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characterization of biosurfactant
produced by indigenous Brevibacillus borstelensis
isolated from a low permeability reservoir for
application in MEOR†

Hao Dong, a Anying Zheng,b Yanlong He,c Xiaotong Wang, de Yang Li,b

Gaoming Yu,b Yongan Gu,b I. M. Banat,f Shanshan Sun,b Yuehui She*b

and Fan Zhang *g

Biosurfactants are expected to be a key factor for microbial enhanced oil recovery (MEOR). In this study, we

described the novel biosurfactant-producing strain Brevibacillus borstelensis YZ-2 isolated from a low

permeability oil reservoir. We purified and characterized the biosurfactants produced by this YZ-2 strain

via thin-layer chromatography and MALDI-TOF-MS, revealing them to be fengycins. We additionally used

a Box–Behnken design approach to optimize fermentation conditions in order to maximize the

biosurfactants production. Core flooding experiments showed that biosurfactants produced by YZ-2 can

significantly enhance crude oil recovery. Micro-model tests showed that emulsification and IFT reduction

was the main EOR mechanism of the YZ biosurfactant in the oil wet model. In summary, these findings

highlight the potential of Brevibacillus borstelensis YZ-2 and its metabolites for MEOR.
1 Introduction

Microbial enhanced oil recovery (MEOR) has been a topic of
increasing academic and industrial interest owing to the fact
that it has the potential to simultaneously be environmentally
friendly and cost-effective.1,2 MEOR is a technique wherein
microbes and their metabolites are applied to oil reservoirs in
amanner that results in improved oil recovery.3–6 Several studies
to date have found that biosurfactant-producing microbes play
a key role in the MEOR process.7,8 Biosurfactants are able to
emulsify crude oil and to reduce the interfacial tension (IFT)
between oil and water, thereby leading to increased crude oil
uidity.9
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Biosurfactant-producing microbes have been isolated from
diverse settings including soil, oil reservoirs, seawater and
marine sediments. Of these microbes, those originally derived
from oil reservoirs have been found to be more readily adapted
to use in similar oil reservoir settings.10 Species of Bacillus,
Acinetobacter, Rhodococcus, Enterobacter, Dietzia, Paenibacillus
and Pseudomonas isolated from oil reservoirs have been found
to produce a range of biosurfactants including lipopeptides,
glycolipids, phospholipids and fatty acids.11–15 Lipopeptides are
generally amphiphilic compounds with excellent surface
activity. Lipopeptides have been shown to be produced by
species of Bacillus, Brevibacillus, Streptomyces, Arthrobacter and
Pseudomonas.16,17 Bacillus species including B.licheniformis, B.
subtilis,18 B. cereus,16 and B. amyloliquefaciens19 have all been
identied as major lipopeptide producers. As such, many
Bacillus species have been studied to date in order to study the
potential applications of their metabolites.20,21 However, to date
there has not been sufficient study of the properties of oil
reservoir-derived Brevibacillus species or of their potential value
in MEOR applications.

Biosurfactants are generally produced a mixture of conge-
ners that can be readily extracted in crude forms.22 Purication
or rening are usually not required for MEOR applications
unlike the case when using in pharmaceuticals and cosmetics
industries.23,24 The cost of using biosurfactant in enhancing oil
recovery is oen mainly the cost of their production. It is
essential that fermentation conditions be optimized in order to
increase the cost-effectiveness.25 Industrial waste represented
© 2022 The Author(s). Published by the Royal Society of Chemistry
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a potential source of inexpensive substrate that can be used for
biosurfactant production,26 with studies having used residues
composed of molasses,27 corn steep liquor,28 glycerol29 and
cassava wastewater30 to successfully produce biosurfactant from
a variety of microbes.

Factors affecting biosurfactant production from many
microbes, and particularly from Bacillus, Pseudomonas and
Candida species, has been a topic of intensive research.31,32 Few
studies have sought to optimize biosurfactant production by
Brevibacillus species. The lipopeptide production of a novel
bacterial strain Brevibacillus sp. AVN 13 was optimized by using
Box–Behnken design.33,34 The optimum conditions for bio-
emulsier and exopolysaccharides production by thermophilic
Brevibacillus borstelensis were obtained by different statistical
optimization approaches.35 However, studies on the optimization
of lipopeptide production by Brevibacillus borstelensis are scarce.
Optimizing fermentation conditions can be challenging owing to
the complexity of the fermentation environment.36 Response
surface method (RSM) is a kind of chemometric method which
have been frequently applied to the optimization of analytical
methods, fermentation process, soil remediation method et al.,
because of their advantages such as a reduction in the number of
experiments that need be executed resulting in lower reagent
consumption and considerably less laboratory work. Box–
Behnken design (BBD) is an approach of RSM wherein models
are constructed and the simultaneous impact of multiple vari-
ables is assessed through a variety of statistical approaches in an
effort to optimize appropriate experimental conditions. BBD
approaches explore the relationships between several explanatory
variables and one or more response variables, and such
approaches have been used as an effective means of increasing
biosurfactant production by optimizing culture conditions and
media components in an efficient manner.37

