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Abstract
Densification of oil sand tailings deposited in the tailing ponds and recovering water from them are two major
challenges issues in the oil sands surface mining industry. A small increase in the tailing settlement rate (which
normally is very slow) can improve the densification of tailings and significantly, reduce water consumption and the
volume of the tailing ponds. In this work, the objective was to evaluate the role of a mixed culture of two microbial
strains isolated from weathered oil and rhamnolipid (JBR 425) together with these strains in the sedimentation of fine
tailing particles. It has been found that a mixed culture of two microbial strains isolated from weathered oil increased
the sedimentation. Rhamnolipid (0.5%) together with these two microbial strains at 15°C ± 2°C showed significant
increases in sedimentation (by a factor of 5.1), the concentration of larger particles (by a factor of 2.63), particle mean
diameter (by a factor of 2.70) and flocculation in the tailings samples compared to the control while the zeta potential
is still negative. This means that the mechanism of flocculation is probably due to increasing the hydrophobicity of
the particles, interaction of biosurfactant and high molecular weight microbial organic compounds through a bridging
mechanism with clay particles. This work shows the potential of using rhamnolipid and microbial culture in order to
increase the oil sand sedimentation through flocculation and microbial activity in a more environmentally friendly
densification process.

Keywords: Biosurfactant; Rhamnolipid; Sedimentation; Oil sands
tailings; Microbial culture

Introduction
"Tails" or "tailings" are the by-products from the extraction of
bitumen from the sand by surface mining method which are pumped
into tailings ponds for storage. This tailing suspension is a mixture of
process affected water, sand, clays, salts, metals, residual bitumen and
hydrocarbon diluents [1]. In the pond the toxic water forms the top
layer which can be recycled into the extraction process [2,3]. Coarse
sand grains (larger than 44 microns [4,5]) settle out quickly. TFT will
settle and within two or three years a layer of mature fine tailings (MFT)
develops which is a mixture of fine clay particles (under 44 microns
in size) and water, with approximately 30%-60% solids and has a
consistency similar to yogurt. Complete settling of MFT is very slow
[2,3,6] (almost a century). Now more than 170 km2 of tailings ponds
exist in Alberta. Toxic impacts of tailing ponds can affect ecosystem
and human health [1]. An increase in tailings settlement rate and
remediation of tailing ponds can increase the efficiency of water recycling
and reduce the volume of tailings ponds and their environmental
impacts. There are natural, physical or chemical/biological methods in
order to treat tailings ponds and increase sedimentation. In chemical/
biological methods densification can be achieved by addition of agents
such as calcium sulfate (gypsum), and some microbial activity such as
methanogenesis [2,7]. Currently most of the industrial methods for oil
sand tailings densification are based on clay particle flocculation by
addition of polymeric flocculants [5,8,9]. Biological methane formation
(methanogenesis) by anaerobic microbes as a low cost technology
can improve tailings densification [10-13]. The rising of gas bubbles
in the tailings can produce channels which make it easy for water to
drain due to excess pore pressures within the tailings [14]. It has been
reported that microbial cells and exopolysaccharides or extracellular
polymeric substances (EPS) can improve the clay aggregation and
flocculation [15]. EPS are compounds secreted by microorganisms
into their environment. These compounds are important in biofilm
formation and cell attachment to surfaces. There are also interactions
between soil bacteria and clay particles which can form clay aggregates
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with the appearance of 'hutches' housing the bacteria [16]. There are
different classes of microorganisms growing in the tailings ponds
that contribute to increased tailings aggregation and sedimentation.
In addition to methanogen bacteria, sulfate-reducing bacteria (SRB)
and nitrate-reducing bacteria (NRB) have also been found in tailing
ponds environment [17,18]. The tailings pond microbial communities
are dynamic and change rapidly when the input of fresh tailings and/
or gypsum is stopped [19]. Bordenave et al. observed that microbial
cells can absorb the clay particles on their surfaces and within the EPS,
causing the aggregation of fine particles [7]. In this way the tailings
sedimentation under gravity will increase [7]. According to their
report, the active cultures of M. barkeri (methanogen) or Thauera sp.
strain N2 (NRB) show strong bonds to clay particles and an increase in
sedimentation. Nitrate addition also can reduce methane production
by methanogenic bacteria. These observations show the potential for
increasing tailing sedimentation by using microbial biomass to aggregate
and reduce methane production by in situ addition of nitrate [7].
Addition of calcium ions in the form of Ca(NO3)2 and lactate to tailing
pond samples can increase the densification rate by 15% (v/v). Lactate
significantly boosted microbial activity with increased methanogenesis,
sulfate reduction or nitrate reduction [20]. The sulfide emissions by
SRB activity in the gypsum treated pond are also limited as they are
highly soluble and will oxidize in surface waters which suggests that the
production of hydrogen sulfide might be a self-limiting process, which
will begin to decrease after a period of time [13,21,22]. The performance
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of the flocculants is an important issue in flocculation based methods.
However the recycle water quality, start up and operational costs,
experienced operators and careful operational control, in some cases
should be considered [5]. In the microbial activity and methanogenesis
method, CH4 and CO2 (greenhouse gases) emissions (up to 104 m3 day–
1
for methane) from tailing ponds should be controlled [12,13]. It has
been reported that synthetic surface active agents (surfactants) showed
the ability for dewatering of slurries when they are combined with
polymers as flocculants. They can change surface wetting characteristics
of particles and lead to an increase in flocculation and dewatering [2326]. Surfactants can reduce surface and interface tension by forming
molecular film at the interface of air and water or two liquid phases (i.e.,
oil/water). There are some surfactants which are produced by living
natural sources and known as biosurfactants [27,28]. Biosurfactants
(such as Rhamnolipids (RLs) which is the most intensively studied
biosurfactants) have more advantages over synthetic surfactants
such as low or non-toxicity and biodegradability. They are also more
economic than the other surface active agents in some cases due to
efficiency and have potential to decrease the environmental impacts
of oil sands [28-34]. In this work the main objective is to evaluate the
use of microorganisms (by inoculation or naturally present) together
with rhamnolipid biosurfactant to enhance the sedimentation in tailing
ponds, and understanding the mechanism of sedimentation within this
approach. In this way sedimentation will increase through flocculation
and microbial activity without producing large amounts of CH4 and
having the limitations of other methods while taking advantage of the
biosurfactants for remaining water and sediment bioremediation.

