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Abstract A strain isolated from the oil reservoir in northern
China was identified as Geobacillus pallidus by 16S rRNA
gene sequencing. It could grow at a temperature of 45–80°C
and salinity of 0–15% (w/v) and synthesize biosurfactant by
using crude oil as sole carbon source under aerobic or anaer-
obic conditions. The yields of biosurfactant were≈9.8 g/L
and≈2.8 g/L, respectively. Compositional analysis revealed
that the fractionated components and compositions of the
purified biosurfactant differed between aerobic (glycosides≈
50.3%, lipids≈34.5%, peptide≈15.2%, w/w) and anaerobic
(glycosides≈53.8%, lipids≈31.2%, peptide≈26.0%, w/w)
conditions. The critical micelle concentrations of aerobic and
anaerobic biosurfactant were 0.016 g/L and 0.022 g/L, respec-
tively. Gas chromatography analysis indicated that strain H9
had a preference for utilizing medium- and long-length alka-
nes (C23–C43) under aerobic conditions, and degrading long
alkanes (C33–C43) under anaerobic conditions. Physical sim-
ulation results showed that strain H9 and its biosurfactant have
great potential use in microbial enhanced oil recovery, espe-
cially in high temperature and salinity oil reservoirs.

Keywords Geobacillus pallidus . Thermophilic and
halotolerant . Biodegradation . Biosurfactant . Oil recovery

Introduction

Microbial enhanced oil recovery (MEOR) usesmicroorganisms
and their metabolites to increase oil recovery. Oil remaining
after water flooding is entrapped in pores by capillary forces.
This residual oil is the main target in the application of the
enhanced oil recovery (EOR) technique. MEOR is considered
as an EOR procedure that is developed for use either simulta-
neously with water flooding or as a tertiary phase in the recov-
ery process (Jenneman 1989). A variety of metabolites
produced by the microbes naturally associated with oil fields
are known to improve oil drainage into the well. Through
different mechanisms, these microbial products change oil res-
ervoir characteristics such as the wettability of the reservoir
rock, or the degree of fluid saturation (McInerney and Sublette
2002; Brown 2010). The gradual alteration of the reservoir
environment due to these types of biochemical events is con-
sidered a useful tool for oil recovery. The indigenous bacteria in
an oil field thus play a key role in conducting a MEOR process
successfully.

Surfactants—amphipathic molecules that have both hydro-
philic and hydrophobic moieties—tend to partition preferen-
tially at the interface between liquid phases with varying
degrees of polarity and hydrogen-bonding characteristics such
as oil–water and water–air interfaces (Desai and Banat 1997).
Surfactants accumulate at interfaces between phases of differ-
ent polarity and govern the arrangement of liquid molecules.
This arrangement affects the formation of H-bonds and hydro-
phobic–hydrophilic interactions. This dynamic behavior is
based on the ability of the surfactant to reduce the surface
tension. Clostridium pasteurianum produces an extracellular
neutral lipid that reduces the surface tension of water from 72 to
55mN/m (Cooper and Goldenberg 1987). Youssef et al. (2007)
found that Bacillus licheniformis JF-2 isolated from oil field
injection water was able to grow under anaerobic conditions
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and produced a biosurfactant able to reduce the surface ten-
sion of the medium to less than 30 mN/m. The potential utility
of this bacterium for in situ MEOR has been discussed
(McInerney and Sublette 2002). In addition, a lipopeptide
surfactant produced by thermophilic and halotolerant B.
licheniformis BAS50 was characterized, and the purified bio-
surfactant was found to decrease the surface tension of water
to 28 mN/m (Yakimov et al. 1995).

The physical and chemical characteristics of an oil reser-
voir are important parameters that place considerable restric-
tions on the performance of the microbes present in the oil
reservoir. Temperature and salinity are among the most
influential parameters. Researchers have found that there is
a negative relationship between the ability of these organ-
isms to grow at high salt concentrations and their growth
ability at high temperatures (Brown 2010). A variety of
bacteria exist in different environments, particularly in oil
field brines, and the importance of these indigenous bacteria
for the MEOR process has been discussed rather extensively
(Rojo 2009). The differences in metabolic pathways be-
tween aerobic and anaerobic alkane biodegradation are well
understood (Zengler et al. 1999; Chayabutra and Ju 2000;
Salminen et al. 2004; Rojo 2009). This diversity could change
the physical-chemical characteristics of biosurfactants and
crude oil, resulting in distinct surface tension, emulsification
activity, cell surface hydrophility and oil recovery efficiency.
However, in addition to these characteristics, these microor-
ganisms must be able to grow and metabolize in the hot or
high salinity conditions in the reservoir. A vast array of ther-
mophilic bacteria has been reported in the literature (Hao et al.
2004), but thermophilic and halotolerant bacteria, which could
produce biosurfactants by using crude oil, have been relatively
seldom reported, especially under simultaneous aerobic and
anaerobic conditions.