At present, there are few reports focused on Brevibacillus
borstelensis isolated from oil reservoirs based on MEOR. Bio-
emulsier produced by Brevibacillus borstelensis were re-
ported.35 However, studies on biosurfactant produced by
Brevibacillus borstelensis were scarce. In the present study, we
report the isolation and characterization of a novel bio-
surfactant producing B. borstelensis strain isolated from the CQ
Oileld in China. To reveal the characterization of biosurfactant
produced by Brevibacillus borstelensis and its application in
MEOR, column chromatography, gel chromatography and
HPLC were used to separate and purify the biosurfactants
produced by YZ-2. Composition of biosurfactants produced by
YZ-2 was characterized via MALDI-TOF-MS/MS. We further
utilize Box–Behnken design (BBD) in order to maximize bio-
surfactant production efficiency. The potential of YZ-2 for
reducing interfacial tension was examined. Core ooding and
micro-model tests were also conducted to further investigate
the ability of microorganism toward MEOR process.

2 Materials and methods
2.1 Microbe isolation and identication

Oil and formation water were collected from oil wells of the CQ
Oileld in China which was located in Northwest China.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Individual 2 mL samples were then combined with 50 mL
mineral enrichment medium (MEM; 7 g L�1 NH4NO3, 1 g L�1

K2HPO4, 1 g L�1 KH2PO4, 0.3 g L�1 MgSO4, 0.01 g L�1 Na2MoO4,

and 0.01 g L�1 FeSO4; pH of 7.0–7.2), amended with 0.2 g
sucrose and 2 mL crude oil collected from the same well.
Samples were incubated at 35 �C for 72 hours with constant
shaking at 150 rpm.

Next, 50 mL culture supernatant samples were isolated and
spread onto lysogeny broth (LB) agar plates, which were then
incubated at 35 �C for 24 hours. The surface tension of the
culture was determined using a surface tensiometer JK99B
(Zhongchen Electronic Technology Co., Ltd., China). Those
strains capable of decreasing surface tension were then selected
and grown for 3 days at 35 �C in MEM supplemented with
sucrose, with constant 150 rpm shaking. The strain YZ-2 was
chosen for further study as high yielding strain which reduced
the surface tension of the culture up to 30.11� 0.3 mNm�1 and
produced biosurfactant with high emulsication activity of E24
¼ 72% � 0.4%.

Bergey's Manual of Systemic Bacteriology was referenced
when assessing the YZ-2 stain in order to understand its
morphology, physiology and phylogeny. In addition, the iden-
tication of the strain YZ-2 was followed the method described
in previous reports.38

2.2 Preparation of biosurfactant extracts produced by YZ-2

A 5% (v/v) inoculum of the YZ-2 strain in LB (optical density,
OD600 ¼ 1) was added to the fermentation medium (1 L: 20 g
corn steep powder, 0.5 g yeast extract, 20 g NaNO3, 0.35 g
KH2PO4, 1.0 g Na2HPO4, 0.25 g MgSO4$7H2O, 0.0075 g CaCl2,
0.006 g, MnSO4$H2O, pH 7.0), followed by incubation at 35 �C
for 96 h with constant shaking at 200 rpm. The broth was then
centrifuged for 8 minutes at 10 000 rpm, and the cell-free
supernatant was collected. Next, 5 mol L�1 HCl was used to
adjust the supernatant pH to 2.0, and the mixture was then
stored for 10 h at 4 �C to precipitate the lipopeptides, aer
which solid crude lipopeptides were collected via spinning for
10 minutes at 10 000 rpm at 4 �C. Crude lipopeptides was
extracted with 30 mL methanol. The insoluble impurities were
removed through ltration. A rotary evaporator was then used
for methanol evaporation, yielding a crude biosurfactants
extract.39

2.3 YZ-2 biosurfactant purication and structural analysis

YZ-2 biosurfactant were dissolved using CHCl3 and loaded onto
a silica gel column (100–200 meshes). Chloroform/methanol
solvent (5/0, 4/1, 3/2, 1/4, 0/5; v/v) systems were used to wash
the column in sequence to achieve biosurfactant recovery.40 The
eluate being collected in 10 mL fractions. Each fraction was
dried by rotary evaporation and dissolve in equal volume of
deionized water. The Emulsication Index (E24) of each fraction
was measured as described previously.41 The solution of each
fraction was added with kerosene in a 1 : 1 ratio (v/v). The
mixture solution was vortexed well and kept in an ambient
condition for 24 h. Aer incubation, the emulsifying index (E24)
of each fraction was calculated by the following formula:
RSC Adv., 2022, 12, 2036–2047 | 2037
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Table 1 Range of different factors invested in Box–Behnken experi-
mental design

Variables

Range and levels

�1 0 1

Corn steep liquor A (g L�1) 20 35 50
MgSO4 (B) (g L�1) 0.2 0.35 0.5
Peptone (C) (g L�1) 1.2 1.8 2.4
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E24 ¼ emulsion height
total height of the mixture solution