Materials and Methods
Origin of the oil sand tailings
The tailings pond sample was provided by Maria Demeter
(Lab Manager/Environmental Engineering Technologist), Civil &
Environmental Engineering Department, University of Alberta. It is
a by product of the extraction of bitumen from oil sand which was
prepared by Industrial Hygiene. Tailings samples were provided in 20 L
plastic pail and stored at room temperature. It is comprised of bitumen
(1-2 wt%), naphtha (<0.1 wt%), clay (30-60 wt%), and water with the
pH in the range of 7.3-7.8. The clay content of 30-60 wt% shows that the
samples are taken from mature fine tailing layer from the depth below
10 m of the tailing pond [35].

Rhamnolipid
Rhamnolipid biosurfactant (JBR 425 from Jeneil Biosurfactant
Co., USA) was used to investigate its effect on oil sands tailings. It is a
mixture of two forms of rhamnolipid, at 25 wt% in water, with the CMC
value of 30 mg/l at the lowest surface tension of 28 mN/m [36-38].

Microbial cultures
A Bacillus subtilis strain and cultures of two microbial strains
isolated (by growing on R2A nutrient agar medium (Sigma-Aldrich,
for microbiology) and Bushnell Hass medium by one of my colleagues
in the lab for her own research) from weathered oil (including light
crude oil, diesel and biodiesel/B 100) were used for this study [39].
Characterization of the natural microbial communities was conducted
by pyrosequencing of 16S rRNA. Characterization of bacteria isolated
from the BD, D and L oil by 16S rRNA pyrosequencing showed that
the Firmicutes was the dominant phylum in biodiesel (100%) and diesel
(53%). The Actinobacteria was dominant in the diesel (47%) and the
Proteobacteria (97%) and Actinobacteria (3%) were the two dominant
phyla in the light crude oil [39]. The strains used in this study belongs
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to Firmicutes and Proteobacteriaphyla and were identified as orders
of Bacillales and Sphingomonadales [39]. The microbial cultures were
grown aerobically in 25 ml of medium containing mineral salts of
nitrogen (sodium nitrate) and phosphorus (monobasic and dibasic
potassium phosphates) at C:N:P ratio of 100:10:1 [40], at 37°C for 24
hours without shaking [41].