This paper describes a biosurfactant-producing bacterium
isolated from oil-containing brine from Daqing oil reservoir in
China, and demonstrates its ability to biodegrade petroleum
hydrocarbons under aerobic and anaerobic conditions. In addi-
tion, the characteristics (such as surface tension, emulsification
and critical micelle concentration) of the purified biosurfactant
produced by the strain in the two conditions were estimated.
These studies aimed to provide some theoretical and experi-
mental bases for the application of this strain and its biosurfac-
tant in petroleum recovery. Physical simulation tests were
employed to evaluate the efficiency of oil recovery.

Materials and methods

Sampling procedure

The Daqing oilfield is located in the Northwest of China. The
reservoir is located at depths of 1,300–1,600 m subterranean

with a temperature of about 58–68°C. The parameters of the
Daqing oil reservoir are as follows: air permeability 575×
10−3 μm2; porosity 34.7%; crude oil viscosity 79.1 mPa·s;
crude oil density 0.898 g/cm3; total salinity 8,052.26 mg/L.
Samples of brine and crude oil were collected from an oper-
ating LHP wells in the DaQing oil reservoir in March 2010.
The samples were taken in sterile bottles and transported to the
laboratory at 4°C, and bacteriological analyses were con-
ducted as soon as possible. The chemical/physical character-
istics of the brine are shown in Table 1.

Isolation of microorganisms

The brine (20 mL) and crude oil (10 g) were transferred to a
500-mL flask containing 80 mL minimal medium (MM)
containing (NH4Cl 2 g/L, K2HPO4 1.5 g/L, KH2PO4,
1.5 g/L, MgCl2·6H2O 0.5 g/L, yeast extract 0.3 g/L, pH
6.8-7.2) supplemented with trace salt solution (0.1%, v/v)
that contained (MnCl2·4H2O 0.1 g/L; CoCl2·6H2O 0.17 g/L;
CaCl2·2H2O 0.02 g/L; FeCl2 0.4 g/L; H2BO3 0.019 g/L;
ZnCl2 0.1 g/L; NaMoO4·2H2O 0.1 g/L; vitamin B12

0.0005 g/L; NiCl2·6H2O 0.05 g/L) and incubated at 65°C,
180 rpm for 20 days. Samples (0.1 mL) of the culture were
taken and spread on LB nutrient agar plates and incubated
for 48 h at 65°C. Pure cultures of morphologically distinct
colonies were obtained by repetitive streaking on solid LB
agar medium. To isolate strains capable of biosurfactant
production, an overnight seed culture of each distinct isolate
inoculated in 80 mL of biosurfactant-producing medium
(BPM) (NaNO3 4.5 g/L, K2HPO4 1.5 g/L, KH2PO4 1.5 g/L,
MgCl2·6H2O 0.5 g/L, pH 6.8–7.2) in a 250 mL Erlenmeyer
flask at 65°C and 180 rpm for 20 days using paraffin (5 g/L) as
carbon source. Cell-free samples from this culture broth were
screened for biosurfactant production by the oil spreading
method (Robert et al. 1989; Pruthi and Cameotra 2003; Afshar
et al. 2008). Among several bacterial strains isolated, a potent
biosurfactant-producing bacterial strain was isolated after the
formation of significant clear zone on the oil surface; this

Table 1 Chemical characteristics of the brine

Component Concentration
(mg/L)

Component Concentration
(mg/L)

K+ 7.51 SO4- 3.89

Na+ 409.5 CO3
2- 0.00

Ca2+ 3.80 HCO3
- 438.1

Mg2+ 1.90 Total nitrogen 0.012

Fe2+ 6.22×10-3 Total PO4
3- 3.0×10-4

NH4+ 30.1×10-5 Total salinity 1,852.56

Mn2+ 32×10-4 Water style NaHCO3

Cu2+ 40×10-4 Water hardness 0.21

Cl- 704.0 pH 7.5
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strain was maintained on LB agar medium at 4°C. Chemicals
used in the medium were of analytical grade and purchased
from Beijing Chemical Industry Co. (Beijing, China).

