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ABSTRACT: In this work, rhamnolipid biosurfactants were investigated to remediate recovered water and the remaining sediment in 
the oil sand tailing ponds, after sedimentation by rhamnolipid (0.5%) and a mixed culture of two microbial strains isolated from 
weathered oil. The concentrations of heavy metals of the settled tailings and total petroleum hydrocarbons (from the sedimentation 
experiments using microbial cultures and rhamnolipid at 15 ºC±2ºC for 50 days) and tailing process water (supernatant) were 
determined. Rhamnolipid also can significantly increase the heavy metal removal from recovered water when combined with 
ultrafiltration. Dissolved heavy metal ions, rhamnolipid and hydrocarbon in recycled water could be removed through a micellar- 
enhanced ultrafiltration (MEUF) process (between 30% for Cd and 100% for V, and 97.5% for rhamnolipid and 43% for 
hydrocarbon). This work shows the potential of using rhamnolipid and microbial culture in order to improve the oil sand tailing ponds 
sedimentation and water recovery in a more environmental friendly remediation process. 
 
RÉSUMÉ : Dans ce travail, rhamnolipide (JBR 425) a été étudiée afin d'assainir l'eau récupérée et le sédiment restant dans les bassins 
de décantation des sables bitumineux, après la sédimentation par rhamnolipide (0,5%) et une culture mixte de deux souches 
microbiennes isolées à partir de l'huile altérée. Les concentrations de métaux lourds et des hydrocarbures pétroliers des résidus 
installés (acquises à partir des expériences de sédimentation en utilisant des cultures microbiennes et rhamnolipide à 15 ºC ± 2 ° C 
pendant 50 jours) et de l'eau de procédé de résidus (surnageant) ont été évalués. Rhamnolipide peut également augmenter de manière 
significative des métaux lourds de l'eau récupérée lorsqu'il est combiné avec ultrafiltration. ions de métaux lourds dissous, 
rhamnolipides et d'hydrocarbure dans l'eau recyclée peuvent être éliminés par une micellar- ultrafiltration améliorée (Ele AUM) 
processus (entre 30% pour le Cd et 100% pour V, et 97,5% pour les rhamnolipides et 43% pour les hydrocarbures). Ce travail montre 
la possibilité d'utiliser rhamnolipide et de la culture microbienne dans le but d'améliorer les bassins des sables bitumineux de 
décantation sédimentation et la récupération de l'eau dans un processus plus respectueux de l'environnement d'assainissement. 
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1  INTRODUCTION.  

The performance of flocculants for oil sand tailings 
sedimentation is an important issue in flocculation based 
methods. It has been reported that synthetic surface active 
agents (surfactants) can be applied for increasing sedimentation 
and dewatering. They are highly effective for dewatering 
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. 

Biosurfactants have advantages over synthetic surfactants 
such as low or non-toxicity and biodegradability. In addition to 
these advantages, they have potential to decrease the 
environmental impacts of oil sands (Mulligan 2005 Rahman et 
al. 2002, Rodrigues et al. 2006, Urum and Pekdemir 2004, Xu 
et al. 2011). Of the biosurfactants, rhamnolipids (RLs) are the 
most intensively studied. Many studies have shown their 
potential for remediation of oil contaminated soil and water but 
up to now they have not been evaluated for oil sands tailings 
(Mulligan 2014).  

In this work, the objective was to evaluate the use of 
biosurfactants (rhamnolipid) as flocculating agents and 
microorganisms (by inoculation or naturally present) together 
with the rhamniolipid biosurfactant. This could enhance the 
sedimentation in tailing ponds, which could reduce the need for 
fresh water and tailings pond volumes, and enhance the 
understanding of the mechanism of sedimentation with this 
approach. 
 
2  MATERIALS AND METHODS  

2.1 Oil sand tailings sample 

A tailings pond sample was provided by Ms. Maria Demeter 

(Civil & Environmental Engineering Department, University of 
Alberta. Tailings samples were provided in a 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 were taken from mature fine tailing 
layer from the depth below 10 m of the tailing pond (Foght and 
Dunfield 2013).  