� 100%. The

eluted fractions for which E24 was >50% were then combined
and evaporated in a rotary at 50 �C in a vacuum to yield puried
lipopeptides. These lipopeptides were then dissolved with
methanol prior to loading onto a Daisogel-packed column for
HPLC (SP-120-40/60-ODS-RPS, DAISO CO., Ltd, Japan). This
column was washed with methanol/H2O solvent systems (5/0, 4/
1, 3/2, 1/4, 0/5; v/v) in sequence to mediate biosurfactant
recovery, with the eluate again being collected in 10 mL frac-
tions and those fractions for which E24 was >50% being pooled
to yield further puried lipopeptides. Finally, 0.8% NaCl was
used to dissolve these lipopeptides which were then loaded onto
a Sephadex LH-20 column, with eluates again being pooled as
above to yield a nal preparation of puried lipopeptides.

2.4 Biosurfactant evaluation

Distilled water was used to prepare a range of concentrations of
the puried lipopeptide (0–100 mg L�1). Changes in the surface
tension in these samples were assessed, with the critical micelle
concentration (CMC) being determined accordingly. In addi-
tion, the E24 for these biosurfactants was determined as in
previous reports.41

The pendant drop apparatus was used for measuring the IFT
followed by the method described in previous reports.42 The
apparatus was designed in a way that it is possible to analyze the
IFT by using an online image capturing system which enables
us to record the data upon our desire periodically. In general,
the analysis of IFT measurement is performed by injecting
a drop from the needle with 2.05 mm diameter into a bulk
phase under 30 �C. The IFT between oil and different concen-
tration of puried biosurfactant were measured.

The contact angle and interfacial tension were measured to
investigate the ability of YZ-2 biosurfactant to alter the wetta-
bility of the rock surface. Interfacial tension between different
concentration of biosurfactant solution and petroleum used in
the micromodel test were measured at room temperature by
using an interfacial tensiometer (KRUSS DSA30, Germany). A
clean microscope glass slide was washed by chromic acid
pickling solution and distilled water successively and was dried
under 60 �C. Aer that, the microscope glass slide was aged in
dewatered oil at 60 �C for about three weeks. The microscope
glass slide was washed by toluene lightly to remove free oil on
the glass surface. One of the glass slides was steeped in bio-
surfactant solution for one hour to allow the interaction
between biosurfactant and glass surface. The contact angle of
water and biosurfactant solution on the glass surface were
measured by sessile drop method via a contact angle goniom-
eter (KRUSS DSA30, Germany).

2.5 Reverse-phase HPLC

CH3OH was used to dissolve puried lipoproteins, which were
then subjected to 0.22 mm ltration. A 25 mL volume of bio-
surfactant solution was then injected into an InterSustain C18
column (5 mm, 250 mm � 4.6 mm) in an HPLC system (Agilent
1260, USA) in order to separate out the lipopeptides within the
2038 | RSC Adv., 2022, 12, 2036–2047
crude preparation. The mobile phases were methanol (A) and
water (B) containing 0.1% triuoroacetic acid (TFA). Ultraviolet
detector was used to detect lipopeptides in the eluent. The
gradient strategy for this mobile phase system was as described
in previous reports.43
2.6 MALDI-TOF-MS

A SCIEX 4800 Plus analyzer (Applied Biosystems, USA) with
a 337 nm nitrogen laser for desorption and ionization was used
for the assessment of HPLC-puried lipopeptides structures as
previously described.43
2.7 Optimization of biosurfactant production

A Box–Behnken design (BBD) approach was used to optimize
the variables involved in the biosurfactant production. Based on
previous studies, three input parameters were considered in the
development of this optimized model: the concentrations of
corn steep powder, MgSO4, and peptone in the fermentation
broth.

The codes ranged for each of these three parameters were
listed in Table 1. Three concentrations were tested for each of
these three parameters, with these concentrations having been
selected based upon preliminary experimental results. All other
components of the fermentation medium were identical to that
described in Section 2.2. Cultures were incubated for 96 h at
35 �C with constant shaking at 200 rpm. In total, 15 experi-
mental groups were tested (Table 2), with biosurfactant yield
being measured based on the weight of the crude biosurfactant
preparations that were prepared as in Section 2.2.

The optimized values from BBD were determined by
analyzing the results of this experiment. Analyses of variance
(ANOVA) with 95% condence intervals (CIs) were used to gauge
the signicant of these effects, allowing for the identication of
which conditions and interactions were necessary in order to
achieve optimal biosurfactant production.44
2.8 Core ooding

The physical simulation experiments were performed to simu-
late the reservoir environment and to assess the ability of bio-
surfactants produced by YZ-2 to enhance oil recovery. Standard
core ooding equipment was used as previously described.45

Core ooding equipment included a constant ow pump
(Szweico 2PB, China), core holder, high pressure vessels, oven
and conning pressure pump. The schematic of the experi-
mental setup for the physical simulation experiment was shown
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Box–Behnken experimental design for optimization of parameters for biosurfactant production

Run
Corn steep liquor
(A) MgSO4 (B) Peptone (C)

Observed biosurfactant
yield (g L�1)

