistance in the fixed 335 mm electrode configuration is
due to the long distance between electrodes relative to Ohm’s law. The current in the 185 mm fixed
electrode configuration remains slightly higher than that of the fixed 335 mm electrode configuration
after 100 h because of the shorter distances between electrodes. In the 335-260-185 mm continuous
approaching electrode configuration, the current flow is generally maintained high as compared to
the fixed electrode configurations because on every movement of the electrodes towards each other,
the resistance in the system is reduced according to Ohm’s law. The overlapping error bars in Figure 5
are due to the changes brought about by the minor differences in the quantity of ionic species in the
soil for every individual experiment.
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To improve electrokinetic remediation, resistance must be decreased to enhance electromigration,
electro-coalescence, and electroosmosis which aid in improving the removal of contaminants from the
contaminated media [35]. In all the experiments, the current starts low then gradually increases due to
disassociation of water producing OH– ions at the cathode and H+ ions at the anode which, besides the
other ionic species in the soil, increase the ionic strength of the system leading to an increase in the
current [36]. Then the current starts reducing in all experiments especially after 200 h not only due to
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resistance in the interface between electrodes but also because ions with positive or negative charges
move to the two ends of the electrokinetic cell as a consequence of electromigration.

The result is the drop of ionic strength in the soil leading to a decrease in the current [8]. Comparing
current flow in all experiments it was evident that the 185 mm fixed electrode configuration enhanced
current flow for longer hours as compared to the 335 mm fixed electrode configuration, but the
335-260-185 mm continuous approaching electrode configuration maintained higher current flow than
in experiments with fixed electrode configurations.

3.2.2. Variation of Electroosmotic Flow of Water during Bio-Electrokinetic Treatment

To achieve efficient electrokinetic removal of contaminants, the processes of EOF, electromigration,
and electrophoresis must be improved [37,38]. When an electric field is applied it leads to the
movement of the liquid phase (water and oil) due to the existence of the electrical double layer at the
interface of the water/oil and the solid surface, but also due to the migration of charged particles or
ions in a colloidal system towards the counter charged electrode [36]. Electroosmosis is affected by
various factors including current, viscosity, ionic concentration, temperature, the dielectric constant
of the interstitial fluid, and surface charge of the solid matrix, among others [36]. According to the
Helmholz–Smoluchowski theory, current is directly proportional to EOF. Figure 6 demonstrates this
relationship where the 185 mm fixed electrode configuration had higher EOF as compared to the
335 mm fixed electrode configuration. The average highest EOF in volumetric terms for all experiments
was 2.0225 × 10−4 m3, 1.64 × 10−4 m3, and 1.62 × 10−4 m3 for 185 mm, 335-260-185 mm, and 335 mm,
respectively. This shows a direct relationship between EOF and current if the two parameters are to
be compared.
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In all experiments, EOF started high but in the 335 mm fixed electrode configuration, there was
a gradual reduction in EOF just like it was observed with the current. After 100 h, EOF was also
seen to gradually reduce up to the end of the experiment in the 185 mm fixed electrode configuration.
In the 335-260-185 mm continuous approaching electrode configuration, EOF increased after every
reduction in the distances between electrodes. The same was also reported by Li et al. [39], whereby a
different approaching electrode strategy from the one used here had been employed. The increase
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in current on every event of approaching electrodes or reduction in the distance between electrodes
(from 335 mm to 260 mm to 185 mm) is due to a reduction in the electrolytic distance between the
working electrodes. The new short electrolytic distance obtained after every movement increases H+

ions and high redox potential concentrations which quickly migrate to the cathode. This is because
a new shorter distance to be traveled by the low strength ions in the pore fluid is created leading to
a reduction in the resistance of the matrix or reactions between the migrating ions and the matrix
species [15]. In all experiments, the EOF of water was observed to be towards the cathode from the
anode because of the negatively charged surface of the soil [35].

