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Abstract

The present study describes the ex-situ production of a biosurfactant by Pseudomonas sp. TMB2 for its potential application
in enhancing oil recovery. The physicochemical parameters such as temperature and pH were optimized as 30 °C and 7.2,
respectively, for their maximum laboratory scale production in mineral salt medium containing glucose and sodium nitrate
as best carbon and nitrogen sources. The surface activity of the resulting culture broth was declined from 71.9 to 33.4 mN/m
having the highest emulsification activity against kerosene oil. The extracted biosurfactant was characterized chemically as
glycolipid by Fourier-transform infrared spectroscopy and 'H and '*C nuclear magnetic resonance spectroscopy analyses.
The presence of mono-rhamnolipids (Rha-Cg.,, Rha-C,, Rha-C,,-C,,, and Rha-C,,-C,,.,) and di-rhamnolipids (Rha-Rha-
C,,-Cyy, Rha-Rha-C;,-C,(, and Rha-Rha-C,(-C,.;) congeners were determined by liquid chromatography-mass spectroscopy
analysis. The thermostability and degradation pattern of the candidate biosurfactant were tested by thermogravimetry assay
and differential scanning calorimetry studies for its suitability in ex-situ oil recovery technology. The rhamnolipid based
slug, prepared in 4000 ppm brine solution reduced the interfacial tension between liquid paraffin oil and aqueous solution
to 0.8 mN/m from 39.1 mN/m at critical micelle concentration of 120 mg/L. The flooding test was performed using conven-
tional core plugs belonging to oil producing horizons of Upper Assam Basin and recovered 16.7% of original oil in place
after secondary brine flooding with microscopic displacement efficiency of 27.11%.

Keywords Microbial enhanced oil recovery - Pseudomonas sp. TMB2 - Rhamnolipids - Interfacial tension and microscopic
displacement efficiency

Introduction

Recovery of crude oil from the depleted reservoir is one
of the promising areas and stands as major challenges in
petroleum industry research due to the rising demand of
crude oil in daily life. Conventional primary and secondary
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oil recovery methods produce nearly 30-40% of oil from
the reservoirs (Al-Sulaimani et al. 2011). Initially, natural
reservoir pressure is sufficient to produce oil from the oil
reservoir as in primary recovery method. As the reservoir
pressure declines, secondary methods like water flooding
become necessary to enhance recovery efficiency. An antici-
pated amount of nearly 7 trillion barrels of conventional and
heavy oil still remains in the reservoir porous media world-
wide after using these conventional technologies (Thomas
2008). Enhanced oil recovery (EOR) is a tertiary oil recov-
ery method and receives more attention as it enables further
recovery of trapped oil with the use of external pressure
(used CO,, CH,), heat (hot water) and some synthetic chemi-
cals such as surfactants, polymers, etc. But such methods
and technologies have come with some difficulties such as
high toxicity and production cost to commercialize them.
Microbial enhanced oil recovery (MEOR) as an alternative
of EOR technologies bears advantages of low toxicity, bio-
equivalence, biodegradability and economic feasibility for

pisllase ol ay .
Ay &) Springer


http://orcid.org/0000-0002-9459-1897
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-020-2094-9&domain=pdf
https://doi.org/10.1007/s13205-020-2094-9

120 Page2of17

3 Biotech (2020) 10:120

field implementation. In the MEOR technology, microbes
and their metabolites including biosurfactants, biopolymers,
bio-acids, biosolvents and biogas are used for enhancement
of oil recovery.

Because of the amphipathic nature, biosurfactants have
gained substantial interest in biotechnological research for
developing an efficient MEOR technology. Biosurfactants
(BS) are categorized into glycolipid, phospholipids, poly-
meric biosurfactants and lipopeptides, etc. based on their
nature and origin (Banat et al. 2010). Out of them, rham-
nolipid (glycolipids) and surfactin (lipopeptide) are the
most studied BSs produced by Pseudomonas aeruginosa
(Eskandari et al. 2009; Amani et al. 2013) and Bacillus sub-
tilis (Pereira et al. 2013; Joshi et al. 2016) to use in MEOR
technology, respectively.

Generally, the hydrophilic head of rhamnolipids is com-
prised of mono- or di-rhamnose groups, while the hydro-
phobic tail consists of a long fatty acid chain (Desai and
Banat 1997). Therefore, these rhamnolipids can act as an
intermediate between oil and water or oil and rock plug to
reduce the interfacial tension (IFT) and thereby, tends to
reduce the capillary force for the significant recovery of
trapped oil (Santos et al. 2016). Because of low toxicity,
high biodegradable property, bioavailability and high stabil-
ity at extreme pH, temperature and salinity, these BSs have
gained lots of attention in the oil recovery process (Desai
and Banat 1997).

Based on the use of biosurfactant, MEOR technology is
divided into two categories: ex-situ and in-situ. In ex-situ
MEOR technology, BSs are produced externally in shake-
flask medium or bioreactor to inject into the reservoir
through a separate well for the reduction of IFT. In other
cases, indigenous microorganisms inherent or infused to the
reservoirs are induced for augmented production of their
metabolites by supplying required nutrients (Al-Sulaimani
et al. 2011). Numerous investigations have been reported for
the recovery of residual oil from the reservoir using rham-
nolipids (Eskandari et al. 2009; Zhao et al. 2016). Amani
et al. recovered nearly 27% of residual oil using 120 mg/L
of rhamnolipid in sand pack column (Amani et al. 2013),
whereas Pseudomonas aeruginosa PBS produced rham-
nolipid recovered approximately 56.18 + 1.59% of additional
oil from sand pack column (Sharma et al. 2018). But, very
fewer investigations have been reported for the oil recovery
study with special reference to the first oil reservoir of India,
which belongs to the Upper Assam Basin. Therefore, it is
worth reporting a systematic investigation for the recovery of
residual oil from Upper Assam based reservoir plugs using
a new bacterial strain, isolated from crude oil contaminated
soil of Assam.

