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Abstract

Biosurfactants are one of the microbial bioproducts that are in most demand from microbial-enhanced oil recovery (MEOR).
We isolated and screened potential biosurfactant-producing bacteria, followed by biosurfactant production and characteriza-
tion, and a simulation of the MEOR application to biosurfactants in a sand-packed column. Isolate screening was conducted
based on qualitative (hemolytic blood assay and oil-spreading test) and semi-qualitative (emulsification assay and interfacial
tension measurement) parameters. Bacterial identification was performed using 16S rRNA phylogenetic analysis. Sequential
isolation yielded 32 bacterial isolates, where Pseudomonas sp. G3 was able to produce the most biosurfactant. Pseudomonas
sp. G3 had the highest emulsification activity (Ei=72.90%) in light crude oil and could reduce the interfacial tension between
oil and water from 12.6 to 9.7 dyne/cm with an effective critical-micelle concentration of 0.73 g/L. The Fourier transform
infrared spectrum revealed that the biosurfactant produced was a glycolipid compound. A stable emulsion of crude extract
and biosurfactant formed at pH 2-12, up to 100 °C, and with a NaCl concentration of up to 10% (w/v) in the response-surface
method, based on the Box—Behnken design model. The sand-packed column experiment with biosurfactant resulted in 20%
additional oil recovery. Therefore, this bacterium and its biosurfactant show potential and the bacterium is suitable for use
in MEOR applications.
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Introduction

The demand for energy resources continues to increase with
time. Developments in renewable energy are expected to
provide sustainable energy and environmentally friendly
industries. However, many projects that are related to renew-
able energy face challenges, including technical, social, and
economic challenges. Existing energy resources should
optimize production, while avoiding critical environmen-
tal risks. Microbial-enhanced oil recovery (MEOR) is an
alternative approach to optimize oil production from existing
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reservoirs. This method is considerably more economic and
environmentally friendly than other EOR methods. Energy
that is used in microbial processes to enhance oil recovery
does not depend on the price of crude oil. Microbes can
growth independently under many conditions and produce
large amounts of useful products rapidly from cheap, renew-
able materials that are available in large quantities. As a bio-
logical agent, microbial bioproducts are often biodegradable,
which results in lower levels of pollution and a low toxicity
(Youssef et al. 2009; Khire 2010). MEOR uses microbial
activities and various bioproducts to help release residual
oil that is trapped inside the rock pores and to stimulate oil
flow to the production wells (Safdel et al. 2017).
Microorganisms produce biosurfactants, and the latter
are important in the MEOR mechanism. Biosurfactants act
as surface-active molecules that reduce the interfacial ten-
sion (IFT) between different fluid components, and enhance
pseudosolubilization of oil in water by creating smaller oil
droplets (Khire 2010). Injection of partially purified biosur-
factants has increased the amount of recovered oil to 40%
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(Mcinerney et al. 2003). Compared with chemically syn-
thesized surfactants, biosurfactants are biodegradable, non-
toxic, characteristically diverse, and stable under extreme
conditions. Biosurfactant production can be significantly
more affordable, as it may be produced using biomass waste
(Gautam and Tyagi 2008; Jing et al. 2011; Dhasayan et al.
2014).

Limited studies exist on the in situ production of bio-
surfactants for MEOR implementation and biosurfactant
stability under various physiological conditions. This study
aimed to isolate, screen, and identify potential biosurfactant-
producing bacteria from oil reservoir samples. We character-
ized the biosurfactant stability under several physiological
conditions using Fourier transform infrared (FT-IR) spec-
troscopy and response-surface methodology. MEOR simula-
tions were performed on a sand-packed column to determine
the biosurfactant’s applicability to recover residual crude oil.

Materials and methods
Material

Samples were from a petroleum reservoir in South Sumatra.
Sample that contained crude oil (heavy oil) and formation
water (brine) were extracted from its wellhead. All the sam-
ples were kept in a cold box during transportation and they
were kept at 4 °C in the laboratory until they were analyzed.
Light crude oil was utilized in these experiments. The char-
acteristics of the crude oil and formation brine are listed in
Tables 1 and 2.