2.2 Rhamnolipid and microbial cultures 

Rhamnolipid biosurfactant (JBR 425 from Jeneil Biosurfactant 
Co., USA) was used to determine its effect on oil sands tailings. 
It is a mixture of two forms of rhamnolipid, at 25 wt% in water, 
with the critical micelle concentration of 30 mg/l at the lowest 
surface tension of 28 mN/m (Abbasi-Garravand 2012, Clifford 
et al. 2007, Wang and Mulligan 2009). Cultures of two 
microbial strains isolated (by growing on R2A nutrient agar 
medium (Sigma-Aldrich, for microbiology) and Bushnell Hass 
medium in the lab from weathered oil (including light crude oil, 
diesel and biodiesel/B 100) were used for this study 
(Saborimanesh and Mulligan 2015). The strains used in this 
study  belong to Firmicutes and Proteobacteriaphyla and were 
identified as orders of Bacillales and Sphingomonadales 
(Saborimanesh and Mulligan 2015). 

2.3 Sedimentation experiments 

The sedimentation (S) was determined according to eq. 1 
(Bordenave et al. 2010): 

S(%)=1-h/H    (1) 

where h is the position of the boundary and H is the total height 
of the liquid column (Bordenave et al. 2010). Each test was 
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 repeated three times (triplicate) and the average data are 
reported. 

Sedimentation 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 minimize liquid evaporation. Sedimentation experiments 
were performed at 15 ºC ±2oC.  

Five ml of rhamnolipid at different concentrations (0.5%, 
1%, and 2%) were added to the glass tubes containing a diluted 
tailing sample. Other experiments were performed with one ml 
of mixed culture of two microbial strains isolated from 
weathered oil and 5 ml of rhamnolipid biosurfactant or five ml 
of microbial culture were added to the diluted tailing pond 
samples at different concentrations (0.5%, 1%) 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 (15 
ºC±2oC) and the measurement of the sedimentation in unshaken 
tubes was performed every 10 days for a period of 50 days. 

2.4 Analytical techniques 

Settled tailings and tailing process water in each set of 
experiments were separated using a pipette for analysis. 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 range of 0.01-3000 µm (http://www.horiba.com). 

The zeta potential (or electrophoresis mobility) of the oil 
sands tailings particles in a diluted suspension (after using 
rhamnolipid and/or microbial cultures, and before it) was 
measured by a Zeta-Meter System 3.0+ (USA). 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 the appropriate 
voltage selected. Fifteen measurements were done for each 
sample and the average value is presented. 

The organic matter content of the settling tailings was 
determined by the weight loss on ignition method (Rowell 
1994), as well as the digestion by hydrogen peroxide (H2O2) 
method (American Public Health Association (APHA) 1998). 

The loss on ignition was determined using a standard 
method described in D.E. Rowell’s Soil Science: Methods and 
Applications (1994). Tailings samples were oven-dried 
overnight in an oven set at 105ºC.  The weight of oven-dried 
sample together with a small ceramic crucible was recorded as 
initial “oven-dried” mass of the sample and the sample was then 
placed in a furnace at 550ºC for a minimum of 4 hours. The 
sample was cooled in a desiccator and then weighed to 
determine the amount of mass lost in the furnace. The loss on 
ignition was calculated with the relationship (eq. 2) (Brickner 
2013): 
 
LOI (%) = (Mass LOI / Initial “oven-dried” mass) x 100%    
(2) 

A clean and dry beaker was weighed. Five g of dry settling 
tailings were added to the beaker. Under the fume hood, 10 ml 
aliquots of a 30% hydrogen peroxide (H2O2) solution were 
added to the beaker until the bubbling stopped. The beaker was 
left under the fume hood over night and was weighed again. 
The difference between the initial weight and final weight was 
determined as the weight of organic matter.  

To determine the heavy metal content, the settled tailings 
were prepared by digestion using EPA method 3050b (1996). A 

one to two g sample (wet weight) or 1 g sample (dry weight) of 
settled tailing sample was transferred to a 250 ml beaker 
(digestion vessel). Ten ml of 1:1 HNO3 were added and mixed 
with the sample. The beaker was covered with an elevated 
watch glass to prevent sample contamination from the fume 
hood and was placed on the hot plate for solution evaporation. 
The hot plate was located in a fume hood and was previously 
adjusted to provide evaporation at a temperature of 
approximately 95°C ± 5°C and refluxed for 10 to 15 minutes 
without boiling (EPA 1996). The sample was covered with a 
watch glass and heating of the acid-peroxide digestate was 
continued at 95°C ± 5°C without boiling for two hours. After 
cooling, the sample was diluted to 100 ml with deionized water. 
Particulates in the digestate then were removed by filtration 
through Whatman No. 41 filter paper (EPA 1996). The prepared 
sample solution was analyzed by inductively coupled plasma- 
mass spectrometry (ICP-MS) (Agilent 7500ce). 