In this report, the crude rhamnolipids extracted from
liquid culture of Pseudomonas sp. TMB2 was used for oil
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recovery study in Upper Assam (India) reservoir based rock
plug. Based on the above literature survey, an optimized
strategy was used to produce biosurfactant from a new bacte-
rial strain, Pseudomonas sp. TMB2 and characterized phys-
icochemically to examine its suitability for ex-situ applica-
tion in MEOR technology. Two fundamental mechanisms,
interfacial tension reduction and wettability alteration, were
also validated before using the biosurfactant in oil recovery
technology.

Materials and methods

Screening of biosurfactant producing bacteria
for MEOR

Hydrocarbon-degrading bacterial colonies were isolated
from crude oil contaminant soil of local petrol pumps situ-
ated at Tezpur, Assam. One gram of collected soil samples
was added to n-hexadecane containing mineral salt medium
(Salehizadeh and Mohammadizad 2009) and incubated at
37 °C and 150 rpm for 4 days. After that, 1 mL of incubated
culture medium was separated aseptically and transferred
to a fresh n-hexadecane containing mineral salt medium
(MSM) for another 4 days of incubation at the same condi-
tions. These cycles were repeated for another three more
times before isolation of the bacterial samples in MSM agar
medium (Haloi and Medhi 2019).

Conventional tests such as surface tension (ST) reduction,
emulsification index (E24%), haemolysis and oil spreading
were performed for the screening of BS producing bacterial
strains (Walter et al. 2010). For the screening test, 2% glu-
cose was used as a carbon source in 50 mL MSM containing
Erlenmeyer flask for the growth of the bacterial strain. A
semi-quantitative method, cetyltrimethylammonium bro-
mide (CTAB) agar test was also performed to determine the
anionic nature of produced BS (Walter et al. 2010).

Identification of biosurfactant producing bacteria
for MEOR

After screening, the bacterial strain was identified by 16 s
rDNA sequencing. Two universal primers 27f (5'-AGA
GTTTGATCCTGGCTCAG-3') and 1492r (5'-GGTTAC
CTTGTTACGACTT-3') were used for the amplification of
approximately 1.5 kb desired product (Jiang et al. 2006).
The phylogenetic tree was constructed by CLC sequence
viewer after retrieving the closely related sequences from
NCBI-BLAST (National Centre for Biotechnology Informa-
tion—Basic Local Alignment Search Tool).
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Optimization of biosurfactant production
in laboratory scale

Physicochemical (carbon and nitrogen sources) and envi-
ronmental (pH and temperature) parameters of production
medium were optimized for maximum yield of the metab-
olites using one factor at a time (OFAT) method. Carbon
source was optimized among hydrophilic (glucose and
sucrose) and hydrophobic (hydrocarbons such as n-penta-
decane, n-hexadecane, n-tridecane and kerosene oil) sub-
strates, whereas the optimum nitrogen source was selected
among sodium nitrate (NaNO;), urea (CH,N,0), ammonium
chloride (NH,Cl), ammonium sulphate (N,HgSO,), ammo-
nium acetate (C,H;0,NH,) and yeast extract. The effects
of environmental parameters such as temperatures (23 °C,
30 °C, 37 °C and 45 °C) and pH (4, 5.5, 7.2, 8.5 and 10) on
BS production were also evaluated by measuring BS activity
of growth medium. BS activities of the cell-free supernatant
were evaluated by tensiometer in triplicates (Govindammal
2014).

Production of biosurfactant

The selected bacterial isolate was incubated at optimum
conditions in 50 mL of MSM medium, where the carbon
source concentration was 2%. After 96 h of incubation, cell-
free supernatant (CFS) was collected by centrifugation at
7000 rpm in 4 °C for 20 min and maintained the pH at 2
using 6 N HCl followed by keeping overnight at 4 °C. After
that, the precipitate was collected by centrifugation at 7000
rpm in 4 °C for 20 min and extracted the BS by dissolving
in ethyl acetate for two to three times. Honey colour BS was
collected from ethyl acetate after drying in a rotary evapora-
tor (Bharali et al. 2011; Haloi and Medhi 2019).

Characterization of biosurfactant
FTIR analysis

Crude BS was chemically characterized using FTIR (Perkin
Elmer Spectrum 1000, USA) analysis. The BS was mixed
with pure KBr powder to make pallet and scan in the range
of 400-4000 cm™! at the resolution of 4 cm™' to determine
the presence of various chemical bonds and functional
groups in the investigated BS (Singh and Tiwary 2016).

Volume of burette reading X normality X molecular weight of KOH

'H and "*C NMR analyses

Partially purified BS structure was characterized by 'H and
13C NMR spectroscopy (JNM, ECS-400 MHz NMR, ver-
sion 4.3.6, Japan) analysis. The spectra were recorded at
293.95 K on 400 MHz spectrophotometers after dissolv-
ing approximately 50 mg of BS in 100% chloroform. Tetra-
methylsilane (TMS) was used as an internal standard for
this experiment.

HR-LCMS study

The BS was dissolved in methanol (HPLC grade, Sigma)
followed by filtering through a 0.22 pm syringe filter to
analyse in HR-LCMS (Model 1290, Agilent Technologies,
USA). 5 pL injected volume was used for this analysis in the
m/z range of 50-1000 Da and scan rate of 1 spectrum/min
(Tavares et al. 2013).

TGA-DSC study

The decomposition temperature of the BS was evaluated by
the TGA (Shimadzu TGA-50H, Japan) study under nitrogen
flow rate of 30 mL/min and the heating rate of 10 °C/min in
the temperature range of 25-600 °C (Sharma et al. 2015).

Different transition stages such as glass transition (7 ),
crystallization (7,,) and melting temperature (7},,) were deter-
mined by DSC (DSC-60, Shimadzu, Japan) study under
nitrogen flow rate of 30 mL/min in the temperature range of
25-300 °C (Gnanamani et al. 2010).