Isolation of biosurfactant-producing bacteria

Isolation was carried out in two sequential stages (Halim
et al. 2008) to obtain bacteria with varying oil-degrading
potential. Sample was added into Stone Mineral Salt Solu-
tion (SMSS) medium with 0.1% (w/v) yeast extract and
incubated at 50 °C and 70 °C with 120 rpm agitation for

Table 1 Characteristics of crude oil

Table 2 Physicochemical characteristics of the formation brine

Parameter Unit Value
Salinity % 7.9
Conductivity pS/cm 14,990
Water hardness mg/L CaCO, 253
Ca’* mg/L 21.5
HCO;™ mg/L 2083
CO> mg/L 0

ClI- mg/L 237
NO;~ mg/L 0.09
NO,~ mg/L 0.034
NH,* mg/-NH3-N 0.056
S0, mg/L 3.65
PO~ mg/L 0.044
Total P mg/L 0.071
Organic component mg/L 166
s mg/L <0.01
Ni mg/L 0.142

7 days. A plate count was conducted every 48 h using the
pour method on Nutrient Agar Difco™. Residual oil from
the first stage was used as a substrate in the second stage of
sequential isolation using the same procedure. Purification
of potential biosurfactant-producing bacteria was conducted
with a four-way streak method on NA medium. The purified
cultures were used for further screening and analysis.

Screening of potential biosurfactant-producing
bacteria

Screening was performed based on two qualitative (hemo-
lytic blood assay and oil-spreading test) and two semi-
qualitative (emulsification index and IFT measurement)
methods. Preliminary screening used the hemolytic blood
assay method according to Youssef et al. (2004). Further
confirmation of isolate biosurfactant production was done
using the oil-spreading test, based on a study by Satpute

Properties Heavy oil Light oil

Value
Gravity (API) 19 22-28
Viscosity at 25 °C (cP) 10.11 58.9
Experiment Unit Standard Results
Saturates content Mass percent SARA 43 41.5
Aromatic content Mass percent SARA 5 9
Asphaltene Mass percent SARA 30 13
Resin content Mass percent SARA 22 36.5
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et al. (2010). The emulsification activity of the produced
biosurfactant to emulsify crude oil and water was investi-
gated from the emulsification index (Ei/E24) (Satpute et al.
2010). IFT measurements were performed using a Surface
Tensiomat Model 21 (Fisher Scientific™, USA) with a 6-cm
ring diameter to investigate the ability of the biosurfactant-
producing bacteria to decrease the IFT between the oil and
the water.

Critical-micelle-concentration determination

The critical-micelle concentration (CMC) was obtained by
measuring the IFT and the biosurfactant concentration (g/L)
at a certain time. The effective CMC was determined when
an increase in the biosurfactant concentration did not result
in a significant decrease in IFT (Satpute et al. 2010).

Identification of potential biosurfactant-producing
bacteria

The selected biosurfactant-producing bacteria was identi-
fied using a 16S ribosomal DNA analysis and was desig-
nated MEOR_G3. DNA sequencing was performed using a
Macrogen™ Korea with 785F and 907R universal primers.
All the base sequences that were generated from sequenc-
ing were cross-checked manually using Bioedit and simi-
larities were determined using BLASTN and RDP. Multiple
sequence alignment was conducted using CLUSTAL X, and
a phylogenetic tree was constructed using MEGAG6 Software.

Extraction of biosurfactant

The growth and biosurfactant production profile of the
selected bacterium (MEOR_G3) were studied using the
total-plate-count method. Batch production of the biosur-
factant was performed in SMSS medium with a 2% sam-
ple and 0.1% yeast extract with 120 rpm agitation at 50 °C.
Biosurfactant extraction was carried out according to Smyth
et al. (2010).

Characterization of biosurfactant by Fourier
transform infrared

A crude biosurfactant extract was dried to powder and char-
acterized using Fourier transform infrared (FT-IR) to elu-
cidate its functional groups. Scanning was conducted from
4000 to 400/cm (Sriram et al. 2011). The sample was pre-
pared by grinding, and its formation into a pellet with KBr.
The output from the scanning process was the transmittance
percentage in the infrared spectra.