3.2.3. Oil Extraction from the Contaminated Soil during Bio-Electrokinetic Treatment

Oil extraction from the contaminated soil was observed in all the experiments. Since EOF drives
the liquid phase from one compartment to another due to the existence of the electrical double layer at
the interface of the water/oil and the solid surface, EOF of oil was also observed. Oil extraction started
with the vertical displacement of the oil from the soil bed to the top of the soil followed by the horizontal
electroosmotic flow from the medium compartment to the electrode compartments. In the presence
of biosurfactants, the oil removal from soil was 74.72 ± 2.87%, 57.375 ± 3.75%, and 46.2 ± 4.39% for
185 mm, 335-260-185 mm, and 335 mm electrode configurations, respectively (Figure 7a). The highest
oil extraction was observed between the start of the experiment to 100 h.
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To determine the effect of biosurfactants in the remediation process, the 185 mm fixed electrode
configuration with biosurfactants was compared to the experiments run in the absence of biosurfactants
(Figure 7b). The results show that the experiments that had biosurfactants, high current flow,
and enhanced EOF flow had the highest oil extraction. Figure 7b demonstrates that biosurfactants
improve the removal process of petrochemicals as compared to when they are not used. This is because of
the combined effect of demulsification due to application of biosurfactants, and electro-demulsification
and electro-coalescence that are as a result of the application of the electric field. Biosurfactants
enhance demulsification by adsorbing to oil/water interfaces where they react with the existing
emulsifiers, such as asphaltenes and resins, resulting in the elimination of the thin film at the oil
and water interfaces [17]. This promotes the coalescence of the dispersed droplets leading to three
distinct continuous phases of solids, oil, and water that can then be moved by EOF from the medium
compartment to any electrode compartment [40]. The EOF flow of oil was mainly seen from the
medium compartment towards the anode compartment opposite to the EOF of water. This was because
of the competition between water molecules and oil molecules at the cathode-medium compartment.
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In the presence of this liquid phase competition, the smaller molecules of water outcompete the oil
molecules. This leads to the movement of oil to the anode which was opposite to the direction of
EOF of water.

3.2.4. Variation in pH and Its Effect on Bacterial Growth during the Bio-Electrokinetic Treatment

When an electric field is applied during electrokinetic treatment, decomposition of water occurs at
the electrodes [36]. Oxidation reactions occur at the anode and reduction reactions occur at the cathode
as seen in Equations (1) and (2), respectively [41,42].

2H2O→ 4e− + 4H+
(aq)

+ O2(g) (1)

4H2O + 4e− → 2H2(g) + 4OH−
(aq) (2)

These reactions lead to the formation of the alkaline front at the cathode and an acid front at the
anode on the immediate application on an electric field; but as ions start migrating, the pH dynamically
changes across the system as the H+ ions move towards the cathode [41]. With H+ almost twice
mobile (1.75 times) as OH−, the protons dominate resulting in the movement of the acid front towards
the cathode where H+ ions meet OH- ions and form water [42]. The pH in the system is, therefore,
dependent on the movement of H+ and OH- across the system [36,42]. To determine the variation of pH
and its effect on bacterial growth, due to the application of different electrode configuration strategizes,
the fixed electrode configurations of 185 mm and 335 mm were used for analysis. These extremes also
demonstrated what probably happens with the continuous approaching electrode configurations.

On average, the highest pH was noticed at the areas near the cathode and the lowest pH was
noticed at areas near the anode (Figure 8). Within the medium compartment where the soil is
accommodated, the average pH ranged between 10.13 and 5.43 for 185 mm while the pH ranged
between 7.16 and 3.09 for 335 mm. In general, the pH would rise from 7 to as high as 12.7 in the cathode
compartment due to reduction reactions while in the anode compartment pH would decrease to as low
as 2.2 due to oxidation reactions. Comparing the variation of pH between 185 mm and 335 mm it is
noticed that the 185 mm fixed electrode configuration imposed high pH in the system as compared to
the 335 mm fixed electrode configuration, where highly acidic conditions were observed (Figure 8).