Characterization of bacterial strain

The selected bacterial isolate was examined using standard
biochemical tests (morphology and biochemistry) following
Bergey’s manual of systematic bacteriology (Garrity et al.
2004). For 16S rRNA gene amplification and sequencing,
the chromosomal DNA of strain H9 was extracted using a
soil DNA Kit (Omega Biotek, Norcross, GA) following the
manufacturer’s instructions. The 16S rRNA gene was then
amplified by polymerase chain reaction (PCR) using one set
of primers (27f,5′-AGAGTTTGATCTGGCTCAG-3′)/
(1541r,5′-AAGGAGGTGATCCAGGCC-3′) (Winker and
Woese 1991). The reaction was carried out in a 25 μL volume
containing 1 x PCR buffer, 1.5 mmol/L MgCl2, 2 mmol/L
dNTP mixture, 0.5 μmol/L each primers, 0.5 μL pfu enzyme
and 1 ng template DNA. PCR amplification was performed
as follows: initial denaturation at 94°C for 5 min, followed by
30 cycles each of 94°C for 1 min, 55°C of annealing for 45 s,
and 72°C of extension for 90 s, and finally with 72°C of
extension for 10 min. The PCR product amplified from the
bacterial isolate which appeared as a single band was purified
using a High Pure PCR product Purification Kit (Roche
Applied Science, Roche Applied Science, Penzberg,
Germany) and sequenced with an ABI Prism 377 auto-
matic sequencer (Applied Biosystems, Foster City, CA)
using primers 27f and 1541r. Sequence homologies were
examined using BLAST version 2.2.12 of the National
Center for Biotechnology Information (Altschul et al.
1990). Multiple sequence alignments were carried out
using Clustal X, and a consensus neighbor-joining tree
was constructed using Molecular Evolutionary Genetics
Analysis (MEGA) Software Version 4.0 (Tamura et al.
2007).

Bacterial growth at extreme conditions

Growth studies were carried out in both aerobic and anaer-
obic conditions in 100 mL LB medium at different temper-
atures (20–80°C) and NaCl concentrations (0–25%, g/L) at
200 rpm. The modified Hungate technique was used to
prepare anaerobic conditions with a solution containing 2.5%
(2.5g/100ml) cysteine hydrochloride and 2.5% (2.5g/100ml)
Na2S·9H2O as the reducing agents (Miller and Wolin 1974;
Sanchez et al. 1992). Experiments were performed in triplicate
and the results are averages of three independent experiments.
Culture turbidity was determined by measuring optical
density at 600 nm (OD600) in 4 mL cuvettes using a
spectrophotometer (Jenway Series 9100 UV).

Aerobic and anaerobic degradation

Time-course studies of two culture conditions were carried out
by determination of biosurfactant activity and productivity,
surface tension measurements and bacterial growth rate. LB
medium (20 mL) was inoculated with a single colony of
selected isolate and incubated at 60°C, 180 rpm for 18 h as
the inoculum. The cells were collected by centrifugation at
12,000 g for 15 min and washed twice in 20 mL sterile
phosphate buffer (K2HPO4 3.4 g/L, NaOH 7 g/L, pH 7.2).
Then, 20 mL bacterial suspensions (OD60001) was trans-
ferred to a 500 mL triangular flask containing 10 g sterile
crude oil-containing mineral medium, and incubated at 65°C
and 180 rpm for 100 days under aerobic and anaerobic con-
ditions, respectively, with sterile cell-free medium as controls.
Anaerobic conditions were prepared as follows: the medium
was boiled for 30 min in order to dispel all dissolved oxygen
prior to use; L-cysteine and resazurin as oxygen indicators
were added to the medium to final concentrations of 0.05%
and 0.01 (g/L), respectively. The anaerobic culture bottles
were sealed with rubber caps, sterilized, and filled with
filter-sterilized pure nitrogen gas until the oxygen indicator
in the medium become achromatic. Time course samples of
culture medium were drawn in appropriate intervals of time
and monitored for kinetic parameters, including growth rate,
surface activity indices [surface tension (ST) and emulsifica-
tion activity], and biosurfactant production. Bacterial cell
growth was monitored by measuring the dry cell weight.
Dry cell weight was determined by centrifugation (12,000 g,
20 min) of a 10 mL culture broth, and cell pellets were washed
with distilled water twice and dried by heating at 40°C until
constant weight was attained. The surface tension of cell-free
samples was measured by the digital tensiometer (KRUESS
klot) using the ring detachment method.

The emulsification index (EI24) was evaluated according to
Cooper and Goldenberg (1987) with minor modifications. For
this purpose, cell-oil-free supernatant was collected by centri-
fugation (12,000 g, 20 min) of the culture broth. Then, 4 mL
supernatant was mixed with 6 mL kerosene in a test tube. The
mixture was stirred vigorously for 5 min and then left to stand
for 24 h prior to measurement. The EI24 is defined as the
height of the emulsion layer divided by the total height,
multiplied by 100 and expressed as a percentage.

Cell surface lipophilicity (CSL) was measured by the
BATH test (Rosenberg 1984). Bacterial cells were harvested
separately by centrifugation (12,000 g, 20 min) and washed
three times with phosphate buffer (K2HPO4 g/L, NaOH 7 g/L,
pH 7.2) to remove any residual medium and extracellular
polymeric substances. The cells were then re-suspended in a
buffered salts solution (pH 7.0) containing 3.4 g K2HPO4,
1.5 g KH2PO4, and 0.2 g MgSO4·7H2O per liter. The 4 mL
samples of a cell suspension were transferred to individual test
tubes (diameter 1.7 cm; length 15 cm), each of which
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contained 1 mL hexadecane. The test tubes were vortexed at
full speed for 5 min and then left to stand for 20 min to allow
phase separation. Lipophilicity (expressed as a percentage)
was calculated as follows: [1 − (a/b)]×100 %, where a is the
initial optical density (OD600) of bacterial suspension in the
aqueous phase and b is the optical density (OD600) in the
aqueous phase after partitioning. The mean percentage of
partitioning of an organism into the hexadecane phase was
calculated using triplicate samples.