Characterization of crude oil and rock plug
Crude oil characterization

The characterization of crude oil, collected from ONGC-
Borholla, Jorhat, Assam was done by following ASTM
(American society for testing and materials) methods: for
API (American Petroleum Institute) gravity and kinematic
viscosity determinations, ASTM D1298 and ASTM D445
were used, respectively. ASTM D97 and ASTM D664 meth-
ods were used for the determination of pour point and acid
number of the investigated crude oil. The dynamic viscosity
was calculated from kinematic viscosity after dividing by
the density of the crude oil, while the characterization factor
(CF) and correlation index (CI) were determined using Rao
(2002). The empirical formulas are as follows:

Acid number =

Weight of crude oil
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pisllase ol ay .
Ay &) Springer



120 Page4of17

3 Biotech (2020) 10:120

TBP(R)3

CF = ,
Specific gravity at 60°F of the crude oil

(@)

where TBP(R) is the average boiling point (°R).

_ 48640

B

CI + 473.7 x Specific gravity at 60°F — 456.80,

3

where Tj is the boiling point (moral) °K.
Rock plug

The porosity was measured in TPI-219 teaching Helium
Porosimeter, while the ratio of air volume of rock to the total
volume of the rock i.e. pore volume (PV) was calculated
using the following formula:

T 2
PV = ZDL x ¢,
n ¢ @

where D and L represent the diameter and length in cm of the
core plug, respectively, and ¢ is the porosity of the core plug.

IFT reduction and wettability test
ST and IFT

The ST reduction ability of the investigated BS was meas-
ured in 4000 ppm brine solutions with varying BS concen-
trations, whereas the static IFT between the oleic phase and
aqueous phase in varying BS concentrations were measured
by Du Nouy ring method (Kruss Easy Dyne Tensiometer-
K20, Germany) at room temperature for determination of

V4 Vs V6

<

critical micelle concentration (CMC). CMC is the concen-
tration of BS at which the ST or IFT is least and after which
the ST and IFT remain almost constant even though the BS
concentrations in the aqueous phase increases.

Wettability test

Wettability study was performed as per Nwidee et al. (2017)
with minor modification by measuring the contact angle
between the core chips and the CMC valued BS containing
aqueous phase. The core chips were cut in the core-cutting
machine (Veenedyt Instruments, India) into 2.5 cm diam-
eter and 0.8 cm length. Then, the chips were cleaned with
a mixer of methanol and toluene (1:1) in soxhlet apparatus
at 40 °C for 24 h followed by saturating with the crude oil
in a vacuum pump. Consequently, the chips were immersed
for a period of 40 days in 4000 ppm brine and cleaned by
hand and dried. After that, a drop of 4000 ppm brine and an
aqueous solution containing CMC value of BS in 4000 ppm
brine were dropped carefully on the surface of the chips
using a stainless steel needle containing syringe to measure
the contact angles. The angles of contact between the brine
and BS containing aqueous solution, on the core plugs were
recorded simultaneously in the contact angle measurement
setup (Dataphysics OCA 15 EC, GmbH, Germany).

Flooding experiments
Determination of absolute permeability

Core plugs of size 3.74 cm diameter and 8.9 cm length
were prepared using the core cutting, core plugging (Bharat

A
5
i’ v v
7 H ~
[ I

Fig.1 Schematic diagram of Core flooding apparatus. 1. Core, 2. Sil-
icon sleeve, 3. Hot air oven, 4. Burden pressure, 5. Gas/air cylinders,
6 and 7. Hydraulic hand pump, 8. Slug container, 9. Oil container, 10.
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Brine container, 11. Stainless steel solid rods, 12. Hydraulic pusher
(10 ton capacity), 13. Scanner with data acquisitions system, and 14.
Outlet



3 Biotech (2020) 10:120

Page50f17 120

Bijlee Limited, India) and end facing (Veenedyt Instruments,
India) machines. The plugs were cleaned in a soxhlet appa-
ratus for 24 h, followed by ultrasonic cleaning for 30 min
in an ultrasonic instrument and dehumidified in a humidity
control oven for 72 h. The plugs were then saturated with
4000 ppm brine in a vacuum pump till no bubbles appear
from the surface of the plugs. 4000 ppm brine solution was
prepared in distilled water using NaCl and the brine salinity
was selected with reference to the previous literate where
it was found that the salinity of reservoir brine of Upper
Assam was approximately 3800 ppm (Phukan et al. 2019).
The saturated core samples were fixed in the Husserl core
holder of the core flooding instrument (Fig. 1) and flooded
with 4000 ppm brine solution for the determination of abso-
lute permeability (K,;,). The flooding experiments were per-
formed at 70 °C, as recommended in the previous report of
Phukan et al. (2019). The calculation of K, was done for
steady state one phase flow using Darcy’s low as in the fol-
lowing equation:

_ amnL

T APA’ )

where K is the permeability, ¢ is the flow rate in cm?/s, u is
the dynamic viscosity in cp, L is the length of the core in
cm, AP is the pressure difference between inlet and outlet

to the plug in dyne/cm, and A is the area of the plug in cm?.

Drainage process

In the drainage process, a brine saturated rock plug is
flooded with the oil (Gogoi 2014). The light paraffin oil is
so selected that it matches the crude oil characteristics. Dur-
ing the injection of oil, the effective permeability of brine
(K,,) is obtained till the point of breakthrough of oil and

Oil recovered =

(Oil recovered by the investigated BS flooding at CMC) <1

_ (Brine flash out — Line volume) v
B Pore volume

100, )

oi

Pore volume — S
wi =

x 100. 7
Pore volume 7

Firstimbibition process

In the first imbibition process or secondary brine flooding,
oil saturated plugs are flooded with 4000 ppm brine (Gogoi
and Das 2012). During the injection of brine, the effective
permeability of oil (K,) is obtained till the point of break-
through of brine and after the breakthrough both oil and
brine will be produced, this is K, and K|, w.r.t. water and
oil, respectively. This process is continued until S, (residual
oil saturation) at S,;. S, was calculated in this process as
follows:

[Sy — Oil flash out|

Pore volume

Sor = x 100. ®)

Both the drainage and imbibition’s processes are immis-
cible, incompressible two phase unsteady processes. There-
fore, JBN method was used to derive the relative perme-
ability neglecting the capillary pressure. The graph of K,
and K., was plotted against S, (water saturation), from the
finding of the JBN method (Johnson et al. 1959).