Predicted biosurfactant
yield (g L�1)

1 0 1 1 2.51 2.44
2 1 0 1 3.09 3.08
3 �1 �1 0 3.32 3.24
4 0 �1 �1 2.70 2.77
5 1 1 0 3.27 3.35
6 0 0 0 3.88 3.92
7 �1 1 0 2.31 2.28
8 0 �1 1 3.36 3.33
9 0 0 0 3.91 3.92
10 1 0 �1 3.43 3.33
11 0 0 0 3.97 3.92
12 1 �1 0 3.66 3.69
13 0 1 �1 2.33 2.35
14 �1 0 �1 1.98 1.99
15 �1 0 1 2.79 2.89
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View Article Online
in Fig. 1. The properties of oil and formation water were shown
in Tables S2 and S3.†

The core samples used in the experiments were collected
from Chang 6 reservoir of the CQ Oileld in China. Cores were
7 cm long and 2.5 cm in diameter, with permeability values
ranging from 42–47 mD (Table S1†). They were cleaned with
benzene and alcohol through Soxhlet apparatus and dried at
80 �C for 24 hours. The dry weight was measured. The dry core
samples were evacuated for 2 hours and then saturated with
formation water. The wet weight was measured. Pore volume
(PV) and porosity were calculated based on the weight differ-
ence before and aer the core was water saturated. The core
samples were placed inside the core holder under a conning
pressure of 1000 psi, and the initial liquid permeability was
determined by owing the formation water across the cores at
a constant ow rate of 0.2 mL min�1. The dewatered and
degassed oil were injected into the cores with a ow rate of 0.2
mL min�1 to establish initial oil saturation at 30 �C which was
consistent with the reservoir temperature. Aer the saturation
of water and oil, the core holder was kept at 30 �C for 3 days.
Subsequently, cores were ooded with formation water until the
water cut in the core effluent was >98%. Oil recovery was then
calculated based upon the volume of recovered oil.46
Fig. 1 Schematic of the core displacement experiment set up.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Aer secondary injection, cores D, A, B and E were injected
with 1 PV of 60 mg L�1, 90 mg L�1, 120 mg L�1 and 150 mg L�1

biosurfactant solution, respectively. As a control, core C was
injected with 1 PV of formation water and incubating for 2
hours. Then, the subsequent water ooding was conducted. The
water injection was stopped when water cut reached 98%. The
accumulative oil production was recorded. The biosurfactant
and subsequent water ooding recovery was calculated as
above.12
2.9 Micromodel test

The oil used in this test was the same as in the Section 2.8. The
manufacturing process of the micromodels has been described
by Dunsmore.47 Briey, a micromodel consisted of two glass
plates, one with an interconnected, acid-etched network being
annealed to the other, un-etched plate. The inner radius of the
core channels was approximately 50 mm (ESI Fig. S1†). A sche-
matic diagram of the micromodel apparatus was followed by
Dong.12 The basic elements of the apparatus are the pumping
system and the associated ow lines, the micromodel in its
holder, the photography system, and the monitoring computer
system. Micromodels were rst saturated with crude oil at 60 �C
RSC Adv., 2022, 12, 2036–2047 | 2039
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for 3 weeks. Then, formation water was injected into the
micromodels to simulate the rst water ooding. The ow rate
of the ooding water was controlled at 1 mL min�1 with
a constant ow pump (LongerPump TS-1B, China). The pump
and micromodels were connected with Masterex 06409-13
tygon tubing (Saint-Gobain, France). The temperature of the
ow system and micromodel was maintained at 30 �C via
a micro warm plate (Kitazato, Japan). Subsequently, cell free
fermentation broth containing biosurfactants was injected into
model for 20 min, followed by second water ooding. Photo-
graphs were taken during the ooding period every 2 min with
an EOS550D digital single lens reex camera (Canon, Inc.,
Japan).
3 Results and discussion
3.1 Isolation of a biosurfactant-producing microbe

We selected the strain YZ-2 isolated from oil well production
water for further study owing to its ability to emulsify oil and to
effectively reduce ST. Strain YZ-2 was a motile Gram-positive
microbe that grew well in temperatures from 20–60 �C, pH
values from 4–11, and salinity values from 0%–20%. We were
able to obtain a nearly complete YZ-2 16S rRNA gene sequence
(1382 bp), and a phylogenetic analysis (Fig. 2) revealed it to have
99% sequence similarity to that of Brevibacillus borstelensis.
Brevibacillus species have been isolated from petroleum reser-
voirs, petroleum contaminated soil. Phenanthrene-degrading
bacterial strain Brevibacillus sp. PDM-3 which was isolated
from hydrocarbon contaminated sludge samples has the ability
to produce glycolipid-biosurfactant during phenanthrene
degradation.48 Brevibacillus brevis HOB1 was isolated from the
formation water of an oil eld and found to produce lip-
opeptides and have the ability to enhance oil recovery.49 Brevi-
bacillus originally derived from petroleum reservoir showed
potential application in microbial oil recovery.
Fig. 2 Phylogenetic relationship based on the 16S rDNA gene sequences
the neighbor-joining algorithm and evaluated by the maximum-likelihoo

