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a  b  s  t  r  a  c  t

Biosurfactant-producing  bacteria  were  isolated  from  terrestrial  samples  collected  in areas  contaminated
with  petroleum  compounds.  Isolates  were  screened  for biosurfactant  production  using Cetyl  Tri  Ammo-
nium  Bromide  (CTAB)–Methylene  blue  agar  selection  medium  and  the  qualitative  drop-collapse  test.
An efficient  bacterial  strain  was  selected  based  on  rapid  drop  collapse  activity  and  highest  biosur-
factant  production.  The  biochemical  characteristics  and  partial  sequenced  16S  rRNA  gene  of  isolate,
2B,  identified  the  bacterium  as Pseudomonas  sp.  Five  different  low  cost  carbon  substrates  were  eval-
uated  for  their  effect  on  biosurfactant  production.  The  maximum  biosurfactant  synthesis  (4.97  g/L)
occurred  at  96  h  when  the  cells  were  grown  on modified  PPGAS  medium  containing  1% (v/v) molasses
at 30 ◦C and  150  rpm.  The  cell  free  broth  containing  the  biosurfactant  could  reduce  the  surface  ten-
sion  to  30.14  mN/m.  The  surface  active  compound  showed  emulsifying  activity  against  a  variety  of
hydrocarbons  and  achieved  a maximum  emulsion  index  of 84% for  sunflower  oil.  Compositional  anal-
ysis  of the  biosurfactant  reveals  that  the extracted  biosurfactant  was  a  glycolipid  type,  which  was
composed  of  high  percentages  of  lipid (∼65%,  w/w)  and  carbohydrate  (∼32%,  w/w).  Fourier  transform
infrared  (FT-IR)  spectrum  of  extracted  biosurfactant  indicates  the  presence  of  carboxyl,  hydroxyl  and

methoxyl  functional  groups.  The  mass  spectra  (MS)  shows  that  dirhamnolipid  (l-rhamnopyranosyl-
l-rhamnopyranosyl-3-hydroxydecanoyl-3-hydroxydecanoate,  Rha-Rha-C10-C10)  was  detected  in  abun-
dance  with  the predominant  congener  monorhamnolipid  (l-rhamnopyranosyl-�-hydroxydecanoyl-
�-hydroxydecanoate,  Rha-C10-C10).  The  crude  oil  recovery  studies  using  the  biosurfactant  produced
by  Pseudomonas  sp.  2B  suggested  its potential  application  in  microbial  enhanced  oil recovery  and
bioremediation.
. Introduction

Surfactants are an important class of speciality chemicals widely
sed in modern industries. Almost all the surfactants commer-
ially available today are chemically synthesized from petroleum.
ince the conventional chemical surfactants are derived from non-
enewable petroleum products, they are costly and pose potential
hreats to the environment due to their recalcitrant nature. Micro-
ial systems are the best alternatives in the surfactant production
s they offer several advantages over their chemical counterparts
uch as lower toxicity, higher biodegradability, stability at extremes
f temperature, pH, salinity and their ability to be synthesized

rom renewable feedstock by a wide variety of microorganisms. The
obustness of biosurfactants leads to several potential uses in petro-
hemical, food, cosmetics, and pharmaceutical industries. They also
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E-mail address: aparna2006only@gmail.com (A. Aparna).

927-7765/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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have varied properties such as excellent detergency, emulsifica-
tion, foaming, dispersing traits, wetting, penetrating, thickening,
microbial growth enhancement, metal sequestering and resource
recovering (oil). These properties make surfactants replace some of
the most versatile process chemicals [1,2].

Biosurfactants are classified according to their molec-
ular structure into mainly glycolipids (e.g., rhamnolipids
and sophorolipids), lipopeptides (e.g., surfactin), polymeric
biosurfactants (e.g., emulsan and alasan), fatty acids (e.g., 3-(3-
hydroxyalkanoyloxy) alkanoic acids) and phospholipids (e.g.,
phosphatidylethanolamine) [1,3]. Among the different classes
of biosurfactants, rhamnolipids, members of the glycolipid
group, are the most extensively studied and characterized [4].
Rhamnolipids are promising surfactants owing to several char-
acteristics such as low minimum surface tension (30–32 mN/m),