Experimental approach
The effect of rhamnolipids and microbial cultures on sedimentation
was evaluated through sedimentation experiments and the feasibility
of biosurfactant production was evaluated through batch experiments.
Sedimentation experiments: The tailings densification process
includes consolidation and sedimentation processes near the bottom
and top of a tailings column, respectively [42]. The sedimentation
process can be easily monitored as the downward movement of the
boundary between clear liquid and suspended tailings. Its rate of
movement, the ‘‘hindered settling velocity” [42], is orders of magnitude
smaller than the Stokes’ single particle settling velocity (35 cm/day for
a 2 micron diameter particle with a density of 2.65 g/cm3 [7]; tailings
sedimentation rates in the experiments (about 0.1 cm/day) were much
smaller than this). In this way, the sedimentation (S) was determined
according to the following equation [7]: where h is the position of the
boundary and H is the total height of the liquid column [7]. Each test was
repeated three times (in triplicate) and the average data are reported.
S(%)=1-h/H
Sedimentation experiments by microbial cultures at 23°C ± 2°C:
These experiments were performed with 13-15 g of tailings diluted
in 5 mL of deionized water in 20 mL glass tubes (15 cm) closed
with a compressed layer of paper towel in order to prevent liquid
evaporation. However there are still small amounts of liquid lost due
to evaporation but it ressembles the aerobic conditions at the surface
of actual tailing ponds. Sedimentation experiments were performed
at room temperature (23°C ± 2°C). Sedimentation experiments were
also performed with diluted tailing pond samples inoculated with
cultures of the biosurfactant producer Bacillus subtilis strain, and a
mixed culture of two microbial strains isolated from weathered oil.
Five mL of microbial culture were added to the diluted tailing pond
samples. Sedimentation tubes with diluted tailings samples and 5
mL of deionized water served as the control. pH was adjusted to 8
by adding 0.1N NaOH. Six homogenized sedimentation tubes were
incubated at room temperature (23°C ± 2°C) and the measurement of
the sedimentation in unshaken tubes was performed every 10 days for
a period of 50 days.
Sedimentation experiments by rhamnolipid and microbial
cultures at 15°C ± 2°C: These experiments were performed in four 500
mL glass columns. 100 ml rhamnolipid at 0.5% concentrations, 100 ml
of deionized water and 10 ml of mixed culture of two microbial strains
isolated from weathered oil (grown previously aerobically in 25 ml of
NB medium) were added to 200 g of oil sand tailing pond samples (three
columns). A sedimentation column with 200 g of tailings samples and
210 mL of deionized water served as the control. The columns were
covered with a paper towel in order to prevent liquid evaporation. The
pH of the samples were measured at the starting time. Homogenized
sedimentation columns were incubated at 15°C ± 2°C and measurement
of the sedimentation in unshaken columns was performed every 10
days over a period of 50 days.
Feasibility of in situ biosurfactant production: The feasibility
of biosurfactant production by the indigenous microorganisms of oil
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Indigenous microorganisms of oil sand tailings pond: In this set
of experiments there are two batches: control batches and nutrient
amended batches. The control batches are tailings and deionized water
only, and were performed to evaluate the natural ability of tailings to
produce biosurfactants. The nutrient amended batches were performed
to improve the natural biosurfactant production in tailings. In this
approach mineral salts of nitrogen (sodium nitrate) and phosphorus
(monobasic and dibasic potassium phosphates) were added to the
tailings to attain a C:N:P ratio of 100:10:1 [40,43]. A buffer solution
was added to maintain a constant pH in accordance with that of the
control batches. The concentration of added phosphorus was doubled
to account for its precipitation [43,44]. For each batch, approximately
20 g of tailings and 100 mL of deionized water were placed in a 250 mL
Erlenmeyer flask. Foam stoppers were used to fit the flasks top in order
to prevent the entry of microorganisms and dust into the samples while
allowing aeration. Flasks and media were sterilized by autoclaving at
121°C for 20 min before each experiment run. Aeration was achieved
by rotating the flasks at 200 rpm on an orbital shaker (Thermolyne AROS
160) for 50 days. Samples covering days 0, 5, 15, 30, 45 and 50 were taken to
measure the surface tension. All tests were performed in triplicate.
Bacillus subtilis strain and two microbial strains isolated from
weathered oil: In this set of experiments, there were two batches:
tailings and deionized water batches inoculated with 5 mL of microbial
culture of biosurfactant producer Bacillus subtilis strain and tailings
and deionized water batches inoculated with 5 mL of two microbial
strains isolated from weathered oil. For each batch, approximately 20
g of tailings and 100 mL of deionized water were placed in a 250 mL
Erlenmeyer flask. Foam stoppers were used to fit the flasks top in order
to prevent the entry of microorganisms and dust into the samples while
allowing aeration. Flasks and media were sterilized by autoclaving at
121°C for 20 min before each experiment run. Aeration was achieved by
rotating the flasks at 200 rpm on an orbital shaker (Thermolyne AROS
160) for 50 days. Samples on days 0, 5, 15, 30, 45 and 50 were taken to
measure the surface tension. All tests were performed in triplicate.