Biosurfactant-stability test

The Box—Behnken design model was used to study the
interactive effects of the biosurfactant emulsification stabil-
ity at different pH conditions, temperatures, and salinities.
The temperature ranged from 40 to 120 °C, the pH from 2
to 12, and the salinity from 2 to 10% (w/v) NaCl. The pH
was adjusted using 1 N NaOH and 1 N HCI. The stability
of a formed emulsion was determined by measuring the Ei
as a generated response after 24 h of incubation. All the
experiments were performed in triplicate. A regression equa-
tion was derived from the response analysis, including the
determinant coefficients (F and R?), which were evaluated
to generate contour plots. These plots were used to deter-
mine the interaction between different factors and to predict
the emulsification stability at certain points (Dhasayan et al.
2014). All the statistical analyses were carried out using
Minitab™ 17 Software.

Sand-packed column assay

Biosurfactant application for enhanced oil recovery was
evaluated using a modified sand-packed column described
by Suthar et al. (2008). Glass columns packed with sand (50
mesh particle size) were first saturated with brine. The pore
volume (PV, ml) of the sand-packed column was calculated
by measuring the volume of brine required to saturate the
column. The porosity (%) of the column was calculated as
the PV divided by the total volume of the empty column. In
the second step, light crude oil was flooded into the column
until no more brine emerged from the base of the column.
The original oil in place (OOIP) was calculated as the vol-
ume of crude oil retained in the column. The initial oil satu-
ration (Soi, %) (Eq. 1) and initial brine saturation (Swi, %)
(Eq. 2) were calculated as follows:

. 00IP

Soi % 100, ¢))

. PV -00IP
Swi= ——— x

100. 2)

The column was flooded again with brine to obtain the
residual oil saturation (Sor, %). The amount of oil recov-
ered, which is the so-called oil recovered after brine flooding
(Sorwf, ml), was used to calculate the residual oil saturation
(Sor) (Eq. 3) as follows:

_ OOIP — Sorwf
B OOIP

Sor % 100. 3)

The residual oil in the column was flooded with a 0.6
pore volume of crude biosurfactant and incubated at 50 °C
for 24 h. The column was flooded again with brine and
the amount of oil recovered using crude biosurfactant (oil
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recovered after biosurfactant flooding (Sorbf, ml)) was used
to calculate the additional oil recovery (AOR, %) (Eq. 4) as
follows:
Sorbf
AOR(%) = —— x 100.
(%) = 501P = Sorwt @

The control column was flooded with brine only and was

incubated under the same conditions.

Results and discussion

Sequential isolation of microorganisms
and screening results

The principal of sequential isolation used in this study was
the pattern of hydrocarbon susceptibility to degradation by
bacteria from the easiest to the hardest chain, which can
be written as: alkane > light aromatic > cycloalkane > heavy
aromatic > asphalt (Van Hamme et al. 2003). Sequential

isolation was expected to capture diverse degrading capa-
bilities of indigenous bacteria for different oil fractions
(Halim et al. 2008). The first stage would isolate bacteria
that can degrade light-oil fractions, whereas the second stage
would isolate bacteria that metabolized a heavier oil frac-
tion as substrate. Bacterial activities on the heavier fraction
of crude oil degradation will decrease the oil viscosity, and
thus, have a high potential to be used in MEOR (Purwasena
et al. 2014).

Sequential isolation resulted in 18 bacterial isolates from
stage one and 14 isolates from stage two (Table 3). Gram
staining showed that 30 isolates were Gram-negative rods and
two isolates were Gram-positive cocci. Some Gram-negative
bacteria dominate the subsurface and oil-contaminated envi-
ronment because they have adapted to live in a hydrocarbon
mixture, such as poly- and mono-aromatics, as reported in
several studies (Batista et al. 2006; Lazaroaie 2010; Shoeb
etal. 2015). Several possible mechanisms of this physiological
adaptation are the impermeability of cell membranes to toxic
hydrocarbon, the formation of heat-stable proteins as a part of