Second imbibition process

The plugs after the first imbibition process were saturated
with S, and S,,. Recovery efficiency is defined as an amount
of oil that can be recovered from S, by the 4000 ppm brine
solution comprising of BS at CMC. This process is known
as second imbibition process or tertiary oil recovery process
(Gogoi 2014).

00. ®

S

or

after the breakthrough both oil and water will be produced,
this is the relative permeability of oil and water w.r.t. water
and oil (K, and K, ), respectively. This process is continued
until oil relative permeability (K,,) at initial water saturation
or connate water saturation (S,,;). In this process, initial oil
saturation (S,;) and initial brine saturation (S,,;) were calcu-
lated using Eqgs. 6 and 7, respectively. S,,; was used for the
calculation of relative permeability’s by Johnson, Bossler
and Naumann (JBN) method (Johnson et al. 1959):

Oil recovery calculations

Literature in chemical EOR says that slug comprising of pol-
ymers improve the microscopic volumetric sweep efficiency,
whereas the surfactant based slug enhances the microscopic
displacement efficiency of the reservoir (Nelson et al. 1984;
Liu 2008). So, microscopic displacement efficiency (Ep)
of the investigated rhamnolipid based slug was calculated
according to the following equation (Olajire 2014):
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E [Soi - S, after oil recovery process]
D~ :
S,

oi

(10)

Results and discussion

Screening of biosurfactant producing bacteria
for MEOR

Out of 13 hydrocarbons degrading bacteria isolated from
crude oil contaminated soil, an efficient biosurfactant
producing bacterium was selected based on conventional
screening tests such as ST reduction, E24%, haemolysis and
oil spreading test.

The isolated strain, initially coined as TMB2 has
reduced the ST of inoculated medium from 71.9 to 33.4
mN/m. Aparna et al. reported Pseudomonas sp. 2B with
ST reduction capacity of 30.14 mN/m (Aparna et al. 2012),
which is quite closer to our reporting strain. E24% capac-
ity of the reporting stain was investigated against different
hydrocarbons such as n-hexadecane, n-pentadecane, olive
oil and kerosene oil and observed maximum emulsification
capacity against kerosene oil (78.6%) followed by olive oil
(62.5%), n-pentadecane (50%) and n-hexadecane (25%). The

Pseudomonas aeruginosa strain NA140 gi[346718956]gbKT005276.1|
Baclenum Y3 gil937185771/gb[KT759043.1|

Pseudomonas aeruginosa sirain DM14 gi954037050|gb|KT229747.1|
Bacterium F7-5 gi|937185733|gbKT759005.1
Pseudomonas aeruginosa strain: UICC B gi|1040460898|dbjjL.C159298.1

emulsion layers were observed to be stable for more than
3 months in all the cases. Previously, a maximum E24%
activity of 68.75% was reported for BS producing Achromo-
bacter sp. TMB1 with olive oil, n-hexadecane and Kerosene
oil (Haloi and Medhi 2019). On the other hand, the maxi-
mum activity was reported to be 69% for Pseudomonas sp.
BUP6 with kerosene oil followed by groundnut oil, diesel,
n-decane and petrol, respectively (Priji et al. 2017). A clear
zone in haemolysis test indicated the production of BS from
the isolated strain. Similarly, oil spreading test also showed a
positive indication for BS production. The semi-quantitative
method, CTAB agar test showed a blue colour hole around
the bacterial colony in CTAB and ethylene blue containing
agar plate, which indicated the production of anionic BSs by
the isolated bacterial strain.

Identification of the isolated biosurfactant
producing bacteria for MEOR

The selected strain was identified as Pseudomonas sp.
TMB2 (Fig. 2) after partial 16 s TDNA sequencing and phy-
logenetic tree analysis. Further, the partial sequence was
uploaded into NCBI-gene bank database with accession
number KX661384.

Pseudomonas aeruginosa slrain NAT45 /|946718961]gb|KT005281.1
<1_‘—0 Pseudomonas aeruginosa strain RSP3 i|929983497)gb|KR051489.1
Pseudomonas aeruginosa slrain PAD0Y gif385484914/gbKU598676.1
] Pseudomonas aeruginosa strain DM12 gif954037048|gb(KT229745.1|
‘!_‘—0 Pseudomonas aeuginosa stain RT3 1011765586 gbKTa43977.1
Pseudomonas aeruginosa strain NA141 gil946718957)gb|KT005277 1|

m

+ Pseudomonas aeruginosa strain MSRO2C gi/ 103573561 3|gb|

l ™2

Pseudomonas aeruginosa strain MN-Endo! gil657173986|gb|KJ563280.1
Pseudomonas aeruginosa strain HX-2 gil 104285337890 |KX461910.1
Pseudomonas aeruginosa sirain FX gi|1021645371]gb[KT189159.1

Pseudomonas aeruginosa strain NA137 gil946718954|gb[KT005274.1

Pseudomonas sp. JXJ gi|888950090|qb|KT268316.1

4 Pseudomonas sp. LW-20 9i|926241917igb|KR258769.1

—+ Pseudomonas aeruginosa strain PA4 gi[959364525]gblKT266562.1
Pseudomonas aeruginosa strain RP2 gij209361534|gb|FJ194531.1

0.002

Fig.2 Characterization of the isolated biosurfactant producing strain. Phylogenetic position of the isolated bacterial stain with other Pseu-
domonas sp. Bar 0.002 represents 2 nucleotide substations per 1000 nucleotides
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Fig.3 Optimization of bio-

surfactant production. Effects
of carbon (a) and nitrogen (b)
source on maximum biosur-
factant production by Pseu-
domonas sp. TMB2 in shake-
flask medium
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Optimization of biosurfactant production
in laboratory scale