high emulsifying activity, and higher affinity for hydrophobic
organic molecules. These properties confer optimal charac-
teristics to rhamnolipids and make them potential carriers
of pollutants in soil systems [5].  Rhamnolipids produced by

dx.doi.org/10.1016/j.colsurfb.2012.01.043
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:aparna2006only@gmail.com
dx.doi.org/10.1016/j.colsurfb.2012.01.043
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seudomonas sp. grown with different carbon sources have
een traditionally reported as mixtures of the homologs l-
hamnopyranosyl-�-hydroxydecanoyl-�-hydroxydecanoate
Rha-C10C10), l-rhamnopyranosyl-�-hydroxydecanoate
Rha-C10), 2-O-l-rhamnopyranosyl-�-l-rhamnopyranosyl-
-hydroxydecanoyl-�-hydroxydecanoate (Rha-Rha-C10C10),
nd 2-O-l-rhamnopyranosyl-�-l-rhamnopyranosyl-�-
ydroxydecanoate (Rha-Rha-C10). The surfactant properties
f rhamnolipids depend on its composition and distribution of
omologs that vary according to the bacterial strain, culture
onditions, and media composition [6].

Although rhamnolipids are effective surfactants and suitable for
he application of bioremediation of oil pollution [7], the main
oncern for the commercial application and large scale produc-
ion of rhamnolipid are its low yield and high production cost,
hich are due to the inefficient bioprocessing methodologies avail-

ble, poor strain improvement, and the need to use expensive
ubstrates [8].  Due to the increasing demand of microbial biosur-
actants, there is a need to isolate efficient biosurfactant producers
nd develop a low cost-effective process in order to facilitate the
arge scale production of environmental friendly surfactants. In the
resent investigation, we report the isolation and characterization
f a novel rhamnolipid producing bacterial strain, production of
xtracellular biosurfactant on low cost carbon sources and charac-
erization of the biosurfactant.

. Materials and methods

.1. Materials

All the chemicals used in the present study were of analytical
rade and purity.

.2. Enrichment and isolation of microorganisms

The bacterial strains were isolated using enrichment technique
rom hydrocarbon contaminated soil samples in Karnataka, India.
he soil samples were suspended in Bushnell–Hass medium [9]
ontaining 1% crude oil and incubated at 30 ◦C, 150 rpm for 7 days.

.3. Detection of surface active compounds

For the isolation of biosurfactant producing organisms, the
nriched media were serially diluted and inoculated on to Cetyl
ri Ammonium Bromide (CTAB)–Methylene blue agar medium. The
lates were inspected for the presence of dark blue halos around the
acterial colonies after 48 h of incubation at 37 ◦C. Colonies show-

ng halos on CTAB–Methylene blue agar medium were isolated and
ubsequently subjected to two cycles of enrichment at 30 ◦C for 7
ays at 150 rpm. The samples from this culture broth were fur-
her screened for the biosurfactant production by drop collapse
echnique [10]. Among several bacterial strains isolated, an effi-
ient biosurfactant-producing bacterial strain was identified based
n positive and rapid drop collapse reaction. The isolated bacterial
ulture was maintained on nutrient agar slant and stored at 4 ◦C.

.4. Identification of the bacterium by biochemical and 16S rRNA
equence analysis

The bacterial strain identification was performed by deter-
ining the gene sequence coding for 16S rRNA at Agharkar

esearch Institute, Pune, India and biochemical reactions accord-

ng to Bergey’s Manual of Determinative Bacteriology. Each PCR
eaction mixture contained approximately 10 ng of DNA; 2.5 mM
gCl2; 1× PCR buffer (Bangalore Genei, Bangalore, India); 200 �M

ach dCTP, dGTP, dTTP and dATP; 2 pmol of each forward and
: Biointerfaces 95 (2012) 23– 29

reverse primer; and 1 U of Taq polymerase (Bangalore Genei, Ban-
galore, India). The PCR was performed using the Eppendorf Gradient
Mastercycler system with a cycle of 94 ◦C for 5 min; 30 cycles of
94 ◦C, 60 ◦C and 72 ◦C for 1 min  each; and final extension at 72 ◦C
for 10 min, and the mixture was held at 4 ◦C. The PCR product was
precipitated using polyethylene glycol, washed thrice using 70%
ethanol and dissolved in Tris–HCl (10 mM,  pH 8).