2040 | RSC Adv., 2022, 12, 2036–2047
3.2 The production and characterization of biosurfactants
produced by Brevibacillus borstelensis YZ-2

Aer a 72 h fermentation, biosurfactants were extracted from
the broth and lyophilized. These puried biosurfactants were
able to reduce the ST of water from 72 � 0.2 mN m�1 to 30.11 �
0.3 mN m�1 at room temperature when added at a 60 mg L�1

concentration. We further characterized the oil spreading,
kerosene emulsication, and variation of surface tension versus
concentration for puried biosurfactant (Fig. 3a–c). The CMC
value for this biosurfactant preparation was estimated to be
�60 mg L�1, with a minimum ST value of 30.11 � 0.3 mN m�1.
The puried biosurfactants were able to reduce the water–oil
interfacial tension from 18.51 � 0.1 mN m�1 to 1.32 � 0.09 mN
m�1 at room temperature when added at a 60 mg L�1 concen-
tration. Poulami Datta et al. compared the oil washing effi-
ciencies of lipopeptides, trehalose lipids and rhamnolipids
produced by different strains. The CMC, surface tension and
interfacial tension were ranged from 20–250 mg L�1, 25–38.4
mN m�1 and 0.32–11.3 mN m�1, respectively. These results
showed the excellent interfacial active of biosurfactant
produced by YZ-2.50
3.3 Structural characterization

We next used reverse-phase HPLC to characterize these puried
biosurfactants produced by strain YZ-2, with all active fractions
in the resultant chromatogram being analyzed (Fig. 4a).
Retention times ranged from 2–6 min, 10–30 min and 32–
35 min. The rapidly eluted fraction was ultimately determined
to contain homologs with shorter fatty acid chains and
pigments.18 These separated HPLC fractions were then assessed
for their ability to modulate surface activity via a surface tension
meter, with the surface-active fractions that were eluted at 23.12
minute being collected and analyzed via MAIDI-TOF-MS.

The MS under positive ions mode revealed that them/z of the
puried lipopeptides were ranged from 1421.8 to 1566.8. The
between strain YZ-2 and species in the Pseudomonas as determined by
d and maximum parsimony algorithms.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Characteristic of biosurfactant produced by strain YZ-2. (a) Showed the kerosene emulsification caused by biosurfactant produced by
strain; (b) showed oil spreading of biosurfactant produced by strain YZ-2. (c) Showed the surface tension and water–oil interfacial tension of
different concentration of biosurfactant.
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main ions at m/z 1485.72, 1499.76, 1513.78 and 1527.8, there
were 14 Da difference between each other. This suggests they
were homologues with different number of CH2. Peaks with m/z
of 1477.77, 1491.79, 1515.8 and 1529.79 also represent they were
homologues with different number of CH2. Molecular ions
which yield mass decrease of 2 Da suggest the presence of
unsaturated fatty acids, such as peaks with m/z of 1513.78 and
1515.8, 1527.8 and 1529.79. Peaks with m/z of 1477.77, 1499.76,
1515.8, were considered to be protonated ions [M + H]+, sodium
adductions [M + Na]+and potassium adductions [M + K]+of
a component with a molecular weight of 1476.77, respectively.31

Peaks withm/z of 1491.79, 1513.78 and 1529.79 were considered
to be protonated ions, sodium adductions and potassium
adductions of a component with a molecular weight of 1490.8,
which we believe to be a homolog of the component with
a molecular weight of 1476.77. These m/z of the main peaks
were the same to the reported fengycins and its homologs.51,52

The fragment ions of puried biosurfactants were analyzed
via MALDI-TOF-MS/MS to classify compounds. Two classes of
fengycins, fengycin A has DAla at position 6 and fengycin B has
DVal at position 6 have been reported so far. Fragment ions
produced by the cleavage of Glu1-Orn2 and Orn2-Tyr3 have
been used as ngerprint ions to identify fengycins and its
homologs (Fig. S1†). Three ngerprint ions y8, y9 and b1 which
reported by Pathak (2012) were used here.51 y8 and y9 nger-
print ions are produced by the leaves of “fatty acid chain-Glu”
and “fatty acid chain-Glu-Orn” from the N terminus.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fingerprint ions couple y8/y9 were used to identify fengycin
homologues. b1 ngerprint ion was used to identify the nature
and length of a fatty acid part. Peak with m/z of 1499.76 was
considered to be sodium adductions [M + Na]+ of a component
with a molecular weight of 1476.77. Fingerprint ion couple
(994.07/1108.7) were obtained by the cleavage of molecular ions
MH+ at m/z 1499 (Fig. 4c), this pair of ions were obtained from
fengycin B as previous report.51,52 This conrmed that the fen-
gycin at m/z 1476 was fengycin B containing a C16 lipid chain.
Fengycin were reported as a kind of cyclic lipopeptides which
were generated by the member of Bacillus sp., such as Bacillus
mojavensis, Bacillus subtilis, Bacillus amyloliquefaciens. It shows
strong antifungal activity and can inhibits the growth of variety
of plant pathogens.53 However, reports about fengycin produced
by microorganisms isolated from petroleum reservoir and its
application in petroleum exploitation are scarce. In this
research, we isolated a strain Brevibacillus borstelensis YZ-2
which can produce fengycins and show its potential in petro-
leum exploitation. The fengycin of lipopeptides is a well-known
anti-fungal substance. Moreover, it evidences excellent interfa-
cial activity as a lipopeptide biosurfactant. Fengycin A, B and S
produced by Bacillus amyloliquefaciens LSC04 were compared
with biosurfactant produced by Nocordia sp. L-417 and several
commercial surfactants. The results showed that the emulsi-
cation activities of the biosurfactants produced by LSC04 were
superior to these surfactants except with tween detergents;
RSC Adv., 2022, 12, 2036–2047 | 2041
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Fig. 4 Structural analysis of biosurfactants produced by Brevibacillus
borstelensis YZ-2. (a) Showed RP-HPLC chromatograms of purified
biosurfactants produced by Brevibacillus borstelensis YZ-2, (b) showed
mass spectra of the HPLC fractions eluting at 23.12 min of the bio-
surfactants produced by YZ-2. (c) Showed MS/MS spectra ions m/z
1499.76.
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however, its emulsication stability was far superior to that of
the surfactants tested.19,53
3.4 Optimization of biosurfactant production