Analytical methods
Settled tailings and tailings process water from each set of
experiments were separated using a pipette in order to perform analysis
on them.
Settled tailings
Particle size distribution: Fines are defined as mineral particles
smaller than 44 μm. The fines to solids ratio was the weight percent
of fines in the whole solid mass. The size distribution of tailings was
measured using a Horiba model LA-950V2 laser scattering particle
size analyzer which uses Mie Scattering (laser diffraction) to measure
particle size in the span of 0.01-3000 μm [45]. This equipment has a
standard centrifugal pump to suspend and circulate the particles in
the cell. Both the circulation and the agitation speeds were adjusted
to 5. The in-built 130 watt ultrasonic probe delivers highest dispersing
capability during the measurements. Both the ultrasonic power and
the ultrasonic times were adjusted to 5. Dried tailings samples from all
parts of the sediment column (Rock crystal with refractive index (R):
1.540) were dispersed in deionized water (water with refractive iIndex
(R): 1.333) before introducing them into the particle size analyzer.
Zeta potential measurement: The zeta potential (or electrophoresis
mobility) of the oil sands tailings particles in a diluted suspension
J Bioremediat Biodegrad , an open access journal
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(after using rhamnolipid and/or microbial cultures, and before it)
was measured by Zeta-Meter System 3.0+ (USA). It works based
on energizing the electrodes and watching and tracking one of the
colloid particles (which are placed in a viewing chamber called an
electrophoresis cell) as it moves across a grid in the microscope. The cell
was filled with the sample (about 20 ml). Electrodes were inserted and
were connected to the Zeta-Meter 3.0+ unit. The specific conductance
of the sample was determined and according to it the appropriate
voltage would be selected. The electrodes were energized and moving
colloids across a grid were watched in the microscope. One moving
colloid was tracked by simply pressing a button and holding it down
while the colloid moves across the grid. When the button was released,
the colloid’s zeta potential (or electrophoretic mobility) was instantly
displayed [46]. Fifteen measurements were done for each sample and
the average value is presented.
Tailings process water
Surface tension measurement: The surface tension of the filtered
supernatant was measured using a Fisher Scientific ensiometer. This
device works based on the ASTM method D1331-89 [47] which employs
the du Noüy ring method for direct results with no calculations [48].
The accuracy of this method is ± 0.25 mN/m. The device was calibrated
as instructed by the manufacturer and its accuracy checked by
measuring the surface tension of deionized water at room temperature
and comparing it to the 72 mN/m which is reported in the literature
[28]. The reduction in surface tension is related to the biosurfactant
concentration below the defined critical micelle concentration (CMC).
The CMC can be used as an indicator for biosurfactant production
levels. Above the CMC the surface tension does not change with
rhamnolipid concentration. The concentration in this range was
determined by serial dilution which brings the concentration below
the CMC. Figure 1 shows the surface tension versus rhamnolipid
concentration and its CMC [49]. Below the CMC the concentration was
determined according to the Figure 1 which was obtained by Ref. [38].