Isolation of biosurfactant

The residual crude oil was centrifuged and removed from
the collected supernatant during the incubation by a mixture
of n-hexane chloroform and dichloromethane (1:1:1, v/v/v).
Three solvent systems, i.e., a mixture of chloroform-ethanol
(2:1, v/v), cold acetone and ethyl acetate, were examined for
biosurfactant extraction to find the best method for efficient
biosurfactant extraction. For biosurfactant extraction, the
cell-oil-free supernatant was acidified to pH 2.0 using
6 mol/L hydrochloric acid solution and then kept at 4°C
overnight (Cooper and Goldenberg 1987). A yellow–white
biosurfactant precipitate formed and collected by centrifu-
gation (12,000 g, 20 min) and washed several times with
acidic water (pH 2.0 with 6 N HCl), dissolved in alkaline
water (pH 8.0 with 1 mol/L NaOH), re-acidified and re-
centrifuged at 4°C (12,000 g, 20 min). The precipitate was
re-suspended in a chloroform-ethanol (2:1, v/v) combina-
tion, mixed vigorously and centrifuged (12,000 g, 20 min)
to accelerate phase separation. The mixture of precipitate
and chloroform-ethanol formed three phases, with the upper
phase holding water and residual culture broth, and the
middle phase (which was a dark-colored layer with greenish
pigments) being separated and transferred to a clean bottle
and extracted with chloroformethanol three times for com-
plete recovery of the biosurfactant. The lower phase con-
taining biosurfactant was collected in a clean evaporating
dish and the solvent removed with the aid of a rotary
evaporator under reduced pressure. The dried product was
washed with absolute ethanol three times to complete re-
move of residual pigments before being lyophilized and
stored for further analysis. The experiments were carried
out in duplicate and the results reported are the average of
two independent experiments.

Analysis of partially purified biosurfactant

The total carbohydrate content of partially purified biosurfac-
tant was assayed using the anthrone sulfuric acid method using
glucose as standard (Dubois et al. 1956; Al-Tahhan et al. 2000).
A biosurfactant solution of 10 mg/mL was prepared, of which
1.0 mL was mixed with the 4 mL 0.2% (2g/100ml) anthrone-
H2SO4 (98%) solution in thick-well glass test tubes with slight
shaking in the ice water. Samples were left to stand for 15 min
at room temperature. The glycosides concentration was mea-
sured against glucose standards by absorbance at 490 nm.
Protein content was determined by the Lowry method (Lowry
et al. 1951) using bovine serum albumin (BSA) as a calibration
standard. The lipopenic content of extracted biosurfactant was
determined by dichloromethane-methanol method described
by Manocha et al. (1980) and Han and Duan (1998).

Analysis of crude oil

To assess the degradation of crude oil during 100 days incu-
bation under aerobic and anaerobic conditions, crude oil was
extracted from the supernatant by a mixture of n-hexane
chloroform and dichloromethane (1:1:1, v/v/v) to calculate
the degrading-ratio of crude oil at 4°C. The collected oil
samples were separated into saturated hydrocarbons, aromatic
hydrocarbons, non-hydrocarbons, resin and asphaltenes using
column chromatography with several different developing
solvents, and then weighted to evaluate the degrading-ratio
as described by Yan and Xie (2009). In order to investigate
further differences in crude oil degradation, saturated hydro-
carbons and aromatic hydrocarbons were analyzed by gas
chromatography/mass spectroscopy followed published pro-
cedures described by Reddy and Quinn (1999). The rheolog-
ical studies of crude oil were carried out as described by
Etoumi (2007). A rotating viscometer (CV100) set at 65°C
and 12 s−1 shear rate, and differential scanning calorimetry
were used to estimate the viscosity of crude oil, and wax
appearance temperature (WAT) was determined as described
by Li and Zhang (2003).

Physical simulation experiments in oil recovery

To evaluate the potential application of the strain H9 in EOR,
the core flooding systemwas employed. Standard core flooding

Table 2 Basic parameters of the testing core model. Data are average values of three parallel experiments and the standard deviation is 0.1±0.02

Model # Dimension
(mm�mm)

Porosity volume
(mL)

Porosity of
model (%)

Permeability
(10-3 μm2)

Initial saturated
water (%)

Initial saturated
oil (mL)

1 25×200 36.78 36.78 0.170 18.30 30.05

2 25×200 38.57 39.31 0.169 18.20 30.45

3 25×200 38.07 38.80 0.164 18.71 30.95
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equipment similar to that described by Lotfabada et al. (2009)
was used. Three stainless steel columns of 200 mm in length
and 25mm in diameter, named 1#, 2# and 3#, were packedwith
sandstone. The sandstone, which had a particle size distribution
of 380 μm (m/m, 35%), 120–109 μm (m/m, 30%), and 80–
75 μm (m/m, 35%), was free of organic contaminants, and
dried for 24 h at 120°C and used throughout the study. Oper-
ation of oil recovery simulation was done as follows:

(1) All columns were sterilized at 121°C for 2 h. Each
sandstone core was vacuumized for about 2 h. After
this operation, the cores were saturated with LHP brine
for porosity and permeability determination.