The ABI Prism Big Dye Terminator Cycle Sequencing Ready Reac-
tion Kit (Applied Biosystems, Foster City, CA) was used for the
sequencing of the PCR product. A combination of universal primers
was chosen to sequence the gene sequence [11,12]. Samples were
run on an ABI PRISM 3100 Genetic Analyzer (Applied Biosystems).
The sequencing output was analyzed using the DNA sequence ana-
lyzer computer software (Applied Biosystems). The sequence was
compared with National Center for Biotechnology Information Gen
Bank entries by using the BLAST algorithm.

2.5. Nucleotide sequence accession number

The 16S rRNA sequence of the isolated bacterium was  submitted
in the GenBank database with an accession number JF683582.

2.6. Biosurfactant production from different low-cost carbon
sources

In order to economize the biosurfactant production by the bac-
terial strain, different low-cost substrates such as molasses, whey,
glycerol, orange peelings, and coconut oil cake were screened as
carbon source for biosurfactant production. The biosurfactant pro-
duction was carried out in 250 ml  Erlenmeyer flasks containing
50 ml of the modified Proteose Peptone Glucose Ammonium Salt
(PPGAS) medium composed of: NH4Cl 0.02 M,  KCl 0.12 M,  MgSO4
0.0016 M,  peptone 1% and 1% (w/v or v/v) carbon source was added
[13]. The initial pH of the medium was  set to 7.2. The medium
was inoculated with 2% of the 18 h bacterial culture grown on
nutrient broth. A control flask without carbon source was also
maintained. Incubation was carried out at 30 ◦C in an incubator
shaker at 150 rpm. Time course samples of culture medium were
drawn in appropriate time intervals and monitored for biosur-
factant production, biomass estimation and surface tension (ST).
Bacterial cell growth was monitored by measuring the dry cell
weight method [14]. Surface tension was  measured with a ten-
siometer (Surface tension meter, DST 30 series, Surface and Electro
Optics Corporation, Korea) accordingly to the ring method [10].

2.7. Extraction of the biosurfactant

Biosurfactant concentration in the culture broth was  esti-
mated according to the procedure described by Samadi et al.
[15]. The culture broth was  centrifuged at 9000 rpm at 4 ◦C for
30 min. The supernatant was adjusted to pH 2.0 using 1 M sul-
furic acid, prior to biosurfactant extraction using equal volume
of chloroform–methanol (2:1) mixture. The organic phase was
separated and the solvent was  evaporated to concentrate the
biosurfactant. The biosurfactant was then dried using a rotary evap-
orator. The dried product was  washed with absolute ethanol for
three times to complete remove of residual pigments.

2.8. Determination of critical micelle concentration (CMC)

The CMC  of the biosurfactant was  determined by plotting the
surface tension as a function of the biosurfactant concentration

[16,17]. The biosurfactant was dissolved in aqueous solutions at
concentrations ranging from 0 to 6 g/L. For each concentration, sur-
face tension measurement was  carried out until a constant value
was reached. The effectiveness and efficiency of the biosurfactant
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Table 1
Morphological and biochemical characterization of the bacterial isolate Pseu-
domonas sp. 2B.

Characters/test Result

Gram staining Gram negative
Shape of the cell Rod
Capsule staining Presence of capsule
Endospore staining Absence of endospore
Motility test Motile
Starch hydrolysis Negative
Methyl red test Negative
Voges–Proskauer test Negative
Indole test Negative
Citrate utilization test Positive
Glucose fermentation Positive
Sucrose fermentation Negative
Lactose fermentation Negative
Nitrate reduction test Positive
Hydrogen sulfide production Negative
Gelatin hydrolysis test Positive
A. Aparna et al. / Colloids and Sur

ere measured according to the method described by Parkinson
18].

.9. Substrate specificity of biosurfactant and determination of
mulsifying activity (E24)

The ability of the biosurfactant to emulsify liquid hydrocarbons,
uch as crude oil, kerosene, hexadecane, n-hexane and benzene
as determined. 2 ml  of cell free broth containing biosurfactant

0.02 g/L) was added into each test tube containing 2 ml  of hydro-
arbon. The content of the tubes was vortexed vigorously for 2 min
nd left undisturbed for 24 h. The emulsion index (E24) was deter-
ined as the percentage of height of the emulsion layer divided by

he total height [19].