Sustainability 2020, 12, x FOR PEER REVIEW 12 of 19 

 

2𝐻ଶ𝑂 → 4𝑒ି + 4𝐻(௔௤)ା + 𝑂ଶ(௚) (1) 4𝐻ଶ𝑂 + 4𝑒ି → 2𝐻ଶ(௚) + 4𝑂𝐻(௔௤)ି  (2) 

These reactions lead to the formation of the alkaline front at the cathode and an acid front at the 
anode on the immediate application on an electric field; but as ions start migrating, the pH 
dynamically changes across the system as the H+ ions move towards the cathode [41]. With H+ almost 
twice mobile (1.75 times) as OH−, the protons dominate resulting in the movement of the acid front 
towards the cathode where H+ ions meet OH- ions and form water [42]. The pH in the system is, 
therefore, dependent on the movement of H+ and OH- across the system [36,42]. To determine the 
variation of pH and its effect on bacterial growth, due to the application of different electrode 
configuration strategizes, the fixed electrode configurations of 185 mm and 335 mm were used for 
analysis. These extremes also demonstrated what probably happens with the continuous 
approaching electrode configurations.  

On average, the highest pH was noticed at the areas near the cathode and the lowest pH was 
noticed at areas near the anode (Figure 8). Within the medium compartment where the soil is 
accommodated, the average pH ranged between 10.13 and 5.43 for 185 mm while the pH ranged 
between 7.16 and 3.09 for 335 mm. In general, the pH would rise from 7 to as high as 12.7 in the 
cathode compartment due to reduction reactions while in the anode compartment pH would 
decrease to as low as 2.2 due to oxidation reactions. Comparing the variation of pH between 185 mm 
and 335 mm it is noticed that the 185 mm fixed electrode configuration imposed high pH in the 
system as compared to the 335 mm fixed electrode configuration, where highly acidic conditions were 
observed (Figure 8).  

Horizontal distance from the cathode (mm)
0 20 40 60 80 100 120 140 160

Ba
ct

er
ia

l C
ou

nt
 (l

og
 C

FU
/m

l) 

8.0

8.5

9.0

9.5

10.0

10.5

11.0

pH

2

4

6

8

10

12
Viable cells: 335mm
Viable cells: 185mm
pH: 335mm
pH: 185mm

 

Figure 8. Variation of pH and bacterial growth for fixed electrode configurations. Data are expressed 
as mean of three replicates. 

Microbial growth was determined using viable cell counts in different sections of the reactor to 
determine the effect of different electrode configurations on microbial growth. Figure 8 shows that 
the areas between 40 mm and 120 mm horizontal distance from the cathode supported the highest 
bacterial growth. The region between 40 mm and 120 mm horizontal distance from the cathode was 
the region that was furthest from the extremely alkaline conditions near the cathode and extremely 
acidic conditions near the anode. The pH in this region predominantly presented amiable pH 
conditions that supported bacterial growth. This is scientifically agreeable because previous studies 

Figure 8. Variation of pH and bacterial growth for fixed electrode configurations. Data are expressed
as mean of three replicates.



Sustainability 2020, 12, 5613 12 of 17

Microbial growth was determined using viable cell counts in different sections of the reactor to
determine the effect of different electrode configurations on microbial growth. Figure 8 shows that
the areas between 40 mm and 120 mm horizontal distance from the cathode supported the highest
bacterial growth. The region between 40 mm and 120 mm horizontal distance from the cathode was the
region that was furthest from the extremely alkaline conditions near the cathode and extremely acidic
conditions near the anode. The pH in this region predominantly presented amiable pH conditions that
supported bacterial growth. This is scientifically agreeable because previous studies have shown that
bacteria can grow under a wide range of pH but the optimum pH conditions for Pseudomonas aeruginosa
are pH 7 [43].

Comparing the two fixed electrode configurations, an average viable cell count between 9.9082 and
8.4657 log CFU/mL was determined for the 335 mm while cell counts between 10.56 and 8.2 log CFU/mL
were determined for the 185 mm electrode configuration. Although not too extensive, the differences
in the microbial counts are because the 185 mm fixed electrode configuration offered a more amiable
pH environment for microbial growth as compared to the 335 mm fixed electrode configuration.