Table 3 Screening result of

. e . First (I) stage of isolation
isolated indigenous bacteria

Second (II) stage of isolation

based on hemolytic type, oil Isolate Screening methods

Isolate Screening methods

spreading, and emulsification
index

Haemolytic type Oil spreading Emulsi-

Haemolytic type Oil spreading Emulsi-

fication fication
index index

D1 Alfa-prime + 53.65% G2 Alfa-prime + 14.60%
32.69% G3 Gamma + 72.90%
29.27% G4 Alfa-prime + 19.76%
48.78% 66.72%
51.68% 68.57%
40.69% 58.10%

J1 n.d + 11.62% 40.26%
0.00% G6 Alfa-prime + 25.00%

El Alfa + 17.50% G7 Alfa-prime +

E2 Alfa + 33.33% M2 Alfa-prime +

E3 Gamma + N3 Alfa-prime +

E4 Gamma + N4 Alfa +

Ml Alfa + N5 Gamma + 11.90%

N1 Alfa + N6 Alfa-prime + 4531%

N2 Alfa + N7 Alfa 0.00%

S4 Alfa N8 Alfa + 13.15%

S5 Alfa-prime + 28.57% N9 Alfa-prime + 29.55%

S1 Alfa + 28.26% N10  Gamma + 69.56%

S2 Alfa + 15.00%

S3 Alfa + 27.50%

T1 Alfa-prime + 44.66%

T2 Alfa-prime + 9.00%

T3 Alfa 0.00%

T4 Alfa-prime + 69.03%

n.d. Not detected
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the hydrocarbon efflux pumps, and the DNA-repairing ability
(Madigan et al. 2013).

All isolated bacteria were screened for a high biosurfactant-
producing activity. Screening was carried out against qualita-
tive (hemolytic blood assay and oil spreading test) and semi-
quantitative (emulsification index) parameters. Based on
the result, an isolate that was coded G3 showed the highest
emulsification activity (Ei=72.90%). This result indicates that
isolate G3 was a biosurfactant-producing bacterium with the
highest MEOR potential among other isolates. This bacterium
could grow at a moderately high temperature of up to 55 °C.
The negative correlation between its hemolytic type (G3 is of
gamma type) and its emulsification activity may result because
the biosurfactant failed to diffuse to the surrounding blood agar
media, as reported and reviewed in several studies (Marchant
and Banat 2014; Walter et al. 2010). This prevents the biosur-
factant from exhibiting hemolytic activity.

Biosurfactant ability to reduce IFT between oil
and water

Biosurfactant that is produced by bacteria in the MEOR
mechanism may increase the amount of recovered oil by
reducing the IFT between oil and water inside the reservoirs,
which modifies the pore-rock wettability by changing the
rock properties from oil-wet to water-wet, and by emulsi-
fying hydrocarbons (Perfumo et al. 2010). These surface-
active molecules can disperse oil components in water by
establishing a bridge between fluids with different polarities,
such as oil-water, by reducing free energy per unit area by
forming micelles that are surrounded the oil droplets, and
by increasing the oil pseudosolubilization in water (Khire
2010).

The G3 bacterium could decrease the IFT between oil and
water from 12.9 t0 9.7 dyne/cm (Fig. 1). At 0.73 g/L, a maxi-
mum reduction of IFT was achieved (from 12.6 to 11.3 dyne/
cm), which indicates that the effective CMC of the biosur-
factant that was produced by the G3 was 0.73 g/L. A slight
difference between the reported CMC value in this experi-
ment and previous studies may result from some inherent
properties of the biosurfactant, such as the hydrophobic
chain length, purity, growth-media composition, and strain
of producing bacteria (Abdel-Mawgoud et al. 2009). From
the CMC determination, a G3 biosurfactant was observed
to exhibit good tension-active properties alongside its high
emulsification activity. Hence, this molecule has potential
for application in MEOR.