.10. Studies on the effect of environmental factors on
iosurfactant stability

It was based on the determination of temperature, pH, and NaCl
ffects on the activity of the biosurfactant (0.02 g/L) in the cell free
roth. To determine the stability of the biosurfactant at different
emperatures, the cell-free broth was maintained at a constant tem-
erature in the range 4–121 ◦C for 30 min. To determine the effect
f pH on the biosurfactant activity, the pH of the cell free broth
ontaining biosurfactant was adjusted in the range 2.0–12.0 with
Cl (6 N) and NaOH (6 N) [20]. In each case, surface tension and
24 values were measured. In order to assess the effect of salin-
ty on the emulsification capacity and surface activity of cell free
roth containing biosurfactant, various concentrations of sodium
hloride (1–20% w/v) were employed [21].

.11. Biochemical analysis of the biosurfactant

Total sugar present in the biosurfactant was determined by the
henol sulfuric acid method according to Dubois et al. [22]. The
tandard curve was prepared with d-glucose. Total protein content
as measured by Lowry’s method [23], standardized with bovine

erum albumin. To determine the lipid content, 0.2 g biosurfac-
ant sample was blended with chloroform–methanol mixture (2:1)
nd agitated acutely. Solvent phase was recovered by centrifuging
t 10,000 rpm for 15 min. The extraction process was carried out
hree times. The whole solvent was collected, evaporated and dried
nder vacuum. The lipid content was determined by gravimetric
stimation [24].

.12. Characterization of the purified biosurfactant

.12.1. Fourier transform infrared spectroscopy (FT-IR) analysis
FT-IR spectrum of the dried biosurfactant was  recorded

n a Thermo Scientific FT-IR spectrometer equipped with a
ercury–cadmium–telluride (MCT) detector. About 2 mg  of dried

iomaterial was analyzed by FT-IR spectrum measurement in wave
umber range of 4000–400 cm−1. The analysis of IR spectra was
arried out by using Thermo software.

.12.2. Mass spectrometric analysis of the biosurfactant
Biosurfactant was dissolved in methanol and mixed thoroughly.

he mass spectrometric analysis of the biosurfactant was  carried

ut in Shimadzu LC-MS 2010 spectrometer (Shimadzu, Japan) uti-
izing electrospray ionization (ESI). The mass spectra were detected
n the conditions of negative ion mode and scanning was done at
0–1000 m/z range.
Oxidase test Positive
Catalase test Positive

2.13. Application of the biosurfactant in hydrocarbon
contaminants removal from sand

Biosurfactant suitability for enhanced oil recovery was carried
out using artificially contaminated sand with 10% of crude oil
according to method described by Silva et al. [8].  Samples of 20 g of
0.1–0.2 mm fractions of the contaminated sand were transferred to
250 ml  Erlenmeyer flasks, which were submitted to the following
treatments: addition of 40 ml  distilled water (control) or 40 ml  of
the cell-free broth or 40 ml  of a solution of the isolated biosurfactant
at 0.01 and 0.05% (w/v) concentrations. The samples were incu-
bated on a rotary shaker (150 rpm) for 24 h at 27 ◦C and then were
centrifuged at 9000 rpm for 20 min  for separation of the laundering
solution and the sand. The amount of oil residing in the sand after
the impact of biosurfactant was gravimetrically determined as the
amount of material extracted from the sand by dichloromethane
[25].

3. Results and discussion

3.1. Isolation and identification of selected
biosurfactant-producing bacterial strain

Several bacterial strains with the ability to produce biosurfac-
tant were isolated from hydrocarbon contaminated soil samples
by enrichment technique. Among the bacterial isolates assayed
by CTAB–Methylene blue agar method, one of the strains demon-
strated a positive reaction for biosurfactant production, this
efficient bacterial strain which had rapid drop collapse activity and
highest biosurfactant production was selected for further studies.
The bacterial strain selected is designated as 2B.