Results and Discussion
Results of sedimentation experiments
Role of microbial cultures in tailings sedimentation (at 23°C
± 2°C): The role of microbial cultures to increase sedimentation was
analyzed by comparing sedimentation of diluted tailing pond samples
inoculated with cultures of the biosurfactant producer Bacillus
subtilis strain, and a mixed culture of two microbial strains isolated
from weathered oil (Figure 2). The presence of a mixed culture of
two microbial strains isolated from weathered oil increased the
80
70
Surface Tension (mN/m)

sand tailings pond, the biosurfactant producer Bacillus subtilis strain,
and two microbial strains isolated from weathered oil was evaluated
through batch experiments.

60
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Figure 1: Surface tension versus rhamnolipid concentration and its CMC [49].
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Figure 2: Sedimentation of oil sand tailings inoculated with cultures of
biosurfactant producing strain (Bacillus subtilis) and a mixed culture of two
microbial strains isolated from weathered oil over time and kinetic model.

sedimentation compared to the control. However, the sedimentation
tubes inoculated with the Bacillus subtilis strain gave almost the
same sedimentation amount as the control. Results for kinetics of
sedimentation suggest a linear kinetics for sedimentation of oil sand
tailings inoculated with cultures of the biosurfactant producing Bacillus
subtilis strain, and a mixed culture of two microbial strains isolated
from weathered oil (Figure 2).
Role of mixture of rhamnolipid and microbial cultures in tailings
sedimentation at (15°C ± 2°C): Sedimentation of tailings amended
with the rhamnolipid (0.5%) and two microbial strains isolated from
weathered oil were compared to the control at 15°C ± 2°C in order to
evaluate the role of lower temperature in sedimentation of tailing pond
samples (Figure 3). All of these show an increase in sedimentation
compared to the control. It means that microbial cultures together with
rhamnolipid can significantly increase the sedimentation of tailings
compared to the amount of sedimentation of tailings amended only
with rhamnolipid even at lower temperature. Results for kinetics of
sedimentation suggest a logarithmic kinetics for sedimentation (Figure
3). Table 1 summarizes the results of kinetic rates for sedimentation
for different samples. The predicted results are very close to the
experimental data.
Particle size distribution: Using the particle size analyzer, the
particle aggregation and flocculation were evaluated. Dried settling
tailings samples from sedimentation experiments using microbial
cultures and 0.5% rhamnolipid were dispersed in deionized water.
Figure 4 shows the particle size distribution using 0.5% rhamnolipid
and microbial cultures as the sedimentation agents at 15°C ± 2°C.
The measured particle diameter based on cumulative% (90%) and the
mean diameters are respectively 7.03 μm and 2.11 μm. These values are
actually the diameters of the flocculation of tailings particles. Compared
to the measured particle diameter based on cumulative% (90%) (2.67
μm) and particle mean diameter (0.78 μm) of control experiments
which were simply composed of deionized water and tailings without
any sedimentation agents, one can conclude that rhamnolipid and
microbial cultures mixed with oil sand tailings can improve effectively
the aggregation and flocculation of tailings particles in this case. It seems
that lowering the temperature did not result in a significant change in
measured particle diameter based on cumulative% (90%) and particle
mean diameter and flocculation compared to the result of particle size
distribution at room temperature. The results at lower temperature
showed the strong potential of using rhamnolipid and microbial culture
according to the temperature at the site.
J Bioremediat Biodegrad , an open access journal
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Zeta potential measurement: The results of zeta potential
measurement of dried settling tailings samples at 15°C ± 2°C (gained
from sedimentation experiments using microbial cultures and 5%
rhamnolipid) resuspended in deionized water showed the amount of
-52.2 mV for microbial cultured amended samples and -42.2 mV for
control.
pH measurement: In this work in order to understand better the
role of the microbial culture, the pH of samples was measured. Figure
5 shows the pH change during the time for samples at 15°C ± 2°C. The
pH slightly increased with time. According to the pH measurements
(during the 50 days) increase in the ionic strength (I) of the pore water
and reduction in the thickness of the DDL of clay particles is not
responsible for increasing the sedimentation as dissolution of MFT
carbonate minerals and releasing divalent cations could not occur at
pH higher than 7.5. Methanogenesis in MFT might be responsible for
the observed pH increase as CO2 was consumed [50]. Gas production
resulted in ebullition of bubbles dominated by CH4 (due to the poor
solubility of CH4 in water), creating transient channels for escape of
pressurized pore water, particularly in the MFT near the mud line [50].