(2) Saturation of the sand pack with brines: the column
packed with sand was vacuumized, and nitrogen gas
was passed through one end for 5 min, using a syringe
to remove oxygen from the column. To ensure removal of
all the gases from the column, the flow of nitrogen was
stopped and vacuum was held for 2 min at the other end
of the column. The columnwas then floodedwith brine at
a pressure of 8–10 kg/cm2. The pore volume )PV) of the
column was calculated by measuring the volume of brine
required to saturate the column. Subsequently, three PVs
of brine were passed through the column to ensure 100%
saturation with brine.

(3) Saturation of the sand pack with oil: LHP oil, heavy oil
(density 898 g/L) from the Daqing oil reservoir was
used in all experiments. The oil, filled in a tank, was
passed under pressure into the sand pack column, in
the same way as brine, until residual brine saturation
was reached. As oil entered the column, brine was
displaced and discharged from the pack through tubing
inserted into the bottom end of the column. Initial oil
saturation was calculated by measuring the volume of
brine displaced by oil saturation.

(4) Brine flooding (the first water flooding): the sand pack
was again flooded with brine until there was no oil
coming in the effluent, i.e., residual oil saturation was
reached. Approximately six to nine PVs of brine were
sufficient to reduce the pack nearly to its residual oil
saturation. The amount of crude oil retained in the sand
pack was determined volumetrically. Residual oil

saturation was calculated by measuring the volume of
displaced oil.

(5) Strain flooding under two patterns: this was done in a
manner similar to oil and brine floods. 0.5 PV of MS
medium and H9 strain was passed through the #1 and #2
column at a flow rate of approximately 2.0 mL/min and
incubated for 100 days with or without air (0.5 PV) to
format aerobic condition. #3 was a control experiment
with no strain, nutrition activator and air. Then, the
columns were again flooded with LHP brine (the second
water flooding). Discharges from the column were col-
lected in 25 mL quantities to measure the amount of oil

Fig. 1 Phylogenetic tree of
Geobacillus pallidus H9 based
on the 16S rDNA sequence
constructed by the neighbor-
joining method, demonstrating
the phylogenetic position of
strain H9 within the radiation of
Geobacillus pallidus numbers
represent confidence estimates
determined by bootstrap analy-
sis with 1,000 replicates
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recovered. These experiments were used to check their
oil recovery efficiency and done in triplicate, and the
results presented were average data. The basic parame-
ters of the model reservoirs are listed in Table 2.

Results and discussion

Characterization of bacteria

The complete sequence of the strain was determined, which
amounts to more than 99% of the 16S rRNA gene. The DNA
base composition of strain H9 was around 52.6%mol G+C. In
the phylogenetic analysis, the sequence showed 99.0% se-
quence similarity with Geobacillus pallidus. The phylogenetic
relationship of the strain is shown in Fig. 1. The sequence of
the 16S rRNA gene of strain H9 has been deposited with

GenBank and is available under the accession number
FJ788895.1.

This strain is a facultative anaerobic, Gram-positive rod-
shaped spore-forming bacterium, non-motile, no flagellum
with a length of 1.9–3.6 μm and a width of 0.6–0.9 μm.
Colonies were yellow and round with a translucent halo and
flattened out with 4 days incubation. The sporangium was
not swollen, whereas the spores were oval and subterminal
positioned. Strain H9 used a variety of carbon sources for
growth, including L-arabinose, fructose, galactose, glucose,
inulin, D-xylose, D-mannoal, salicin, and lactose but not
adonitol, melibiose. Catalase and H2S tests were positive.
The strain reduced nitrate and did not produce indole or
hydrogen sulfide. Arginine dehydrolase and β-galactosidase
activities were observed, but no activities of oxidase, orni-
thine decarboxylase, lysine decarboxylase, phenylalanine
desaminase, or tryptophan desaminase were detected.
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Bacterial growth at extreme conditions