The biochemical and morphological characteristics of the iso-
lated bacterial strain revealed that strain was closely related to
the species in genus Pseudomonas (Table 1). The isolated strain
produced a diffusible green colored fluorescent pigment. The iso-
late formed irregular and glistening colonies. During the growth
on nutrient agar medium, the diameter of the colonies ranged
from 1 to 2 mm within 24 h growth at 37 ◦C. The genotypic anal-
ysis on the basis of partial 16S rRNA sequencing was  examined to
determine the precise taxonomic position of the strain. Alignment
of the 16S rRNA gene sequences of 2B with sequences obtained

by doing a Blast search revealed 95% similarity to Pseudomonas
sp. The biochemical test and morphological characteristics also
support that the bacterium is Pseudomonas sp. Pseudomonas sp.
are the most common producers of biosurfactants, isolated from
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oil and gasoline produced by the isolate were stable for a month
compared to that of other hydrocarbons evaluated. The ability of
biosurfactants to form stable emulsions with vegetable oils and fats
suggests potential application as cleaning and emulsifying agent in
ig. 1. The effect of carbon source on rhamnolipid production, cell growth and
urface tension by Pseudomonas sp. 2B. Results are represented as means ± SEM
n = 3).

etroleum-contaminated soil samples [26–28].  In this paper, we
eport biosurfactant production by the novel Pseudomonas sp. 2B.

.2. Biosurfactant production by Pseudomonas sp. 2B on different
ow-cost carbon sources

To determine the optimal conditions for highest biosurfactant
roduction, the use effect of various low cost carbon substrates
ere analyzed. The organism was able to utilize all the carbon

ources tested; growth was  accompanied with biosurfactant pro-
uction. The surface tension of the medium was lowered from
0 mN/m to 30 mN/m with every carbon source tested. Maximum
iosurfactant production (4.97 g/L) was observed when molasses
as used as the carbon source. The highest production in molasses

ontaining modified PPGAS medium may  be due to its high total
ugar contents (mainly sucrose). However, the biosurfactant yield
as affected by the type of carbon substrate used. The amounts

f rhamnolipid produced were found to be 4.14 g/L, 4.38 g/L,
.24 g/L and 4.09 g/L when grown on glycerol, coconut oil cake,
range peelings and whey, respectively. Least biosurfactant pro-
uction (0.22 g/L) was observed in the medium without carbon
ource (Fig. 1). This suggests that biosurfactant production can
e enhanced to economically viable values using renewable feed-
tock as carbon source, reiterating the importance of the utilization
f industrial by-products and agricultural wastes as cost-effective
lternative substrates for microbial growth and biosurfactant pro-
uction [29–31]. Agro-industrial wastes are considered as the
romising cost effective substrate for biosurfactant production and
an alleviate many processing industrial waste management prob-
ems [32].

The kinetics growth curve indicated a parallel relationship
etween biosurfactant production, bacterial growth, surface ten-
ion reduction and substrate utilization, suggesting a growth
ssociated biosurfactant production. The exponential growth of
seudomonas sp. 2B was observed at about 24 h and after 96 h
f cultivation, the maximum biomass (2.7 g/L) was reached. The
iosurfactant production commenced at about 24 h, i.e., during
he exponential phase, indicating its accumulation during growth
hase. Maximum biosurfactant production (4.97 g/L) occurred at
6 h (Fig. 2). The surface tension of the cell free broth showed low-
st value, i.e. 30.14 mN/m when molasses was used as the carbon
ource. It has been reported by various researchers that rhamno-
ipid type of biosurfactants are “primary metabolites” and their
roduction coincides with the exponential growth phase [33,34].

.3. Determination of critical micelle concentration (CMC)
The presence of a surfactant reduces the surface tension
ir/water, which is proportional to the concentration of the biosur-
actant in the solution, until it reaches the CMC  [35]. For practical
Fig. 2. Time course profile of extracellular biosurfactant synthesis, cell growth,
surface tension and substrate utilization by Pseudomonas sp. 2B in 1% (v/v) molasses-
containing modified PPGAS medium. Results are represented as means ± SEM (n = 3).

purposes, it is important to distinguish between an effective bio-
surfactant and an efficient biosurfactant. Effectiveness is measured
by the minimum value to which the surface tension can be reduced,
whereas efficiency is measured by the biosurfactant concentration
required to produce a significant reduction in the surface tension of
water. The latter can be known from the CMC of the biosurfactant
[18].