The interaction of component of the medium on biosurfactants
production was shown in Table 3. A two second-order poly-
nomial equation (eqn (1)) was generated by the results shown in
Table 3. The relationship between the controllable variables and
the responses can be numerically explained by the second-order
polynomial equation. This polynomial equation made a corre-
lation between the concentration of corn steep powder, MgSO4

and peptone in the fermentation broth, were designed as A, B
and C, respectively, with biosurfactants yield. The concentra-
tion of corn steep powder, MgSO4, and peptone were chosen as
2042 | RSC Adv., 2022, 12, 2036–2047
critical variables for the biosurfactant production to increase
the yield of biosurfactant.

Biosurfactant yield ¼ 2.92 + 0.38A � 0.33B + 0.16C + 0.15AB

� 0.29AC � 0.12BC � 0.34A2 � 0.44B2 � 0.76C2 (1)

The statistical signicance and tness of this polynomial
equations was analyzed through ANOVA (Table 3). The results of
Fisher's F-test for the quadratic model were signicant (P <
0.05). This study also had a strong correlation coefficient (R2) of
0.9911, consistent with a strong correlation between observed
experimental values and model predicted values. We can
perform a mathematical analysis of the quadratic model as
showed in eqn (1). The most signicant factors inuence on the
biosurfactant production was A, corresponding to the corn
steep powder concentration, with a regression coefficient bA ¼
0.38, followed by concentration of MgSO4, with a regression
coefficient bB ¼ �0.33. Peptone concentration had smaller
inuence on biosurfactant yield than corn steep powder and
MgSO4. This was reected in the regression coefficient of
peptone concentration in eqn (1). The quadratic terms of corn
steep powder, MgSO4 and peptone were adjusted to a curve line
with the different values of the slope. C2 is in the rst position of
the polynomial equation with a value bCC ¼ �0.76, followed by
bCC ¼ �0.44 and bAA ¼ �0.34. According to the coefficients of
the interaction terms, the inuence of corn steep powder
concentration on biosurfactant yield depends greatly on the
concentration of peptone and to a lesser extent on MgSO4

concentration; the terms AB and AC appear in sixth and seventh
place of the polynomial equation, respectively, with regression
coefficients bAB ¼ �0.29 and bAC ¼ 0.15. Based on the poly-
nomial equation, the numerical optimization of this model was
conducted using the goal parameter “in range” and a response
goal of “maximize”, yielding predicted optimal parameter
values of 42.09 g L�1 corn steep powder, 0.31 g L�1 MgSO4, and
1.82 g L�1 peptone. This combination yielded 3.78 � 0.22 g L�1

of biosurfactant, which was similar to the predicted yield of
4.06 g L�1.

We additionally generated 3D response surface plots high-
lighting the mutual interactions between these three parame-
ters and their inuence on biosurfactant yields (Fig. 5A–C).
Each plot indicates the interaction between two parameters and
the associated impact on biosurfactant yield when the third
parameter is xed. Elliptical contour plots indicated mutual
interactions between these parameters, whereas circular plots
correspond negligible or interactions. The plots in Fig. 5A–C
correspond to the effect of interactions between corn steep
powder and MgSO4, corn steep powder and peptone, MgSO4

and peptone effects on biosurfactant yields, with xed peptone,
MgSO4, and corn steep powder concentrations of 1.80 g L�1,
0.35 g L�1 and 30 g L�1, respectively. Fig. 5 clearly demonstrated
that biosurfactant yields increased as concentrations of corn
steep powder, MgSO4 and peptone rose to middling levels,
before falling when these values rose above a particular level. As
the contour plots in Fig. 5A and B are elliptical, this indicated
that there were signicant interactions between factors A, B and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Analysis of variance results for the quadratic model for optimization of biosurfactant production