Carbon and nitrogen sources have significant effect on BS
production. Among all hydrophilic and hydrophobic sub-
strates used in this investigation, glucose was found more
appropriate for maximum ST reduction (33.4 +0.77 dyne/
cm) followed by n-tridecane, n-pentadecane, n-hexadecane,

80

70
60 -
50 -
40 -
30 4
20 -
10 -
0 T T T
23 30 37 45

(a)

Surface tension (dyne cm)

Temperature (°C)

u Surface tension

Urea A i A

Surface tension (dyne cm)

(b)

OEmulsification

Carbon sources (2%)
Ix (%)

Yeast Extract Ammeninm
acetate

chisride sulfate

Nitrogen sources (0.7%)

kerosene oil and sucrose (Fig. 3a). Earlier, El-Sheshtawy
and Doheim (2014) have also found glucose as the best car-
bon source for maximum production by Pseudomonas aer-
uginosa. Although the reporting Pseudomonas sp. TMB2
showed growth in hydrophobic carbon sources, the corre-
sponding increase in BS production was not found signifi-
cant enough compared to water-soluble counterparts espe-
cially, in glucose. This finding is in contradiction with the

70 4
60 1
50 1
40
30
20 A
10 4
0 - T T T T
4 55 72 8.5 10

pH

Fig.4 Optimization of biosurfactant production. Effects of temperature (a) and pH (b) on maximum biosurfactant production by Pseudomonas

sp. TMB?2 in shake-flask medium

biglae cllallayao
KACSTa.0161lg oglell

@ Springer



120 Page8of17

3 Biotech (2020) 10:120

report of Wei et al. (2005) where hydrophobic substrates or
hydrocarbons were reported as an inducer for the production
of BS. Alkanes are very insoluble in water and the solubility
decreases with increasing molecular weight (Eastcott et al.
1988). In case of long-chain n-alkanes, microorganisms
may gain access to them either by adhering to hydrocarbon
droplets or by a surfactant-facilitated process. Surfactants
have been reported to increase the uptake and assimilation
of alkanes such as n-hexadecane in liquid cultures (Beal
and Betts 2000; Noordman and Janssen 2002). Microbial
surfactants are known to have other roles as well, such as
facilitating cell motility on solid surfaces (Kohler et al. 2000;
Caiazza et al. 2005) or the adhesion/detachment to surfaces
or biofilms (Neu 1996; Boles et al. 2005). Moreover, the CH
activation and functionalization of alkanes are a relatively
slower and energy-intensive reaction involving mainly oxy-
genases (Crabtree 2004). The reporting bacterial strain may
metabolize glucose easily through the glycolysis pathway
to generate energy for growth and production of BS as like
as other reported Pseudomonas sp. (Rashedi et al. 2015).
Pseudomonas sp. strain LP1 (Obayori et al. 2009) and Pseu-
domonas aeruginosa PG1 (Patowary et al. 2017) were also
reported for BSs production by utilizing hydrocarbons as
carbon sources and these organisms might be switched to the
lipogenic pathway and gluconeogenesis for BS production
as reported by Nurfarahin et al. (2018). Moreover, Kumar
et al. (2015) reported another Pseudomonas sp., which pro-
duced maximum amount of BS in presence of glucose and
n-hexadecane as carbon sources in the growth medium.
NaNO; was evaluated as the best nitrogen source for max-
imum ST reduction and BS production followed by CH,N,O
and C,H;0,NH, (Fig. 3b). Yeast extract was used as a
micronutrient in this study, whereas Pseudomonas otitidis
P4 utilized yeast extract as the best nitrogen source for maxi-
mum BS production (Singh and Tiwary 2016). However, it
was interesting to found that solitary use of NaNO; or yeast
extract in the production medium was not found sufficient

45
40
35
%T 30
25

20

15

10 —r
4000 3500 3000 2500 2000 1500 1000 500
cMm!

Fig.5 Characterization of the extracted biosurfactant. FTIR spectra
of different functional groups present in the crude biosurfactant pro-
duced by Pseudomonas sp. TMB2

for BS yield. As like as different carbon sources, nitrogen
sources such as NH,Cl, (NH,),SO, and yeast extract were
also utilized by the isolate for growth, not for BS produc-
tion. NaNO; was already reported to be the best nitrogen
source for BS production by other Pseudomonas sp. like
Pseudomonas aeruginosa LBM10 (Prieto et al. 2008) and
Pseudomonas nitroreducens (Onwosi and Odibo 2012).
Temperature and pH are the two most important envi-
ronmental parameters with a significant effect on BS pro-
duction. Here, the temperature 30 °C (Fig. 4a) and pH 7.2
(Fig. 4b) were observed as the optimum conditions for
maximum production. Maximum ST reduction in optimum
growth medium was observed after 24 h of incubation and
remained constant till 120 h. Generally, BS-producing strain
required an optimum condition for maximum production
of BS (Perfumo et al. 2006; Govindammal 2014). A BS-
producing strain identified as Pseudomonas aeruginosa S2

Table 1 Surface tension reduction and biosurfactant production abilities of different Pseudomonas sp

SI. no. Bacterial strains Surface tension reduction  Biosurfactant produc- References
(mN/m) tion (g/L)
1 Pseudomonas aeruginosa 47T2 32.8 1.4 Haba et al. (2003)
2 Pseudomonas aeruginosa RS29 26.3 0.8 Saikia et al. (2012)
3 Pseudomonas aeruginosa MAO1 32.5 104 Abbasi et al. (2012)
4 Pseudomonas nitroreducens 37 5.46 Onwosi and Odibo (2012)
5 Pseudomonas aeruginosa MM 1011 26 0.7 Amani et al. (2013)
6 Pseudomonas otitidis P4 334 2.75+0.7 Singh and Tiwary (2016)
7 Pseudomonas aeruginosa PG1 29.6 2.26 Patowary et al. (2017)
8 Pseudomona aeruginosa PBS 23.76 2.65 Sharma et al. 2018)
9 Pseudomonas aeruginosa 35.26 0.877 Camara et al. (2019)
10 Pseudomonas sp TMB2 334 2.8 This study
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Table 2 Rhamnolipid congeners present in Pseudomonas sp. TMB2
produced biosurfactant