As seen in Fig. 3, the critical micelle concentration corresponded
to a sudden change in the surface tension. The CMC  for the iso-
lated biosurfactant was  100 mg/L and the corresponding surface
tension was 29.73 mN/m.  The data showed the high effectiveness
of rhamnolipids as they could lower the surface tension of water
from 70 to 30 mN/m for the rhamnolipid. The biosurfactant proved
to be highly efficient, since the CMC  value for the biosurfactant
was found to be 100 mg/L. Efficient surfactants have very low CMC
values, i.e., less surfactant is required to decrease surface tension.
Moreover, a range of CMC  values between 10 and 230 mg/L have
been reported for rhamnolipids from different microbial sources
[36].

3.4. Substrate specificity of biosurfactant and determination of
emulsifying activity (E24)

The emulsification property is an important factor of a surfac-
tant. The isolated biosurfactant showed appreciable emulsification
indices, as shown in Table 2, with sunflower oil, crude oil, gasoline,
n-hexadecane, kerosene, hexane and benzene. Sunflower oil was
the best substrate showing E24 value of 84 while benzene was the
poorest with E24 value of 33. The emulsions of sunflower oil, crude
Fig. 3. Determination of critical micelle concentration of the biosurfactant produced
by Pseudomonas sp. 2B. Results are represented as means ± SEM (n = 3).
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Fig. 4. Effect of (a) pH, (b) temperature and (c) salinity on the st

he food industry [25]. Emulsification of hydrocarbons by the cul-
ure Pseudomonas sp. 2B was in the order of sunflower oil > crude
il > gasoline > hexadecane > kerosene > hexane > benzene. The
esults show that the biosurfactant could emulsify different hydro-
arbons, which confirmed their applicability against different
ydrocarbon pollution such that it enhances the availability of the
ecalcitrant hydrocarbons [37,38].

.5. Studies on the effect of environmental factors on
iosurfactant stability

Biosurfactants are “green chemicals” used in bioremediation
urposes; therefore, the stability of the biosurfactant was studied
t different temperature, salinity, and pH. The biosurfactant activ-
ty was retained over a pH range of 4–10 with minimal variation in
urface tension and emulsification activity values (Fig. 4a). When
he pH was acidic and set to 2, 4 and 6, the surface activities of
he biosurfactant were 34.19, 31.48 and 30.39 mN/m,  respectively.
orrespondingly, the emulsification ability of cell-free broth was
imited to acid to neutral pH and emulsification index up to 57%, 67%
nd 73%, respectively was obtained. The optimum surface activ-
ty (ST ∼ 28.39 mN/m)  and emulsification capacity (E24 ∼ 84%) was
bserved at pH 7 With the increase of pH from 5 to 8, the negative

able 2
ubstrate specificity and emulsification activity of the biosurfactant produced by
seudomonas sp. 2B. Results are represented as means ± SEM (n = 3).

Substrate Emulsion index (E24)

Sunflower oil 84.0 ± 1.4
Crude oil 80.2 ± 2.9
Gasoline 76.7 ± 2.3
Hexadecane 69.3 ± 3.1
Kerosene 67.5 ± 3.5
Hexane 38.4 ± 3.7
Benzene 33.8 ± 4.1
y of biosurfactant. Data are represented as means ± SEM (n = 3).

charge of the polar head increases, this is reflected by increased
aqueous solubility [8].  However, the emulsification activity of cell-
free broth was  relatively stable at pH 7 and linearly decreased from
pH 8 to 12 which may  be a result of some structural alteration of
the surfactant under extreme pH conditions.

The stability of the biosurfactant was tested over a wide range
of temperature (4–121 ◦C). The results obtained from thermal sta-
bility analysis of cell-free broth containing biosurfactant revealed
the thermostability of biosurfactant (Fig. 4b). Heating of the cell-
free supernatant up to 100 ◦C (or its autoclaving at 121 ◦C) caused
no significant change on the biosurfactant performance and its
emulsification capacity. Such extreme stability was reported by
Abdel-Mawgoud et al. [39] and Kiran et al. [40] for the Pseudomonas
aeruginosa strain and Brevibacterium aureum MSA13 respectively.
This suggests that the biosurfactant isolated may  be used in micro-
bial enhanced oil recovery processes where high temperatures
prevail. Loss of emulsification activity was observed when the cell-
free broth was stored at 4 ◦C. The surface tension reduction and
emulsification activity were stable, irrespective of operating tem-
perature (ST ∼ 28–30 mN/m;  E24 ∼ 78–83%).