Results of in situ biosurfactant production using indigenous
microorganisms of oil sand tailings pond, Bacillus subtilis
strain, and two microbial strains isolated from weathered oil
Surface tension measurement: Surface tension measurement can
be applied to determine the biosurfactant concentration indirectly as
there is a relation between biosurfactant concentration below the CMC
and the surface tension of sample. In order to demonstrate biosurfactant
production, the surface tension of filtered supernatant from each set of
batch experiments was measured. Figure 6 shows the results for surface
tension for each batch over time. The initial surface tension for all
samples was about 64 mN/m. This value was reduced to about 63 mN/m
for indigenous microorganisms of oil sand tailings pond in the control
experiment and was lowered to 55 mN/m after 50 days for indigenous
microorganisms of oil sand tailings pond in the presence of nutrients
which means that the amount of produced biosurfactant by indigenous
microorganisms is very low. Bacillus subtilis strain and two microbial
strains isolated from weathered oil reduced the surface tension of
supernatant to the values of 61 mN/m and 63 mN/m respectively
after 50 days which means a very low amount of biosurfactant could
be produced by them. However with a longer time may be possible to
achieve more biosurfactant production.
35
30
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Figure 3: Sedimentation of oil sand tailings at 15°C ± 2°C using rhamnolipid
(0.5%) and two microbial strains isolated from weathered oil over time and
kinetic models for sedimentation.
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Samples
23°C ± 2°C

Kinetic rate (sedimentation%/day)

Final sedimentation (%)
Experimental

Predicted
6.92

Bacillus subtilis strain

0.1363

6.67

Mixed culture of two microbial strains isolated from weathered oil

0.1845

8.77

9.17

0.5% rhamnolipid and two strains isolated from weathered oil

6.9565

28.67

26.94

15°C ± 2°C

Table 1: Results of kinetic model for sedimentation for different samples over a 50 day period.
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Figure 4: Particle size distribution of the settled oil sand tailings from sedimentation experiments using microbial cultures and 0.5% rhamnolipid dispersed in deionized
water.
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Figure 5: pH change over time for samples at 15°C ± 2°C.