The key parameters for use of bacteria for enhancing oil
recovery purposes are salinitiy and temperature. The results
obtained from the two culture patterns under the different
temperatures are shown in Fig. 2a. The maximum optical
density of isolate H9 under aerobic conditions was 1.438 at
the temperature of 65°C, and 1.12 under anaerobic condi-
tions when the temperature of the culture was 70°C. Below
70°C, the optical density of the aerobic culture was higher
than that of the anaerobic culture, but the trend was opposite
after 70°C. And the adaptive range of temperature was 40–
80°C (aerobic) and 50–80°C (anaerobic). The tolerance to
NaCl levels decreased in the light of the three phases as
shown in Fig. 2b. The growth trend of strain H9 at different
salinities was similar under the two conditions. From 0–3%
NaCl, the optical density (OD) increased slowly and no
negative influence on cell growth was observed. However,
from 3–8% NaCl, OD decreased, and the decreasing-rate of
aerobic culture was higher than that under anaerobic con-
ditions, while from 8–15% NaCl, the decreasing-rate of
anaerobic culture increased and was more than that under
aerobic conditions. From 15–25% NaCl, the isolate growth
under the two conditions was non-significant. Based on
these results, isolate H9 was identified as a halotolerant
and thermophilic bacterium. However, further research into
the reasons for the differences between the two conditions is
needed, and some experiments are in progress.

Degradation kinetics under aerobic and anaerobic
conditions

Figure 3 shows the typical time-course profile of bacterial
biomass, biosurfactant production, CSL, emulsification index
and surface tension under aerobic and anaerobic degradation
conditions. The cell growth of aerobic culture reached its
maximum high value at 4 days and then decreased from
11.2 g/L to 1.26 g/L. But the maximum biomass for anaerobic
culture was reached after 36 days, and then decreased from
9.11 g/L to 6.1 g/L. This was possibly due to the use of
different electron acceptors between the two conditions, with
the oxidation–reduction potential of oxygen being higher than
that of nitrate radical. The biosurfactant yield of the aerobic
culture reached a maximum value (9.8 g/L) at 12 days and
then decreased from 9.8 g/L to 4.29 g/L, while under anaero-
bic conditions, biosurfactant production increased slowly,
reached a maximum (2.16 g/L) after 36 days, and then de-
creased from 2.16 g/L to 0.29 g/L. This indicated that bio-
surfactant synthesis is growth associated. The maximum
production of biosurfactant under aerobic condition was more
than that one observed under anaerobic condition, possible
also due to the different electron acceptors that result in the
different pathway of biodegradation which have different

reaction activation energy andmay produce different catabolic
enzymes (Zengler et al. 1999; Röling et al. 2003; Todd
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Fig. 4a,b The critical micelle concentration (CMC) of the biosurfac-
tant produced by H9 under aerobic and anaerobic conditions was
determined by the profile of the surface tension and concentration of
biosurfactant. Two tangent lines of the curve converge upon one point,
this point determines the CMC (0.016 g/L and 0.022 g/L, respectively).
a Aerobic, b anaerobic. Standards deviation is 0.02±0.005
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Townsend et al. 2003; Siddique et al. 2006; Vasileva Tonkova
and Gesheva 2007).

An important property of biosurfactants is to reduce the
surface tension of the medium. The surface tension reduction,
CSL increase and emulsification potential increase paralleled
cell growth. The surface tension of the medium decreased
from 67.59 mN/m to 24.56 mN/m and 67.73 mN/m to 32.25
mN/m, respectively (Fig. 3). Meanwhile, experiments were
done to evaluate CSL along with the process of the degrada-
tion. The results obtained from the BATH test showed that the
CSL was changed with respect to the biosurfactant generated.
The maximum value of CSL was 88.4% and 65% under the
two degradation conditions, respectively. The presence of
biosurfactant as connection between cell and oil was able to
promote the attachment of the cell to the oil-soluble carbon
source. However, the CSL of anaerobic degradation was
lower than under aerobic conditions, possibly due to the
different electron acceptor, and different composition and
yield of the two conditions. Under aerobic conditions, oxygen
was a more favorable electron-acceptor in the metabolic
mechanism of strain H9, which has high oxidation-reduction
potential and may promote the degradation of crude oil and
the synthesis of biosurfactant. Under anaerobic conditions,
nitrate is the main favorable electron-acceptor. The redox
potential of nitrate is lower than that of oxygen and may
generate a different oxidase and altered metabolic pathway,
decreasing biosurfactant production.

In addition, the emulsification activity results showed the
ability of strain H9 to emulsify immiscible hydrocarbon such
as LHP crude oil. EI24 was maintained at 90–95% and 10–
35% under aerobic and anaerobic conditions, respectively, and
viscosity fell from≈45.5 to≈4.6 mPa·s (aerobic condition) s

and from≈45.5 to≈24.2 mPa·s (anaerobic conditions), de-
creasing by about 89.89% and 46.81%, respectively. This
indicated that some fraction of the crude oil had dissolved in
water with biosurfactant, and formed a micro-emulsion. These
results differ from those of Lotfabada et al. (2009), who found
that Pseudomonas aeruginosa had the ability to produce bio-
surfactants and emulsify kerosene at 60.6% activity. Compar-
ing these results with other biosurfactant-producing
microorganisms (Margaritis et al. 1979; Lotfabada et al.
2009) suggests that strain H9 may be a good candidate for
MEOR due to its different pattern of metabolism.