The effect of salinity on the biosurfactant activity was tested
(Fig. 4c). There is an urgent need to screen potential biosurfactants
in bioremediation of contaminated marine environments, espe-
cially during oil spills. Steady surface tension of average 33 mN/m
was noted even with an increase of 15% NaCl concentration. How-
ever, at concentration of 20% NaCl, emulsification capacity dropped
to 70% and surface tension activity increased as well (34 mN/m). The
results are in concurrence with Helvaci et al. [41]. They stated that
electrolytes directly affect the carboxylate groups of the rhamno-
lipids. The solution/air interface has a net negative charge due to the
ionized carboxylic acid groups at alkaline pH with strong repulsive

electrostatic forces between the rhamnolipid molecules. This neg-
ative charge is shielded by the Na+ ions in an electrical double layer
in the presence of NaCl, causing the formation of a close-packed
monolayer and consequently a decrease in surface tension values.
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that the Pseudomonas sp. 2B biosurfactant solution at 0.01% and
0.05% biosurfactant concentrations was  capable to remove 89% and
92% of the oil adsorbed in the sand respectively, while the distilled
water (control) and synthetic surfactant, sodium dodecyl sulfate

Table 3
Chemical composition of rhamnolipid mixture produced by Pseudomonas sp. 2B
culture determined by MS analysis.

Rhamnolipid congeners Pseudomolecular ion (m/z)

Rha-Rha-C8-C10 621.0
Rha-Rha-C10-C10 650.0
Rha-Rha-C10-C12 678.0
Rha-C10-C10 505.0
Rha-C -C 532.0
Fig. 5. FT-IR spectrum of the freeze-dried biosurfactant produced by P

Our findings indicate that potential application of the product
ver a wide range of temperature, pH values and saline environ-
ent. This finds application in situations where extreme conditions

f temperature, pH and salinity prevail such as bioremediation
f soil as well as marine environments. It can also be used for
nhanced oil recovery operations.

.6. Biochemical analysis of the biosurfactant

Compositional analysis of the purified biosurfactant revealed
hat the biosurfactant produced by Pseudomonas sp. 2B was a gly-
olipid, consisting of mixture of lipid and carbohydrate with a
ombination of 65%:32% (w/w) respectively.

.7. Characterization of the partially purified biosurfactant

.7.1. Fourier transform infrared spectroscopy (FT-IR) analysis
There are several literature reports of isolation and biosurfac-

ant production by different species of the genus Pseudomonas. P.
eruginosa, which produces a rhamnolipid, has homologs that dif-
er in the number of rhamnose molecules as well as in the length
nd composition of alkyl chain [26]. The molecular composition of
he biosurfactant produced by Pseudomonas sp. 2B was evaluated
y FT-IR. Fig. 5 represents the FT-IR spectra of the freeze-dried sam-
le. The characteristic band at 3280 cm−1 indicates the presence of
OH bonds. Absorption around 2928 cm−1 is assigned to the sym-
etric stretch ( CH) of CH2 and CH3 groups of aliphatic chains.

he absorption peak located at 1625 cm−1 indicates the presence of
ster carbonyl groups ( C O bond in COOH). The ester carbonyl
roup was also proved from the band at 1238 cm−1 which corre-
ponds to C O deformation vibrations, although other groups also
bsorb in this region. Protein-related weak bands the C O amide

 (1625 cm−1) and NH/ C O combination of the amide II bands
1529 cm−1), were observed. It might be possible that the additional
ands at 1625 cm−1 and 1529 cm−1 resulted from the contami-
ation of polypeptides from cell debris’s co-precipitated with the
iosurfactant during extraction process [20]. The absorption peak
round 1056 cm−1 indicates the presence of polysaccharide or

olysaccharide-like substances in the biosurfactant. The absorp-
ion peak at 694 cm−1 indicates the presence of CH2 group. The
bove information from the respective wave numbers confirmed
he glycolipid nature of the biosurfactant [42–44].
monas sp. 2B grown on molasses containing modified PPGAS medium.