Congeners Pseudomolecular ions (m/z)
302.1731 Rha-Cy.,

331.1627 Rha-C,

499.2849 Rha-C,-C,

507.1893 Rha-Rha-C,,-C,

527.3161 Rha-Cy-C,.,

645.3422 Rha-Rha-C,-C,

673.3733 Rha-Rha-C,-C,,;

also required 4% glucose as carbon source, 50 mM NH,NO;
as nitrogen source, temperature of 37 °C, agitation rate
of 200 rpm and incubation time of 100 h for maximum
production in shake-flask conditions (Chen et al. 2007).
Pseudomonas aeruginosa 2297 (Kumar et al. 2015), Pseu-
domonas aeruginosa MM 1011 (Rashedi et al. 2015), Pseu-
domonas aeruginosa (Camara et al. 2019), etc. were other
organisms reported in the recent past with optimum condi-
tions for maximum BS production. The investigated Pseu-
domonas sp. TMB2 produced approximately 2.8 +0.5 g/L.
of crude BS in shake-flask method after 72 h of incuba-
tion and the production rate was also found comparable to
another Pseudomonas sp., as reported earlier (Haba et al.
2003; Saikia et al. 2012; Patowary et al. 2017). The ST
reduction capacity and BS production abilities of different
Pseudomonas sp. are summarized in Table 1.

Characterization of biosurfactant
FTIR analysis

The glycolipid nature of partially purified BS was charac-
terized by the presence of different functional groups and
chemical bonds visualized in FTIR spectrum (Fig. 5). Two
sharp peaks at 3599.81 cm™! and 3347.93 cm™' indicated
the presence of —OH group of H-bonding of polysaccharides
and —OH stretching of carboxylic acids, respectively. Other
sharp peaks at 2924.49 cm™! and 2856.92 cm™! have shown
the stretching variation of —CH bond of sugar, whereas the
absorption peaks at 1732.04 cm™' and 1648.03 cm™' sug-
gested the presence of ester group in the fatty acids side
chain of glycolipids due to C=0 stretching variation. The
sharp peaks at 1458.42 cm™! and 1166.19 cm™' indicated
the presence of -C—O- deformation variation due to car-
bonyl group of glycolipids extracted from the bacterial strain
Pseudomonas sp. TMB2. These adsorption bands together
confirm the presence of hydrophobic tails and rhamnose
group as components of rhamnolipids which agrees with
the previous compositional analyses done in case of rham-
nolipids produced by other Pseudomonas sp. (Abbasi et al.
2012; Singh and Tiwary 2016; Sharma et al. 2018).

'H and "*C NMR analyses

Rhamnolipids are categorized into mono- and di-rhamnolip-
ids based on the number of thamnose group links with the

Fig. 7 Characterization of the

49912849

Rha-C lo—Clo

100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

m/z

extracted rhamnolipid. ESI- x107
mass spectra of one mono-(Rha- 1.44 (a)
C,0-C,o) (a) and one di-(Rha- 1.2-
Rha-C,,-C,,.,) (b) rhamnolipids e M
congeners produced by Pseu- o~ 0.8
domonas sp. TMB2 '
0.6
0.44
0.24
x10 6

51 (b)

%

673.3733

1
Rha-Rha-C,y-C;,,4

160 180 240 280 3%0 3%0 abo 430 580 3530 odo odo 7¢0 730 a0 a%0 3do 3o

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

m/z



3 Biotech (2020) 10:120

Page110f 17 120

100
80
9
< 604
w
(7.3
Ked
S 40
©
=
20
0+
T ¥ T ¥ T ¥ T T T T T T T
0 100 200 300 400 500 600
(a) Temperature (°C)

-10 -

-15

-20 -

Heat flow (mW)

-25 4

-30

-35 4

253.32°C

T v T v T v T g T o T
0 50 100 150 200 250 300
(b) Temperature ¢ (6]
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fatty acid tails. The presence of two types of rhamnolipid in
the extracted BS was confirmed by 'H and '*C NMR anal-
yses. Different chemical shifts obtained in the 'H and *C
NMR spectra indicated the presence of two rhamnolipids
mixer in the BS. The characteristic chemical shifts for mono-
and di-rhamnolipids were observed at 0.86 and 0.89 ppm
for -CH; on f hydroxyl fatty acids, respectively. Similarly,
other chemical shifts for rhamnolipid characterization
were observed at 1.2612 ppm for —CH; (ring), 1.5384 ppm
and 2.5396 ppm for -CH(O)-CH,COO, 4.1318 ppm for
—(CH,)-CH(-O-C=0)-CH,COQ due to the p-hydroxyl fatty
acid chain. The proton chemical shift at 4.8912 ppm was
found for -CH-OH-, due to the thamnose moiety of rham-
nolipid (Fig. 6a). The 'H NMR spectrum profile was found
comparable with other rhamnolipids produced by different
Pseudomonas sp. (Monteiro et al. 2007; Sharma et al. 2015).
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Fig. 10 Surface tension and Interfacial tension reduction with respect
to biosurfactant concentrations

Fig.9 Characterization of crude
oil. API (American petroleum
institute) gravity at 15.6 °C

of the investigated crude oil
collected from ONGC-Borhola,
Jorhat, Assam
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13C NMR spectrum shows the presence of lipid in rham-
nolipid due to the signal at 14.1792 ppm for —CH; and at
22.7032-31.8277 ppm for CH,. Moreover, ester and car-
boxylic group signals were generated at 171.5475 and
173.8072 ppm, respectively (Fig. 6b). The presence of lipid,
ester and carboxylic groups as reflected in '>*C NMR spec-
trum clearly indicated the chemical nature of BSs produced
by Pseudomonas sp. TMB2 to be rhamnolipid as like as the
ones reported previously for other Pseudomonas sp. (Lot-
fabad et al. 2010; Christova et al. 2013; Sharma et al. 2015).