The pH in the medium compartment for the 185 mm fixed electrode configuration was closer
to the optimum pH condition of 7 as compared to the 335 mm electrode configuration. Viable cell
counts showed that bacteria were present in all reactor compartments due to electroosmosis and
electrophoresis that are mainly used as the transport mechanisms of the bacteria [18]. As much
as bacterial growth was substantially affected by the vacillating pH, the transport mechanisms of
electroosmosis and electrophoresis still move bacteria to all sections of the reactor.

3.2.5. Effect of Electrode Configuration and Application of Biosurfactants on Hydrocarbon Removal

The removal of contaminants from contaminated media mainly relies on EOF and
electrophoresis [16]. In this study, the results in Figure 9a show that the fixed electrode configuration
of 185 mm had the highest carbon removal followed by the 335-260-185 mm continuous approaching
electrode configuration. EOF, current, oil extraction, pH, and bacterial growth variations have already
been discussed in detail. The results obtained here demonstrate that the experiments that predominantly
maintained the highest current flow, EOF, oil extraction, and supported the most stable bacterial growth
had the highest carbon removal. Carbon content was reduced from 0.428 ± 0.11 mg of carbon/mg of the
soil to 0.103 ± 0.005 for 185 mm, 0.11355 ± 0.0006 for 335-260-185 mm, and 0.1309 ± 0.004 for 335 mm.
The highest carbon removal was therefore observed in the 185 mm fixed electrode configuration while
the lowest carbon removal was observed in 335 mm fixed electrode configuration.
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remediation; (b) total carbon remaining in the soil after electrokinetic remediation in the presence and
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Sustainability 2020, 12, 5613 13 of 17

To determine the effect of biosurfactants on the hydrocarbon removal, Figure 9b shows that the
experiment that was operated without biosurfactants or cells had a lower removal of petrochemical
hydrocarbons (0.266 ± 0.014 mg of carbon/mg of the soil) as compared to the experiments where
biosurfactants were applied (0.103 ± 0.005 mg of carbon/mg of the soil). The effect of the biosurfactants
on petrochemical hydrocarbon extraction has been discussed in detail in Section 3.2.3. By improving
demulsification and coalescence, biosurfactants enhance the removal of the contaminants from the
contaminated media. Biosurfactants also improve the bioavailability of the recalcitrant hydrocarbons
to the microbes thereby increasing the degradation of the contaminants [14].

The remediation of contaminated media such as soil in this study by use of electrokinetic
remediation majorly relies on the removal of the contaminant by moving it from the soil (medium
compartment) to the other compartments if available [40]. This may not necessarily lead to the
elimination of the contaminant since the contaminant is simply moved from the soil to another
compartment. By combining electrokinetic remediation and bioremediation, petrochemicals could be
recovered in the anode compartment for purposes of reuse, but the remaining hydrocarbons in the soil
were degraded by the hydrocarbon degrading bacteria to have total elimination of the contaminant.
Figure 8 in Section 3.2.4 has already shown that bacterial growth was substantially affected by pH in
different regions of the soil. This also led to non-linearity in the degradation of the contaminants in the
soil with regions between 40 mm and 120 mm horizontal distance from the cathode having the lowest
total carbon content after the bio-electrokinetic remediation process.

3.2.6. Effect of Electrode Configuration and Application of Biosurfactants on Energy Expenditure

Energy expenditure was calculated according to Equation (3), where Vs is the volume of the
medium (soil), V is the voltage difference between the electrodes, and I is the electric current. Eu is
therefore calculated as kWh m−3.