Phylogenetic analysis and identification using 16S
rRNA sequences

In Nutrient Agar media, G3 appeared to be yellow to pale
yellow, and microscopic observation revealed that the
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Fig.1 CMC curve of isolate G3

Gram-negative stained cells were rod-shaped. The colony
could grow up to 55 °C. The sequencing of ribosomal DNA
coded by the 16S rRNA gene acquired almost 99% of the
total length of the 16S rRNA sequences (1484 bp from
+ 1500 bp). Early analysis was by RDPII and NCBI BlastN
and G3 was classified as Gammaproteobacteria within
the Xanthomonadaceae family and Pseudoxanthomonas
genus. BlastN confirmed G3’s 99% identity (e value 0.00)
with Pseudoxanthomonas taiwanensis. Further analysis
using phylogenetic tree reconstruction as depicted in Fig. 2
revealed that G3 was included in the cluster group of the
Pseudoxanthomonas taiwanensis strain NBRC 101072, P.
taiwanensis CB-226, and P. suwonensis strain 4M1.

Previous studies reported the isolation of Pseudoxan-
thomonas sp. from global hydrocarbon ecosystems, such as
from oil sludge, BTEX-contaminating soil, and mining coal
(Lee et al. 2008; Harada et al. 2006; Kumari et al. 2011;
Young et al. 2007); Nayak et al. (2009) reported the suc-
cessful isolation of Pseudoxanthomonas sp. PNK-04, which
could produce rhamnolipid biosurfactant from coal samples.
Chang et al. (2005) were able to isolate Pseudoxanthomonas
kaohsiungensis from oil sludge samples in Taiwan with a
high emulsification activity on crude oil and they were able
to lower the surface tension from 68 to 32.6 dyne/cm.

Finally, in accordance with the 16S rRNA sequences and
phylogenetic analysis, the G3 bacterium was named Pseu-
doxanthomonas sp. G3.

Growth curve and biosurfactant production
of Pseudoxanthomonas sp. G3

To investigate the pattern of biosurfactant synthesis by Pseu-
doxanthomonas sp. G3, the bacterium growth was studied in
batch mode using SMSS media with heavy oil as the main
carbon source, in parallel with biosurfactant production
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Fig.2 Phylogenetic tree based
on 16S rRNA sequencing analy-
sis constructed by neighbor-
joining method confirmed
MEOR_G3 as a bacterium with
Pseudoxanthomonas genus
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| Stenotrophomonas maltophilia strain 1AM 12423

0.005

measurements. The kinetics of biosurfactant production is
important for larger industrial-scale development and prac-
tical purposes, such as MEOR. The highest cost spent on
biosurfactant production is on downstream processing, €.g.,
extraction and purification. Thus, biosurfactants with a faster
production time and fewer impurities will be very promising
for industry (Mulligan et al. 2014).

Figure 3 shows that a lag phase appeared in the first
12 h, then the bacterium entered an exponential phase in
the next 12 h with a constant and maximum growth rate
(0.434 CFU/h). After 24 h, the cells reached a stationary
phase. In parallel with the growth phase, biosurfactant pro-
duction by the bacterium was low during the initial 12 h,
increased significantly within the next 12 h until 48 h of
incubation, and reached a maximal concentration at a late-
exponential-early stationary phase. Therefore, it can be con-
cluded that biosurfactant that is produced by the bacterium
can be considered to be a growth-associated metabolite.
The result concurs with the previous report by Nayak et al.
(20009).

In the late-exponential-early stationary phase, maximum
biosurfactant production resulted because of mineral limita-
tions in media, such as N, Ca, Mg, and P, which had been
exhausted during the logarithmic-growth periods (Mulli-
gan and Gibbs 1989 in Mulligan et al. 2014). The decrease
in biosurfactant concentration as the cell entered the late-
exponential phase to the early death phase may be caused
by biosurfactant interaction with the cell membrane, such
as a phospholipid, which has a similar structure (Hommel
1990). As a result, the bacterium may have experienced an
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Fig.3 Growth biosurfactant production curve by Pseudoxan-
thomonas sp. G3 at different incubation times (h)

excessive toxic effect. Consequently, the biosurfactant con-
centration in the medium declined at the end of the incuba-
tion period.

FT-IR analysis of biosurfactant molecule

Preliminary analysis to characterize the biosurfactant pro-
duced by Pseudoxanthomonas sp. G3 was conducted using
the qualitative blue agar plate method as described by
Siegmund and Wagner (1991). The bacterial colony pro-
duced a dark blue color on the media, which suggests the
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production of a glycolipid class of biosurfactants by the bac-
terium. Further characterization was conducted using FT-IR
spectroscopy.