HR-LCMS analysis

The presence of different mono- and di-rhamnolipids conge-
ners in the investigated rhamnolipid were further determined
by HR-LCMS analysis. On comparison of the LC—MS data
of other reports, total seven numbers of mono- and di-rham-
nolipids congeners (Table 2) were identified in the rham-
nolipid produced by Pseudomonas sp. TMB2 based on the
m/z ratio (Yin et al. 2009; Patowary et al. 2017; Chen et al.
2018). Predominant peaks were observed at m/z 302.1731,
331.1627,499.2849, 527.3161, 645.3422 and 673.3733, cor-
responding to [M+H]* of rhamnolipid congeners Rha-Cg.,,
Rha-C,,, Rha-C,,-C,,, Rha-C,-C,,.;, Rha-Rha-C,,-C,, and
Rha-Rha-C,)-C,,.,, respectively. Moreover, another peak at
m/z 507.1893 was corresponding to [M+Na]* of Rha-Rha-
C,,-Co- In this case, mono-rhamnolipid congener’s pres-
ence was dominant to di-rhamnolipids (Fig. 7). However,
P. aeruginosa CPCL (Arutchelvi and Doble 2010) and
Burkholderia kururiensis (Tavares et al. 2013) produced
BS contained total 19th and 23rd numbers of rhamnolipids
congeners, respectively.

TGA-DSC analyses

The thermostability of the rhamnolipid is a very impor-
tant criterion for its use in MEOR technology. TGA

study revealed two steps of degradation at 102.41 °C and
218.57 °C (Fig. 8a). At 102.41 °C, only 5.05% of the total BS
weight was lost, which might occur due to the loss of water
and solvent present in the crude sample. It was reported
previously that the constant slope of BSs in TGA study
till 200 °C indicated the absence of moisture in BS, fol-
lowed by maximum weight loss in the temperature range of
240-340 °C represented the decomposition of thermolabile
rhamnose and lipids components (Singh and Tiwary 2016;
Khademolhosseini et al. 2019). Figure 8a clearly shows that
about 76.73% of total BS weight is lost between 218 and
299 °C, which attributes to the degradation of thermolabile
components present in the investigated rhamnolipid. More-
over, only 10% weight was lost in the temperature range
of 299-599.8 °C, which corresponded to the degradation
of non-labile components. A similar observation was also
reported from another Pseudomonas aeruginosa produced
rhamnolipid (Abbasi et al. 2012), where approximately 80%
of the total BS weight was lost at around 300 °C.

DSC (Fig. 8b) study was used to investigate different tran-
sition states of the isolated BS. The glass transition, crystal-
lization and melting temperature were found to be 83.61 °C,
174.56 °C and 253.48 °C, respectively. This pattern was also
found quite similar with another rhamnolipid produced by
Pseudomonas aeruginosa (Gogoi et al. 2016), where also the
extracted rhamnolipid was used to recover trapped oil from
sand packed column.

Moreover, the stability of the investigated rhamnolipid
at different temperature (30—100°C), pH (2—-12) and salinity
(0-10%) on ST reduction as well as E24% ability also sug-
gests its applicability in MEOR technology [Supplementary
information S.1: Fig. S (a), S (b) and S (¢)].

Characterization of crude oil and rock plug

The specific gravity, API gravity (Fig. 9) at 15.6 °C, kin-
ematic viscosity and dynamic viscosity of the investigated

(@)

(b)

Fig. 11 Wettability alteration test. Contact angles between crude oil saturated rock plug and saline water (a) and crude oil saturated rock plug

and rhamnolipids based slug (b)

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer



3 Biotech (2020) 10:120

Page130f 17 120

Fig. 12 Permeability test. Vari- 1
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crude oil were found to be 0.853 g/cm3, 34.2°, 17.75 cP
and 12.425 cP, respectively. From the above results, crude
oil could be inferred as light crude oil; since API gravity of
the crude oil was greater than 31.1 °C. The crude oil will
be heavy or medium oil, if the API gravity at 15.6 °C is less
than 22.3° or between 22.3 and 31.1°, respectively. Also,
the CF and CI were found to be 12.48 and 44.55, respec-
tively indicating mixed base crude inclined towards par-
affinic nature. So, light paraffin oil (API gravity =34.97°)

6 8 10 12 14 16 18 20
PV (cc) injected

resembling investigated crude oil characteristics was
selected for IFT and flooding experiments.

The porosity of the collected rock plugs from Upper
Assam oil field, named as NH1, NH2 and NH3 were deter-
mined as 22%, 21.3% and 19.7%, respectively, while the
pore volumes of the respected rock plugs were found to be
21.5 cc, 20.81 cc and 19.25 cc.

Pigllase ¢l ay .
e e O) Springer



120 Page 140f 17

3 Biotech (2020) 10:120

Interfacial tension (IFT) reduction and wettability
test

IFT reduction and wettability alteration have significant
roles in MEOR technology (Rabiei et al. 2013). Figure 10
shows the ST and IFT reduction capacity of the investigated
rhamnolipid in different concentrations. The rhamnolipids
containing slug reduced maximum IFT between oleic and
aqueous phase from 39.1 to 0.8 mN/m at the concentration
of 120 mg/L and remained same above all rhamnolipid
concentrations. So, CMC of the Pseudomonas sp. TMB2
produced rhamnolipid was observed as 120 mg/L, which
was comparable to BSs produced by other Pseudomonas
sp. as reported by Haba et al. (2003) and Camara et al.
(2019) having CMC values of 108.8 mg/L and 127 mg/L,
respectively. The investigated rhamnolipid reduced maxi-
mum ST 60.62% (from 71.1 to 28 mN/m) of 4000 ppm
saline water at CMC value 120 mg/L as like as B. subtilis
MTCC 242 (Makkar and Cameotra 1999) produced BS.
Also, these BSs could be one of the best alternatives to
chemical surfactants due to its ultra-low ST and IFT reduc-
tion abilities. The CMC value of this investigated rham-
nolipid was also much lesser than chemical surfactants,
sodium dodecyl sulphate (2100 mg/L) (Chen et al. 2006)
and Tween-80 (3200 mg/L) (Mandal et al. 1988). The IFT
reduction capacity of the extracted BS was found to be
even lesser than the BS produced from Bacillus licheni-
formis W16 with IFT reduction capacity 2.47 +£0.32 mN/m
(Joshi et al. 2016). Drop in IFT indicates the increase of
capillary numbers with S . reduction.