Analysis of biosurfactant

Color development reaction results showed a purplish-red
spot on silica gel plates when using ninhydrin as a color
developing reagent, suggesting that a peptide was found in
this biosurfactant. Meanwhile, the appearance of a blue-green
spot proved the presence of glycosides when using anthrone
as color developing reagent, and the appearance of blue-black
spot revealed the presence of lipids when using ammonium-
perchlorate as color developing reagent. Accordingly, the
biosurfactant excreted by strain H9 under both aerobic and
anaerobic conditions contains three components: glycosides,
peptide, and lipids. However, the quantities of these three
components differ between the two conditions. Based on the
phenol-sulfuric acid method, the biosurfactant synthesized
under the two conditions contain (%, w/w): glycosides of≈
50.3 and≈53.8 when using glucose as standard curve reagent,
lipids of≈35.4 and≈31.2 when using dichloromethane-
methanol method, peptide of≈15.2 and≈26.0 when using
crystalline bovine serum albumin as standard curve reagent,

Table 3 Parameters of the oil component. The data are the average values of three parallel experiments. Standard deviation is 0.1±0.02.
W relative weight

Sample w(nC21-) /
w(nC22+)

w(nC21+C22) /
w(nC28+C29 )

w(Pr) /w(ph) w(pr) /w(nC17) w(pr) /w(nC18) Max peak

Before treatment 1.31 1.91 1.07 0.18 0.16 C23

Aerobic 1.42 2.02 1.12 0.13 0.11 C19

Anaerobic 1.47 1.92 1.11 0.15 0.14 C20

Table 4 Oil components before and after microbial treatment. Data are average values of three parallel experiments. Standard deviation is 0.2±
0.02; W relative weight

Sample Crude oil
weight (g)

W (%) Oil degradation
rate (%)

Saturated
hydrocarbons

Aromatic
hydrocarbons

Non-
hydrocarbon

Asphaltene

Before treatment 2.00 73.02 9.53 14.09 3.36 0.00

Aerobic 0.83 79.53 7.93 9.69 2.85 58.50

Anaerobic 0.92 77.42 7.65 12.07 2.76 54.00
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respectively. This indicates that the biosurfactants synthesized
by strain H9 were different under the two conditions, suggest-
ing that their critical micelle concentration (CMC) is different.

Critical micelle concentration determination

The CMC can act as an indicator of the surface activity of a
surfactant. Different surfactants have different CMCs. Sur-
factants with a lower value of CMC mean that the concen-
tration for this surfactant to form a micelle is also lower.

The surface tensions of the purified biosurfactant solutions
are presented in Fig. 4. This figure shows that the surface
tension of biosurfactant decreased with increasing biosurfactant
concentration until its lowest value was reached (aerobic con-
dition: 25.09 mN/m and anaerobic condition: 30.15 mN/m). At
this point, the concentration of biosurfactant, namely the CMC,
was 16 mg/L for aerobic conditions and 22 mg/L for anaerobic
conditions. The two biosurfactants exhibited different surface
activities because of their different components; however, their
CMCs were much lower compared with some chemical sur-
factants. For instance, sodium dodecyl sulfate (SDS) has a
CMC value of 2,100 mg/L (Yin et al. 2009). Nitschke and
Pastore reported that the CMC of biosurfactant obtained from
Bacillus subtilis was 33 mg/L (Nitschke and Pastore 2006).
Haba et al. (2000) showed that the CMC of rhamnolipid-
degradation liquor was 386 mg/L.

Analysis of crude oil

It has been stated that using microbes for biodegrading
crude oil may have the benefits of MEOR, such as sweeping
oil, reducing oil viscosity and improving flow character-
istics, altering wettability, minimizing paraffin precipitation
or deposition problems along the production flow line,
increasing API gravity value and finally reducing both the
pour point and paraffin content of crude oil (Sadeghazad
and Ghaemi 2003; Lazar et al. 1999). Gas chromatographic
(GC) analysis of crude oil was carried out before and after
treatment with strain H9 under aerobic or anaerobic condi-
tions, and revealed marked changes.

Figure 5a illustrates the redistribution of saturated-
hydrocarbons in LHP crude oil before and after biodegrada-
tion with strain H9 under aerobic conditions. There was a
significant increase in the relative concentration of carbon
fractions from C9 to C22 accompanied by a decrease in
heavy fractions C23+ from 38.26 % to 35.27 % and short-
chain fractions C8–C9 from 1.93% to 0.86%, respectively.
The long-chain hydrocarbon fractions (C41, C42 and C43)
were degraded completely and disappeared. Table 3 shows
that the maximum peak of the relative concentration of
carbon fraction was changed from C23 to C19, and the
significant increase in the relative concentration of the car-
bon fractions ratio of w(C21−)/w(C22+), w(C21+C22)/w

(C28+C29) accompanying with the decrease of w(pr)/w
(nC17) and w(pr)/w(nC18). These results indicate that strain
H9 has a preference for utilizing medium- and long-chain
hydrocarbons under aerobic conditions.