Source Sum of squares df Mean square F value P-value Prob > F

Model 5.61 9 0.62 61.54 0.0001 Signicant
A-corn steep liquor 1.16 1 1.16 114.73 0.0001
B-MgSO4 0.86 1 0.84 84.66 0.0003
C-peptone 0.21 1 0.21 21.17 0.0059
AB 0.096 1 0.096 9.48 0.0275
AC 0.33 1 0.33 32.62 0.0023
BC 0.057 1 0.057 5.68 0.0629
A2 0.43 1 0.43 42.42 0.0013
B2 0.71 1 0.71 70.13 0.0004
C2 2.11 1 2.11 208.36 <0.0001
Residual 0.051 5 0.010
Lack of t 0.047 3 0.016 7.38 0.1217 Not signicant
Pure error 4.2 � 10�3 2 2.100 � 10�3

Cor total 5.66 14
Std. Dev. 0.10 R-squared 0.99
Mean 3.10 Adj R-squared 0.97
C.V.% 3.26 Pred R-squared 0.87
Press 0.76 Adeq precision 23.48
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between factors B, C. Modifying just one of these factors is not
a reliable means of predicting biosurfactant properties. The
contour plot in Fig. 5C indicates that there is a weak interaction
between factors B and C, thus suggesting that varying either of
these factors can be used as a means of predicting the proper-
ties of the resultant biosurfactant solution. The cost of raw
materials is the major cost in most of biotechnological
processes,54 especially in MEOR process. Industrial by-product,
such as molasses, corn steep liquor and waste cooking oil were
used to enhance the yield of biosurfactant and reduce the cost
of biosurfactant production.27,28 In this study, the improvement
of biosurfactant production by 29.5 � 0.6% suggested the Box–
Behnken design in this work is successful. Corn steep liquor is
the most inuential factor according to our results. This sug-
gested corn steep liquor as a suitable low-cost substrate for the
production of biosurfactant. It is clear that the use of corn steep
liquor as sole raw material is expected to reduce the overall
production cost of biosurfactant.

3.5 Core ooding test

In order to simulate the MEOR process, we conducted a core
ooding test that incorporated ve test groups in order to
examine the ability of YZ-2-derived biosurfactants to enhance
oil recovery (Fig. 6). In core C, which was a control core,
secondary injection mediated 32.6% original oil in place (OOIP)
recovery owing to its volumetric sweep efficiency, with a tertiary
injection recovering an additional 2.7% of OOIP. In core A, B, D
and E, 33.6%, 33.8%, 32.6% and 34.2% OOIP recovery was
achieved upon secondary injection, respectively. Then 1 PV of
different concentration (60 mg L�1, 90 mg L�1, 120 mg L�1,
150 mg L�1) of biosurfactant solution were injected into core A,
B, D and E, respectively; additional 3.4%, 6.4%, 11.7% and
11.8% of OOIP was recovered upon the tertiary injection. The
results showed that the biosurfactant were able to enhance the
oil recovery aer water ooding. Biosurfactant produced by YZ-2
can reduce oil–water interfacial tension from 18.51 � 0.1 mN
© 2022 The Author(s). Published by the Royal Society of Chemistry
m�1 to 1.32 � 0.09 mN m�1. IFT reduction was consider to be
important mechanism in biosurfactant enhanced oil
recovery.55,56 When the biosurfactant solution contact the trap-
ped crude oil in the porous medium, it obviously reduces the
oil–water IFT and mobilizes the trapped crude oil by reducing
capillary tension. The reduction of oil–water IFT caused by
different concentration (60 mg L�1, 90 mg L�1, 120 mg L�1 and
150 mg L�1) of YZ-2 biosurfactant was similar. However, higher
oil recovery was obtained by injecting higher concentration of
biosurfactant solution. The loss of surfactant during the
surfactant ooding was reported.57 Core ooding test showed
that higher concentration of biosurfactant than CMC was
needed to achieve more oil displacement.
3.6 Micromodel experiments

The micromodel test showed that the residual oil in the model
aer water ooding mainly exists in the following forms: (1)
columnar residual oil (Fig. 7a); (2) aky residual oil (Fig. 7c); (3)
lm residual oil (Fig. 7e). A large amount of lm residual oil
indicated that the active component in the petroleum was
closely adsorbed on the pore wall. This showed that the pore
wall had become oil wet in the previous oil aging process. It
showed that oil–water interfacial tension was reduced from
18.51� 0.1 mNm�1 to 1.32� 0.09 mNm�1 by the biosurfactant
solution (60 mg L�1). The contact angle of water on the oil aged
glass slides surface was 97.7 � 0.3� while contact angle of bio-
surfactant solution (60 mg L�1) was 10.4 � 0.2� (Fig. S2†). The
reservoir pores were supposed to be capillaries, the radius of
which is equal to the pore radius 50 mm. Capillary force is the
main resistance during water ooding. The capillary force can
be calculated by eqn (2).