Discussion
The results of the cell surface hydrophobicity (CSH) in the control
showed that the isolated bacteria recovered from the biodiesel had
hydrophilic properties (negative CSH, tendency to interact with the
hydrophilic compounds), while the isolated bacteria recovered from the
diesel and light crude oils had hydrophobic properties (positive CSH
means a tendency to interact with the hydrophobic compounds). For
example, the hydrophobicity values of -50%, 16% and 2% were obtained
J Bioremediat Biodegrad , an open access journal
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following 1 h of incubation of bacterial cells on the biodiesel, diesel and
light crude oil, respectively [39]. This result and other studies on the effect
of hydrocarbons on the bacterial cell surface properties bacteria show
that they are capable of modifying their cell surface structures based on
the availability and the compositions of hydrocarbons [51-54]. The cell
surface hydrophobicity is modified in order to help the microorganisms
avoid contact with toxic compounds [51-55] or to uptake food (e.g.,
hydrocarbons). For example, some bacteria release vesicles (which have
an intercellular structure and an outer membrane of a lipid bilayer)
from the outer membrane [51-54,56], some release lipopolysaccharide
(LPS) to change the cell surface hydrophobicity [57], and some form
an exopolysaccharide (EPS) matrix to create a stable environment
and optimal conditions for growth (exopolymer microdomains as a
structural agent for heterogeneity within microbial biofilms) [58]. In
one study, the adhesion to a sandy soil and a clay loam soil of a series
of Lactobacillus strains with various cell surface characteristics were
investigated [59]. Bacterial cell surface hydrophobicity, as determined
by the bacterial adherence to octane and polystyrene, was the major
parameter influencing the adhesion to the sandy soil. The cell surface
charge of the bacteria was of minor importance in the adhesion to
the sandy soil [59]. It has been reported that the attachment to the
benthos is facilitated by the common action of both coflocculation and
hydrophobic interactions. EPS also can help the bacteria to adhere to
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Figure 6: Surface tension values of filtered supernatant over time for each
batch.

the surface and can serve as flocculants to bind small clay particles [58].
The results of zeta potential and particle size distribution supported the
idea that rhamnolipid has the potential to be used as a flocculating agent
for oil sand tailings sedimentation. It is well known that the particle
hydrophobicity has a significant effect on flocculation [24,60-62].
Increased surface hydrophobicity, which is dependent on increasing the
concentration of surfactant could increase flocculation of clay particles
[24]. The rhamnolipid anions adsorb on the oil sand tailings surfaces,
rendering the surfaces hydrophobic and resulting in the flocculation of
oil sand clay particles due to the hydrocarbon chain association [24]
when the rhamnolipid adsorption layers on particles contact each other.
The increase in negative zeta potential should give rise to the increase
of the energy barrier, preventing the particle aggregation. However, the
increase in the surface charge by the rhamnolipid adsorption on the
particle surfaces did not lead to a decrease in the flocculation of tailing
particles and even led to improving their flocculation which means
that the rhamnolipid adsorption onto the tailing particle surfaces
improved the hydrophobic interaction between the particles much
more strongly than the electrical double layer repulsion. Rhamnolipid
(which is a biosurfactant produced by Pseudomonas aeruginosa) mixed
with microbial cultures showed strong flocculating activity, while
zeta potential still remained negative. It means that the mechanism of
flocculation is not charge neutralization. Microbial activity can increase
MFT by microbial cells and/or EPS secreted by microbial cells [7] and/
or biogenic gas production [12,63]. Macromolecules (such as EPS)
could be viewed as naturally produced flocculants [64]. Addition of
macromolecules to stabilize inorganic dispersions (kaolinite, silica, or
alumina) could increase flocculation [65]. Yu et al. showed that EPS
causes aggregation of particles through a bridging mechanism which
can be viewed as the result of the interaction of naturally produced,
high molecular weight, and long chain organics with kaolin clay
particles in the way that the macromolecules bridge the individual clay
particles into an aggregate. It is possible that the strong flocculating
activity of rhamnolipid mixed with the microbial cultures was probably
due to the biosurfactant and high molecular weight microbial organics.
Bioflocculants with high molecular weights involved more adsorption
sites, stronger bridging, and higher flocculating activity [66]. Another
possible reason for the strong flocculating activity of rhamnolipid
mixed with microbial culture could be due to the change in chemistry
of pore water as a result of microbial metabolism. Siddique et al. showed
that microbial metabolism could alter the chemistry of pore water that
in turn influences the consolidation of clay particle suspensions [50].
They showed that dissolution of MFT carbonate minerals (presumably
J Bioremediat Biodegrad , an open access journal
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calcite/dolomite) increased Ca2+ and Mg2+ concentrations in pore water.
They also observed a relatively higher concentration of HCO3- in the
pore water of amended MFT, presumably due to dissolution of biogenic
CO2 in pore water and/or dissolution of carbonate minerals [67]. The
dissolution of entrapped CO2 reduced pore water pH, thereby dissolving
carbonate minerals and releasing divalent cations [50]. Results for pH
measurement support that during this experiment's time (50 days) at
15°C ± 2°C, there could not be any significant change in ionic strength
(I) of the pore water and the thickness of diffuse double layer (DDL) of
clay particles due to dissolving carbonate minerals and releasing divalent
cations. So flocculation is not a result of double layer compression or
cation (such as (Ca2+)) bridging between particles. However there is
the possibility of an increase in the consolidation due to small amounts
of CH4 production as in thicker layer of mud. However in this case
rhamnolipid mixed with the microbial culture could improve the
hydrophobic interactions and increase the flocculation.