Eu =
1

VS

∫
VIdt (3)

Although the differences in energy expenditure were not substantial, in the presence of
biosurfactants, the energy expenditure was highest in the 185 mm fixed electrode configuration
while the lowest energy expenditure was in the 335 mm fixed electrode configuration. The energy
expenditure was determined as 8.52 ± 0.4293, 8.42 ± 0.2285, and 8.1084 ± 0.0104 kWh m−3 for 185 mm,
335-260-185 mm, and 335 mm respectively (Figure 10a). The 185 mm fixed electrode configurations
with and without biosurfactants were compared in Figure 10b to determine the effect of biosurfactants
on energy expenditure. The energy expenditure in the 185 mm fixed electrode configuration with
biosurfactants (8.52 ± 0.4293 kWh m−3) was lower than when biosurfactants were not applied
(8.825 ± 0.015 kWh m–3). The results show that for satisfactory remediation to be achieved while
reducing the energy, electrokinetic remediation had to be combined with biosurfactants. Biosurfactants
improve demulsification which enhances EOF of the hydrocarbon contaminants from the soil in
combination with electro-demulsification and electro-coalescence. The combination of these three
inputs leads to energy saving as compared to when electrokinetic remediation is done in the absence of
biosurfactants. It was also observed that so long as a constant voltage is applied, the differences in
current and energy expenditure are low.

The results have also shown that satisfactory remediation is efficiently achieved by the 185 mm
fixed electrode configuration (Figure 9). The 185 mm fixed electrode configuration requires low electrode
spacing which leads to an increase in general treatment costs in terms of electrode requirements
and energy expenditure. Applying an electrode configuration with a low electrode spacing means
more electrodes would be needed in onsite remediation hence increasing the remediation cost.
The approaching electrode configuration, on the other hand, seems to have moderate removal of the
contaminants at a lower energy cost, which if combined with bioremediation, makes the process more
cost-effective. This is because after 240 h, for example, 57.375 ± 3.75% of the oil was removed from the
soil, and the remaining oil in the soil media can then be utilized as a carbon source by the microbes to
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have total elimination of the petrochemical contaminant from the soil. This is important considering
that bioremediation has been reported to require long time treatment periods to achieve satisfactory
decontamination [1]. Therefore, the use of 335-260-185 mm continuous approaching electrode would
offer satisfactory decontamination with reduced time requirements and reduced energy expenditure.
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bioremediation, makes the process more cost-effective. This is because after 240 h, for example, 57.375 
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4. Conclusions

The rhamnolipid biosurfactant produced by the hydrocarbon-degrading bacteria
Pseudomonas aeruginosa affected the desorption of the petrochemical contaminants from the contaminated
soil. The enhancement of desorption improved the coalescence of the contaminants which led to an
enhanced electroosmotic flow of the petrochemical pollutants from the soil. This was shown by the oil
extraction efficiencies of 74.72 ± 2.87%, 57.375 ± 3.75%, and 46.2 ± 4.39% for 185 mm fixed electrodes,
335-260-185 mm continuous approaching electrodes, and 335 mm fixed electrode configurations,
respectively. The 335-260-185 mm continuous approaching electrode configuration maintained high
current flow and electroosmotic flow in the system on every event of electrode movement which was
absent in fixed electrode configurations.

The 185 mm fixed electrode configuration provided amiable pH conditions for bacterial growth as
compared to the 335 mm fixed electrode configuration. By supporting bacterial growth, the reactor
simultaneously removed the petrochemical contaminants by bioremediation and electrokinetic
remediation. In the presence of bioremediation, electrokinetic remediation was not only a remediation
technology that removed a contaminant from soil to another phase but also led to the total elimination of
the contaminant from the soil by microbial degradation. The combination of electrokinetic remediation,
bioremediation, and application of biosurfactants was able to achieve satisfactory decontamination
especially with the 185 mm fixed electrode configuration by reducing the carbon content of soil from
0.428 ± 0.11 mg of carbon/mg of the soil to 0.103 ± 0.005, 0.11355 ± 0.0006, 0.1309 ± 0.004 for 185 mm,
335-260-185 mm and 335 mm, respectively. The energy expenditure was however highest when the
185 mm fixed electrode configuration was used. Application of a higher voltage and use of 2D electrode
configurations are proposed for further field-scale studies in naturally occurring complex geochemistry
where highly reactive ions on the soil surface would be present to confirm these results.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/14/5613/s1,
Section S1: Methods and materials, Section S2: Evaluation of the demulsification potential of the biosurfactants in
O/W and W/O emulsions.
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