Pc ¼ 2d

g
cos q (2)

Pc: capillary force; d: interfacial tension between water and oil;
g: capillary radius; q: contact angle between water and oil.
RSC Adv., 2022, 12, 2036–2047 | 2043
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Fig. 5 Response surface plots and contour plots for maximum biosurfactant yield generated using data in Table 3. Inputs, 15 experimental runs
carried out under conditions established by BBD; production of biosurfactant as function of (a) corn steep powder and MgSO4; (b) corn steep
powder and peptone; (c) MgSO4 and peptone.

Fig. 6 Change of oil recovery versus injected PV in core model.

2044 | RSC Adv., 2022, 12, 2036–2047
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According to eqn (2), the capillary force of water in the pores
was �9.9 � 104 mN m�2. The negative sign of capillary force
indicated that the direction of capillary force was opposite to
water ooding. Capillary force was the resistance of water
ooding. During the biosurfactant ooding process, the capil-
lary force of biosurfactant solution in the pores was 5.2 � 104

mN m�2. The direction of capillary force was consistent with
that of biosurfactant ooding. Capillary force was the driving
force of oil displacement. The change of capillary force made it
easier for surfactant solution to enter the capillary with smaller
radius and improve sweep coefficient. Columnar residual oil in
the pore was difficult to drive out because the capillary
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Fluid distribution after water flooding and biosurfactant flooding. Blue: oil, black: solid, colorless transparent (black in pore): water phase.
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resistance was formed at the oil column (Fig. 7a). The subse-
quent process of displacing the residual oil of the oil column
with surfactant was showed in Fig. 7b. On one hand, YZ-2 bio-
surfactant changed the capillary force from oil displacement
resistance to oil displacement power. On the other hand, crude
oil was stripped from large oil column, emulsied into small
particles and dispersed in the displacement uid. In this
process, the length of oil column decreased continuously until
it was completely opened up and nally driven out with
surfactant solution. Some of the oil was adsorbed on the pipe
wall in the form of lm residual oil, which was difficult to drive
out. The oil recovery mechanism of aky residual oil in the
pores was similar to the columnar residual oil. In the process of
water ooding, the formation water was difficult to sweep and
drive out the aky residual oil in the pore (Fig. 7c). In the
process of surfactant ooding, the sweep volume increased and
the crude oil was stripped off through emulsication and ows
out of the pore with the surfactant solution (Fig. 7d). Oil lm
residual oil accounts for a large proportion of residual oil. It was
shown in Fig. 7e, the thickest part of the oil lm was 41.8 mm
© 2022 The Author(s). Published by the Royal Society of Chemistry
aer water ooding. In the process of surfactant displacement,
the crude oil attached to the rock surface was dispersed and
stripped under the condition of shear force. The O/W emulsion
was produced with injected water and the thickness of the oil
lm reduced from 41.8 mm to 19.5 mm (Fig. 7f) which decreased
by 53.3%.

The ndings and mechanisms of surfactant ooding are
summarized to be IFT reduction, wettability alteration and
emulsication of petroleum.58,59 The MEOR mechanisms of
emulsication, bioclogging, interfacial tension reduction and
wettability alteration have been studied by Ryan and Nabi
Vahdanikia.60,61 Oil lm had almost replaced with water phase
in some parts of pore walls aer treatment with E. cloacae cells.
This indicated the main EOR mechanism of E. cloacae cells and
its byproducts were wettability alteration.62 However, lm
residual oil remains dominant in the residual oil in this
micromodel test. In this experiment, IFT and emulsication
were the mainmechanism of EOR in this study. IFT reduction is
considered to be the most important mechanism of surfactant
ooding.63 IFT reduction make the residual oil in the pore tend
RSC Adv., 2022, 12, 2036–2047 | 2045
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to be broken down into small oil droplets.64 These enhance oil
recovery through improving the sweep efficiency and making
residual oil become extremely exible.65 The biosurfactant can
separate the crude oil from the oil column and the oil lm to
form O/W emulsion droplets to achieve the goal of EOR. In
many biosurfactant micromodel test, IFT reduction and emul-
sication was the mainly EOR mechanism.60,61

4 Conclusions

Indigenous biosurfactant producers isolated from reservoir are
oen the most appropriate candidates for performing MEOR
process. In present work, indigenous biosurfactant-producing
strains were isolated from the formation water of the CQ Oil-
eld in China. Biosurfactant-producing strain Brevibacillus
borstelensis YZ-2 was chosen for further study because of its
excellent interfacial active. Chromatographymethods were used
to separate and purify the biosurfactants produced by YZ-2.
MALDI-TOF-MS/MS results revealed biosurfactants produced
by strain YZ-2 were identied as different isoforms and homo-
logs of fengycin. The biosurfactant production was optimized
through Box–Behnken design. The most signicant factors
inuence on the biosurfactant production was the addition of
corn steep powder concentration, followed by the addition of
MgSO4 and peptone. Core ooding tests were also conducted to
further investigate the ability of microorganism toward MEOR
process. Results showed that YZ-2 biosurfactant enhance oil
recovery by reducing the oil–water IFT and crude oil
emulsication.
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