3.7.2. Mass spectrometric (MS) analysis of the biosurfactant
The mass spectrum (MS) of the Pseudomonas sp. 2B biosurfac-

tant showed a mixture of rhamnolipid with a molecular weight
between 333 and 678 with intense molecular ions at m/z  333,
479, 504, 505, 532, 650 and 678. The mass spectrometric analysis
of the biosurfactant confirmed the above results with peaks
observed at m/z = 333, 479, 504, 505 for lipids and at 650 and 678
for carbohydrate moieties [45,46]. The m/z values obtained were
consistent with the molecular structure of Rha-C10, Rha-C10-C10,
Rha-C10-C12 and Rha-Rha-C10-C10, respectively. Nine rhamnolipid
homologs were identified in the present study (Table 3). In general,
the results showed the presence of a relatively higher abundance
of dirhamnolipid (l-rhamnopyranosyl-l-rhamnopyranosyl-3-
hydroxydecanoyl-3hydroxydecanoate) than monorhamnolipid
(l-rhamnopyranosyl-3-hydroxydecanoyl-3-hydroxydecanoate).
As reported by Deziel et al. [45], peaks at 333.0 m/z  (Rha-C10) and
479.0 m/z (Rha-Rha-C10) indicated fragments produced by cleav-
age of rhamnolipid molecules. The rhamnolipid composition and
predominance of a particular type of congener depends on various
factors like type of carbon substrate [46,47], culture conditions
[48], age of the culture [49], and the strain P. aeruginosa [45].

3.8. Application of the biosurfactant in crude oil removal from
contaminated sand

Application of biosurfactants in enhanced oil recovery is one of
the most promising techniques to remove and recover a signifi-
cant amount of the residual oil. The results obtained demonstrated
10 12

Rha-C10 333.0
Rha-C10-C10 504.0
Rha-Rha-C12-C10 678.0
Rha-Rha-C10 479.0
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Table 4
Removal of crude oil from contaminated sand by the isolate grown on modi-
fied PPGAS medium supplemented with 1% molasses. Results are represented as
means ± SEM (n = 3).

Treatment Removal of hydrocarbon pollutant
from sand (%)

0.05% biosurfactant
solution

92.4 ± 0.3

0.01% biosurfactant
solution

89.7 ± 0.7

Cell free broth 81.3 ± 0.2
0.01% sodium dodecyl 63.9 ± 0.8
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[47] M.  Benincasa, F.R. Accorsini, Bioresour. Technol. 99 (2008) 3843.
sulfate (SDS)
Distilled water
(control)

48.6 ± 0.5

SDS), removed 48% and 63% of the contaminated oil respectively
Table 4). 81% of crude residual oil was removed using the cell-
ree broth containing biosurfactant produced by Pseudomonas sp.
B. Similar results were obtained by Abu-Ruwaida et al. [34] for the
ell-free broth containing a biosurfactant produced by Rhodococcus
ells; 86% of crude residual oil adsorbed in the sand was  removed. It
ould be observed in the present study that the isolated biosurfac-
ant was more effective than the commercially available surfactant,
DS. The cell free broth containing biosurfactant and the isolated
iosurfactant are almost equally effective in the removal of the
rude oil pollutant. Thus cell free broth containing biosurfactant can
e directly used without purification steps, which would further
educe the cost of production of biosurfactant. The biosurfactant
roduced by Pseudomonas sp. 2B, could be applied in enhanced oil
ecovery operations.

. Conclusion

In the present investigation, Pseudomonas sp. 2B, a novel
hamnolipid-producing bacterium was isolated from petroleum
ydrocarbon contaminated region. It produced glycolipid type bio-
urfactant from a range of low cost carbon sources. The isolated
hamnolipid was analyzed by FT-IR and LC–MS. It confirmed the
resence of different species of rhamnolipids. The rhamnolipid
roduced showed stable surface tension reduction capacity and
bility to emulsify different hydrocarbon substrates. The study
f environmental factors on the biosurfactant stability indicates
ts stability in environments with varying pH, temperature and
alinity, finding application in bioremediation and enhanced oil
ecovery operations. The application of this extracellular biosur-
actant in bioremediation studies further adds to its value as an
cofriendly and biodegradable product.
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