The effect of BS based solution on wettability alteration
was evaluated by measuring the contact angles, as shown in
Fig. 11. The rock plugs are divided into water wet (<75°),
neutral wet (75° < to < 105°) and oil wet (> 105°) based
on the angle formed between the solid substrate and aque-
ous phase (Anderson 1986). The investigated plugs were
water wet as the angles between the oil saturated plugs
and the 4000 ppm saline water were recorded below 75°.
But, the angles were reduced to 42°, 45.3° and 46°, respec-
tively when a drop of rhamnolipid containing 4000 ppm
brine at CMC was placed in oil saturated NH1, NH2 and
NH3 plugs. It indicates the wettability alteration property
of the BS containing solution. IFT and wettability altera-
tion effects on MEOR technology have already reported
by different investigations (Rabiei et al. 2013; Darvishi
et al. 2015). E. cloacae and E. hormaechei produced BSs
reduced IFT to 3.2 mN/m from 29 mN/m (Rabiei et al.
2013), whereas the investigated rhamnolipids reduced IFT
to 0.8 mN/m from 39.1 mN/m.
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Flooding experiment

The core flooding experiment was conducted at 70 °C
and at a pressure difference between inlet and outlet of
40.7 atm. During the 1st imbibition process, the irreducible
water saturation and initial oil saturation were observed as
17.21% and 82.8% for NH1; 17.68% and 82.32% for NH2,
and 19.4% and 80.6% for NH3 rock plugs, respectively.
Figure 12 shows the graph of K, and K, vs. S, in the
rock plug NH1. Moreover, approximately 38.4%, 32.5%
and 28.6% of oil from original oil in place were recov-
ered in 1st imbibition process from the rock plugs NH1,
NH2 and NH3, respectively. So, systematic investigations
have been done for recovering remaining 61.6%, 67.5%
and 71.4% (S,,) of oil from the respective rock plugs using
rhamnolipid based aqueous flooding (4000 ppm salinity)
at CMC value 120 mg/L, respectively.

Rhamnolipid containing brine solution (4000 ppm) at
CMC 120 mg/L recovered overall 55.1%, 45.7% and 39.3%
of residual oil from initial oil saturation in core flooding test
i.e. 16.7%, 13.2% and 10.7% of the additional oil has been
recovered by reported rhamnolipid based aqueous solution
from NH1, NH2 and NH3 plugs, respectively. Figure 13
shows the relationship between the brine and rhamnolip-
ids based slugs flooding, with respect to the pore volume
injected in the flooding process in the injected flow rates
of 0.8 mL/min. Figure 13 clearly shows that the injection
of saline solution up to 10 PV resulted in a sufficiently
higher recovery of oil. However, the oil displacement was
observed minimum, after injection of saline in between the
PV 10-12. Therefore, the injection of saline solution was
abandoned and the formulated BS based slug was injected,
which resulted in a rapid increase in oil recovery as shown
in Fig. 13. The microscopic displacement efficiency (Ep)
for core plugs NH1, NH2 and NH3 of the rhamnolipid con-
taining 4000 ppm brine solution was found to be 27.11%,
19.55% and 14.98%, respectively and these efficiencies
were increased due to the reduction of IFT between oil
and displacing rhamnolipid based aqueous liquid (Satter
et al. 2008). This again suggests its effectiveness over the
reported Pseudomonas aeruginosa SGD produced rham-
nolipid for ex-situ MEOR technology (Zhao et al. 2015),
where additionally 8.33% of original crude oil from core
flooding test was recovered with IFT reduction capacity of
91.8% (26.1-2.14 mN/m). However, another rhamnolipids
produced by P. aeruginosa HATH recovered only 5% of
additional oil from homogeneous glass micro model (Amani
et al. 2013). In this investigation, the rhamnolipids produced
by Pseudomonas sp. TMB2 was found more efficient in oil
recovery process displaying the highest 16.7% of additional
oil from Upper Assam based reservoir rock. Therefore, the
reported rhamnolipid seems as an effective BS extracted
from Pseudomonas sp. TMB2 for use in Upper Assam oil



3 Biotech (2020) 10:120

Page150f 17 120

reserves as ex-situ MEOR agents over a wide range of tem-
peratures, pH and salinity.

Conclusion

The biosurfactant reported in this investigation was extracted
and partially purified from hydrocarbon degrading bacte-
rial strain Pseudomonas sp. TMB2 (KX661384), with an
approximate yield of 2.8 + 0.5 g/L glycolipid-type biosur-
factant under optimized condition of carbon (glucose), nitro-
gen (NaNOs;), pH (7.2) and temperature (30 °C). FTIR and
NMR spectroscopy analyses revealed the chemical nature
of the isolated biosurfactant as rhamnolipid (glycolipid)
with further detection of both mono- and di-rhamnolipid in
the HR-LCMC analysis. The observed thermostability and
degradation pattern of the rhamnolipids (TGA-DSC) were
suggestive of superior adaptability to extreme environmen-
tal conditions vis a vis ex-situ MEOR application since the
complete weight loss of the biosurfactant has occurred only
after temperature rise as high as 599.80 °C. There was also
marked IFT reduction for the rhamnolipids from 39.1 to 0.8
mN/m (97.95%) at the CMC value of 120 mg/L. The wetta-
bility of the rock plugs also showed significant changes from
water wet to more water wet (6 = 75°, reduced to 42°) after
the biosurfactant treatment. The core flooding experiments
predicted maximum additional recovery of 16.7% from rock
plug NHI after secondary brine flooding, with the overall
efficiency of 27.11%, which demonstrated the effective use
of the investigated rhamnolipids for efficient and environ-
ment friendly oil recovery technology in Upper Assam oil
reservoir.
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