 
2.5 Ultrafiltration experiments 

The feed solution for the ultrafiltration experiments was the 
process water from sedimentation experiments at 15ºC. The 
feed solution was pumped from the reservoir by a peristaltic 
pump into the ultrafiltration membrane and the retentate 
solution was returned to the feed reservoir after exiting the 
cartridge. Samples were collected from the permeate, retentate 
and feed for measuring the concentration of heavy metals by 
inductively coupled plasma mass spectrometry (ICP-MS) and 
oil content by gas chromatography (GC). All experiments were 
performed at 23 ºC ± 2ºC for 1 hour with an outlet pressure 1-2 
psi (6.89-13.79 kPa), inlet pressure 11-12 psi (75.84-82.74 kPa) 
and pump speed about 35%. The control solutions were process 
water from the control sedimentation experiment (no 
rhamnolipid and microbial culture). The flow loop was flushed 
by passing the distilled water through the system after each 
experiment. Each test was repeated three times and the average 
is presented. 

 
3 RESULTS AND DISCUSSION 
 

Sedimentation of tailings amended with the rhamnolipid 
(0.5%) and two microbial strains isolated from weathered oil 
were compared to the control at 15 ºC in order to evaluate the 
role of lower temperature in sedimentation of tailing pond 
samples (Figure 1). All show an increase in sedimentation 
compared to the control and the amount of sedimentation is 
similar to the sedimentation amount at 23 ºC ±2ºC (data not 
shown). This 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 1).  

The results of zeta potential measurement of dried settling 
tailings samples at 15 ºC ± 2oC (from sedimentation 
experiments using microbial cultures and 5% rhamnolipid) 
resuspended in deionized water indicate a reduction in the zeta 
potential from -43.2 mV for the control to -52.2 mV for the 
microbial culture-rhamnolipid. The results were similar to the 
results at 23 ºC ± 2oC (data not shown). 

The results of zeta potential and particle size distribution 
indicated that rhamnolipid has potential for use as a flocculating 
agent for oil sand tailings sedimentation. It is well known that 
the particle hydrophobicity has a significant effect on 
flocculation (Song et al. 2000, Song et al. 2001, Ucbeyiay 
Sahinkaya and Ozkan 2011, Warren 1992). Increased surface 
hydrophobicity, which is dependent on increasing the 
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concentration of surfactant could increase flocculation of clay 
particles (Ucbeyiay Sahinkaya and Ozkan 2011). 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 (Ucbeyiay Sahinkaya and Ozkan 2011) when 
the rhamnolipid adsorption layers on particles contact each 
other.  

 
Figure 1. Sedimentation of oil sand tailings at 15 ºC ± 2 ºC using 
rhamnolipid (0.5%) and two microbial strains isolated from weathered 
oil over time and kinetic model for sedimentation  

 
However, the increase in the surface charge by the 

rhamnolipid adsorption on the particle surfaces led to improved  
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. These results also show that 
the rhamnolipid together with microbial culture had a stronger 
activity than rhamnolipid by itself. Rhamnolipid (a 
biosurfactant produced by Pseudomonas aeruginosa) mixed 
with microbial cultures showed strong flocculating activity, 
while zeta potential still remained negative and indicates that 
the mechanism of flocculation is not charge neutralization. 

Microbial activity can increase EPS production by 
microbial cells (Bordenave et al. 2010) and/or biogenic gas 
production (Bressler et al. 2010, Fedorak et al. 2003). 
Macromolecules (such as EPS) can act as naturally produced 
flocculants (Tenney and Stumm 1965). Addition of these 
macromolecules to stabilize inorganic dispersions (kaolinite, 
silica, or alumina) could increase flocculation (Chen 2007). Yu 
et al. (2010) showed that EPS causes aggregation of particles 
through a bridging mechanism which can be the result of the 
interaction of naturally produced, high molecular weight, and 
long chain organics with kaolin clay particles.  

It is possible that the strong flocculating activity of 
rhamnolipid mixed with microbial culture 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 
ability.  