The IR spectra (Fig. 4) showed a maximum absorption
at several wavenumber locations, which was caused by the
presence of distinct functional groups (Coates 2016). The
most important peaks at 3388-3136/cm (stretching of O-H
and C-H bonds) and several wavenumber positions at 1647,
1543, and 1386/cm correspond to C=0 stretching (part of
carbonyl functional group), C—C stretching, and a-CH2 and
o-CH3 bending (representing aliphatic chains), respectively.
In the fingerprint regions (1500-500/cm), the absorption
bands at 1103, 964, 829, and 609/cm confirmed the pres-
ence of C—O bonds (which indicates part of the hydrophilic
regions in glycoside moieties), bending of trans C—H and
C-H bonds, C-C vibrations, and bending of O—H bonds,
respectively.

According to IR spectral analysis, biosurfactant produced
by Pseudoxanthomonas sp. G3 was a glycolipid. The struc-
ture and functional groups in the molecule were similar to
the rhamnolipid and glycolipid structure with the presence
of -OH, CO, -COOH, CH,, and CH; groups in the structure
(Nitschke et al. 2011).

Effects of pH, temperature, and salinity
on biosurfactant stability

The effectiveness of biosurfactant produced by Pseudoxan-
thomonas sp. G3 for MEOR implementation was evaluated
by studying its emulsification stability that was influenced
by the interactive effect of pH, temperature, and salinity. The
physiological factors were considered to be the most critical
environmental parameter in the MEOR mechanisms, specifi-
cally for biosurfactant injection, as reported by Al-Sulaimani
et al. (2011). Biosurfactant must be stable for 50-80 °C, a
wide range of pH values, and various salinity concentrations
that simulate oil reservoir conditions. A good biosurfactant
emulsifying property is its potential to instigate oil-water
emulsification (Perfumo et al. 2010).

To determine the relationship caused by the interactive
effect of previous critical factors with biosurfactant stability,
polynomial regression equation was constructed using the
Box-Behnken model of the response-surface methodology.
The measured response was the emulsification index (Ei)
after 24 h with a 15-min temperature exposure. ANOVA
statistical analysis from the generated response in term of Ei
(Table 4) showed that the most significant interactive effect
of the environmental factor on biosurfactant emulsifying
activity was the interaction between pH and temperature
(p» <0.05). The analysis produced the following equation
for Ei calculation (Eq. 5):

Fig.4 IR spectra of Pseudoxan-
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Table 4 Analysis of variance (ANOVA) of Box—Behnken design of experiment showing response-surface regression of Ei versus blocks, pH,

temperature, and salinity

Source DF Adj SS Adj MS F value P value
Model 12 2.64162 0.220135 20.40 0.000
Blocks 3 0.27290 0.090967 8043 0.000
Linear 3 0.91275 0.304251 28.20 0.000
pH 1 0.08324 0.083242 7.72 0.010
Temperature 1 0.82919 0.829186 76.85 0.000
Salinity 1 0.00033 0.000325 0.03 0.863
Square 3 0.75433 0.251445 23.30 0.000
pHXxpH 1 0.00447 0.004470 0.41 0.525
Temperature X temperature 1 0.22905 0.229051 21.23 0.000
Salinity X salinity 1 0.00037 0.000372 0.03 0.854
Two-way interaction 3 0.07217 0.024057 2.23 0.106
pH X temperature 1 0.06562 0.065621 6.08 0.020
pH X salinity 1 0.00655 0.006549 0.61 0.442
Temperature X salinity 1 0.00000 0.000002 0.00 0.990
Error 29 0.31289 0.010789

Lack of fit 21 0.27006 0.012860 2.40 0.102
Pure error 8 0.04283 0.005354

Total 41 2.95451

Model Summary

S R-sq (%) R-sq (adj) (%) R-sq (pred) (%)

0.103872 89.41 85.03 76.20

Ei = —-0.076 — 0.0051 pH + 0.02202 temperature — 0.0018 salinity
— 0.00158 pH x pH — 0.000177 temp. X temp. + 0.00071 salinity X salinity (%)
+ 0.000261 pH x temp. — 0.00083 pH X salinity — 0.000002 temp. X salinity.