A different trend was observed in the case of treatment
with strain H9 under anaerobic conditions (Fig. 5b). The
increase in the relative concentration of C12 to C31 from
86.27% to 90.1% is accompanied by a clearly significant
reduction in the relative concentration of C8–C11 from
7.65% to 6.26% and C32+ from 6.08% to 3.64%, respec-
tively. The long-chain hydrocarbons fractions (C39–C43)
were degraded completely and disappeared. Table 3 shows
that the maximum peak of the relative concentration of the
carbon fraction changed from C23 to C20, and the carbon
fractions ratio of w(C21−)/w(C22+), w(C21+C22)/w(C28+
C29) was increased, accompanied by a decrease in w(pr)/w
(nC17) and w(pr)/w(nC18). These results indicate that strain
H9 has a preference for utilizing long chain hydrocarbons
with a reduction in heavy hydrocarbon fractions (C32–C43)
under anaerobic conditions. The evident difference in the
metabolic pathways between aerobic and anaerobic degra-
dation was possibly due to a change in redox potential
during the biochemical reaction (Zengler et al. 1999; Röling
et al. 2003; Todd Townsend et al. 2003; Siddique et al.
2006; Vasileva Tonkova and Gesheva 2007; Sousa et al.
2009).

However, under the two conditions, the biodegradation
process carried out by strain H9 resulted in the same signifi-
cant reduction of light hydrocarbon fractions (C8 and C9) and
of heavy hydrocarbon fractions (C33 to C43), with an accom-
panying increase in hydrocarbon fractions (C12–C22). This
may be due to the metabolism of long-chain alkane fractions
compared to short-chain alkanes, or possibly to the fact that
the low molecular weight hydrocarbons were volatilized eas-
ily and thus appear to be biodegraded. Similar results were
also observed by Jobson et al. (1972) and Etoumi (2007). The
results showed that saturated hydrocarbons increased greatly,
accompanied by a reduction in aromatic hydrocarbons, non-
hydrocarbon and asphaltene in crude oil under aerobic and
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anaerobic degradation over 100 days, and the oil degradation
rate (%) of aerobic and anaerobic digestion was 58.5% and
44%, respectively (Table 4). As a consequence, GC analysis
revealed that the physical-chemical characteristics of LHP
crude oil had changed, becoming more mobile. This may be
efficient in MEOR.

Viscosity and WAT

Figure 6 illustrates the changes in crude oil viscosity before
and after microbial treatment under aerobic and anaerobic
conditions with different shear rate values. Aerobic and an-
aerobic degradation had a clear impact; the viscosity of the
crude oil decreased significantly from 45.5 Pa·s to 10.6 Pa·s
under aerobic conditions, and from 45.5 Pa·s to 14.4 Pa·s
under anaerobic conditions at 0.15 s−1. A sharp decrease in
the viscosity at shear rates below 2 s−1 was observed, and the
viscosity remained steady after 6 s−1. Comparing these results
with other reports (Lazar et al. 1999; Sadeghazad and Ghaemi
2003; Hao et al. 2004) showed that strain H9 has the ability to
degrade the heavy fraction and change the chemical and
physical properties of LHP crude oil after both aerobic and
anaerobic degradation.

WAT was also used as an indicator of the microbially
induced compositional changes of crude oil before and after
microbial treatment. The results illustrated that WAT de-
creased significantly from 40.5°C to 37.5°C under aerobic
conditions, while under anaerobic conditions, WAT was
decreased similarly from 40.5°C to 38°C.

Oil recovery by the core flooding system

The results of core flooding experiments showed that the EOR
values after first waterflooding were 61.06%, 61.49% and
59.77%, respectively. The MEOR was 7.46% for #1 core
and 6.92% for #2 core. The oil recovery of #2 was lower than
that of #1, possibly because #1 core consisted of two degrad-
ing patterns (aerobic and anaerobic biodegradation before and
after oxygenwas depleted completely during the incubation of
100 days) whereas #2 core consisted of one degrading pattern
(anaerobic biodegradation).

Conclusion

The successful application of in situ MEOR depends largely
on the capability of microorganisms to grow and produce
metabolites under the extreme conditions found in oil reser-
voirs. Isolation and screening programs used here for LHP oil
wells were based on the concept of obtaining bacterium that
could produce biosurfactants. Geobacillus pallidus H9 was
isolated and could grow at high temperature and salinity, and
produce biosurfactant when using petroleum hydrocarbons as

sole carbon source under both aerobic and anaerobic condi-
tions. The results revealed certain significant differences be-
tween the pathways of metabolism under the two conditions.
Core flooding system experiments showed that strain H9 and
its biosurfactant have great potential for use in the oil industry
for oil mobilization and MEOR, especially in high tempera-
ture and salinity oil reservoirs.
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