Mechanism of sedimentation using rhamnolipid and
microbial culture
Microbial activity can increase sedimentation by microbial cells and/
or EPS secreted by microbial cells. Exopolysaccharides or extracellular
polymeric substances (EPS) are compounds secreted by microorganisms
into their environment [16]. Formation of exopolysaccharide
(EPS) matrix help them to create a stable environment and optimal
conditions for growth (exopolymer microdomains as a structural agent
for heterogeneity within microbial biofilms) [58] as they can modify
their cell surface hydrophobicity according to the availability and the
composition of hydrocarbons. In this way their attachment to the clay
particle is facilitated by the common action of both coflocculation
and hydrophobic interactions. EPS can help the bacteria to adhere
to the surface and causes aggregation of particles through a bridging
mechanism in the way that the macromolecules bridge the individual
clay particles into an aggregate. Using rhamnolipid together with
microbial culture had a stronger activity than rhamnolipid by itself.
This was mainly due to the improvement of hydrophobic interactions
by microbial culture and by rhamnolipid adsorption on the clay particle
and high molecular weight microbial organics interaction with clay
particles as bioflocculants with high molecular weights involved more
adsorption sites, stronger bridging, and higher flocculating activity
(Figure 7). Besides these, there is also the possibility of a small increase
in consolidation due to small amounts of CH4 production.

EPS and microbial
cell

Clay particle

rhamnolipid
monomer
hydrophobic chain

aggregates

Figure 7: Aggregation of clay particles rhamnolipid together with microbial cell
and/or EPS secreted by microbial cells.
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Conclusions
The results obtained from sedimentation tests showed that a mixed
culture of two microbial strains isolated from weathered oil increased
the sedimentation while the Bacillus subtilis strain at 23°C ± 2°C gave
almost the same sedimentation amount as the control. The results
obtained from sedimentation tests and particle size distribution analysis
indicate that the presence of rhamnolipid (0.5%) together with these two
microbial strains could lead to significant increases in sedimentation
at 15°C ± 2°C (by a factor of 5.1) the concentration of larger particles
(by a factor of 2.63) particle mean diameter (by a factor of 2.70) and
flocculation in the tailings samples amended with them compared to
the control. The results of zeta potential and particle size distribution
at 15°C ± 2°C supported the idea that rhamnolipid adsorption on the
particle surfaces increase the negative surface charge while it improved
the hydrophobic interaction between the particles much more
strongly than the electrical double layer repulsion. It means that the
mechanism of flocculation is not charge neutralization and probably
it is due to the interaction of the biosurfactant and high molecular
weight microbial organics through a bridging mechanism with clay
particles in the way that the macromolecules bridge the individual clay
particles into an aggregate. According to the pH measurements strong
flocculating activity of rhamnolipid mixed with microbial culture could
not be as a result of double layer compression or by cation (such as
Ca2+) bridging but there might be small amount of CH4 production at
deeper layer of mud which could create transient channels for escape
of pressurized pore water and increase the consolidation of tailings.
However rhamnolipid mixed with microbial cultures could improve
the hydrophobic interactions and increase the flocculation in this
way. In situ biosurfactant production was investigated and surface
tension measurements shows that indigenous microorganisms (even
in the presence of nutrients), Bacillus subtilis strain and two microbial
strains isolated from weathered oil could produce a very low amount of
biosurfactant.
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