Siddique et al. (2014) calculated the ionic strength (I) and 
thickness of the diffuse double layer (DDL) of clay particles 
and find that increased (I) of the MFT decreased DDL of clay 
particles, lower MFT pH dissolved carbonate minerals and 
changed pH-dependent charges on clays, leading to 
consolidation of MFT. If the ionic strength (I) was not high 
enough to reduce the thickness of the DDL of clay particles and 
cause flocculation as a result of double layer compression. The 
other mechanism which can be considered for the flocculation 
is bridging. Cations such as Ca2+ stimulate flocculating activity 
by neutralizing and stabilizing the negative charge of functional 

groups and by forming bridges between particles (Yu et al. 
2009). Therefore, the negatively charged rhamnolipid could 
flocculate suspended clay particles by absorbing onto the 
surfaces of neighboring negatively charged clay particles via 
cation bridging and also by hydrophobic interactions. 

The concentrations of vanadium, copper, zinc, arsenic, 
selenium, silver, cadmium, and lead in the supernatant after 
sedimentation at 15 ºC are shown in Figure 2. This supernatant 
was used as the feed for the ultrafiltration system.  

 

 
Figure 2. Concentrations of heavy metals in the supernatant at in the 
experiments using microbial cultures and 5% of rhamnolipid at 15 ºC 
   
The concentrations of heavy metals and rhamnolipid in the 
permeate were then measured after ultrafiltration. Rej% is 
defined as the rejection percent and was calculated according to 
eq. 3: 
 
Rej% (rejection %)= (1-Cp/Cs)*100%  (3) 
 

where Cs is the concentration in the supernatant (feed) and Cp 
is the concentration in the permeate. The concentrations of 
rhamnolipid in the supernatant (feed) and permeate were around 
800 mg/l and 20 mg/l respectively which gives a 97.5% 
rejection for rhamnolipid. The ratio of total petroleum 
hydrocarbon in the permeate to total petroleum hydrocarbon in 
the supernatant (feed) is 0.57 which gives a 43% rejection for 
hydrocarbon. Figure 3 shows the heavy metal rejection for 
supernatant (feed) amended with 0.5% rhamnolipid and 
microbial culture after doing ultrafiltration. The concentrations 
of heavy metals, hydrocarbon and rhamnolipid were low in the 
permeate after ultrafiltration while they were much higher in the 
supernatant (feed). This indicates that micelles were formed by 
the surfactant and a small concentration of free monomers of 
rhamnolipid and unassociated heavy metals pass in to the 
permeate. Hydrocarbon molecules (composed mostly of 
naphthenic acids) which are not soluble in water will also align 
in the micelle with the hydrophobic part inside and polar part 
outside. This enables more efficient solubilization of 
hydrocarbon in the biosurfactant micelles resulting in higher 
retention of hydrocarbons (Sirshendu and Sourav 2012).  

3  CONCLUSIONS 

Experiments performed at 15 ºC using rhamnolipid (0.5%) 
together with these two microbial strains show significant 
increased 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. 
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Figure 3 Heavy metal rejection after the ultrafiltration of the 
supernatant in the experiments using microbial cultures and 5% of 
rhamnolipid at 15 ºC ± 2 ºC    

 
The results of zeta potential and particle size distribution at 

15 ºC supported the idea that rhamnolipid have potential to be 
used as flocculating agents for oil sand tailings sedimentation. 
According to the results of zeta potential measurement, 
rhamnolipid adsorption on the particle surfaces increases the 
negative surface charge while it improved the hydrophobic 
interaction between the particles much more strongly than the 
electrical double layer repulsion. Mixing microbial cultures 
with rhamnolipid slightly increased the negative zeta potential. 
The mechanism of flocculation is not charge neutralization and 
probably is due to the interaction of the biosurfactant and high 
molecular weight microbial organics through a bridging 
mechanism with clay particles. Strong flocculating activity of 
rhamnolipid mixed with microbial cultures could not be the 
result of double layer compression or by cation (such as Ca2+) 
bridging. However rhamnolipid mixed with microbial cultures 
could improve the hydrophobic interactions. 

According to the heavy metal analyses, rhamnolipid as a 
flocculating agent could bring higher amounts of insoluble 
heavy metals (except for vanadium and selenium) from the 
sediments to the supernatant compared to the control. However 
(except for copper) these amounts are small and the remaining 
dry sediment still have relatively high concentrations of harmful 
heavy metals. Ultrafiltration was applied to the supernatant of 
settled tailing samples which leads to significant removal of 
heavy metals and rhamnolipid (between of 30% for Cd and 
100% for V and 97.5% for rhamnolipid). 
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