The cell-free supernatant that contained biosurfactant
produced by Pseudoxanthomonas sp. G3 could maintain a
high emulsification activity up to 50% in a wide pH range
(2-12) and at a NaCl concentration of up to 10% (w/v). The
biosurfactant was relatively stable up to 100 °C. The ability
to preserve a moderate salinity environment implies that the
biosurfactant was halophilic (Chandankere et al. 2013) and
the moderately strong ionic tolerance indicated its suitability
for MEOR under high-salinity conditions (Shavandi et al.
2011). Several previous studies have reported that glycolipid
biosurfactant could maintain its activity in a pH range of
2-10, at a moderate NaCl concentration, and at extreme tem-
peratures (Mnif and Ghribi 2015). The contour plot (Fig. 5)
depicts the interactive effect of pH, salinity, and tempera-
ture on the emulsion stability of a crude-form biosurfactant
by the selected bacterium. The unique tolerance of biosur-
factant produced by Pseudoxanthomonas sp. G3 makes this
bacterium a good candidate for MEOR application in a wide
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range of pH, salinities, and temperatures, including for bio-
product injection.

Sand-packed column experiment

To evaluate the applicability of crude biosurfactant produced
by Pseudoxanthomonas sp. G3 for ex situ MEOR, biosur-
factant was flooded into the sand-packed column experiment
to release residual oil in the column. We found a different
structure and permeability zone from sand packed in the
column as reflected from the variation in PV and all other
parameters, including the amount of residual oil in the col-
umn. Biosurfactant flooding in two sand-packed columns
yielded 38.46-42.11% oil recovery. Compared with the
control, biosurfactant flooding increased the oil recovery
by 20% (18.4-42.11%). A summary of the oil recovery in
the sand-packed column using brine flooding and a crude
biosurfactant of Pseudoxanthomonas sp. G3 is shown in
Table 5. Previously, a sand-packed column experiment that
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Fig.5 Contour plots generated from regression model representing interactive effects of pH, temperature, and salinity on biosurfactant stability

by Pseudoxanthomonas sp. G3 with light crude oil after 24 h

Table 5 Summary of oil recovery in sand-packed column using brine
flooding and crude biosurfactant of Pseudoxanthomonas sp. G3

Parameters Control R1 R2
PV (ml) 53.5 53 55
Porosity (%) 21.4 21.2 22
OOIP (ml) 43.5 43 47
Soi (%) 81.31 79.24 85
Swi (%) 18.69 20.75 14.54
Sorwf (ml) 31 30 28
Sor (%) 28.73 30.23 40.42
Sorbf (ml) 2.3 5 8
AOR (%) 18.4 38.46 42.11

used crude biosurfactant flooding produced by different
species of Bacillus spp. and Fusarium sp. BS-8 resulted in
24.5-46% additional oil recovery (Suthar et al. 2008 and;
Qazi et al. 2013). Gudina et al. (2013) and Sun et al. (2018)
reported that for the MEOR experiment, the oil recovery
from OOIP was below 50%.

Conclusions

A thermophilic biosurfactant-producing microorganism
was isolated from a heavy oil reservoir and identified
as Pseudoxanthomonas sp. G3. The potential use of the
biosurfactant produced by this bacterium for MEOR lies
in its high emulsification activity in light crude oil (Ei
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value 72.90%) and its ability to lower the IFT from 12.9 to
9.7 dyne/cm with an effective CMC of 0.73 g/I. The FT-IR
spectra show that the produced biosurfactant was gly-
colipid in nature. The crude extract of the produced bio-
surfactant was stable at high temperatures and in a mod-
erately saline environment, and could maintain its activity
over a wide range of pH values based on the Box—Behnken
model design. A sand-packed column experiment with
the biosurfactant resulted in 20% additional oil recovery.
Therefore, this bacterium and its biosurfactant could be
suitable for use in MEOR.
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