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Abstract: Currently, microbial enhanced oil recovery (MEOR) is of great interest because of its
potential high efficiency and low environmental impact. Biosurfactants, in the purified form or
contained in the bacterial cultural media, are one of the promising directions in MEOR because they
are more stable in response to different environmental factors than life microorganisms are. However,
the extraction and purification of biosurfactants, as well as their working concentrations and efficacy
in real oilfield conditions remain a challenge. In the present work, cultural media of two novel
bacterial isolates (Bacillus pumilus and Peribacillus simplex) were used in a model experiment with
sand pack columns to enhance the recovery of heavy oil from Romashkino oilfield (Russia). Using
FTIR and TLC methods, it was demonstrated that both cultural media contained lipopeptides. In
the genome of both bacterial isolates, genes srfAA, fenD and bamC encoding synthesis of surfactin,
fengycin, and bacillomycin, respectively, were revealed. The oil recovery efficacy of cell-free cultural
media after 24 h of cultivation was 34% higher and 16% lower as compared with synthetic surfactant
for B. pumilus and P. simplex, respectively. It can be concluded that the high-cost step of biosurfactants
separation and purification may be excluded, and cell free cultural media of the isolates may be
directly used in field conditions to enhance the recovery of heavy oils.
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1. Introduction

Conventional methods for o0il recovery merely extract a fraction of crude oil due to
its high interfacial tension and viscosity [1,2]. Microbial enhanced oil recovery (MEOR)
stands out as an effective and secure technique for oil recovery, employing microbes and
their metabolites [3,4].

A prominent MEOR approach involves utilizing biosurfactants as a biological sub-
stitute for chemical surfactants. Biosurfactants, as surface active molecules, can diminish
surface and interfacial tension in solutions [5]. Notably, biosurfactants exhibit remarkable
stability across a wide pH and temperature range. Purwasena et al. (2019) have observed
that lipopeptide biosurfactants maintain their efficacy in pH levels ranging from 4 to 10,
temperatures exceeding 120 °C, and salinity surpassing 10% [6].

The properties of biosurfactants hinge on their composition, which is dictated by the
hydrophilic group they contain. Furthermore, the type of microorganism being synthesized
and the specific nutrient substrate selected play pivotal roles in determining biosurfac-
tant composition and properties. For instance, lipopeptides are primarily synthesized
by Bacillus sp., glycolipids by Pseudomonas sp. and Rhodococcus, and phospholipids by
Acinetobacter sp. and Brevibacterium [7]. Surfactins, produced by Bacillus, and rhamnolipids,
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produced by Pseudomonas, are well-known biosurfactants employed in MEOR [8,9]. Bio-
surfactants are categorized based on their molecular weight, with low molecular weight
variants such as glycolipids, lipopeptides, fatty acids, neutral lipids, and phospholipids
exhibiting the ability to reduce surface and interfacial tension in liquids [10]. Conversely,
high molecular weight biosurfactants (including polysaccharides, liposans, alasanes, emul-
sans, and protein complexes) enable the formation of stable emulsions but lack significant
potential in reducing surface tension.

Numerous authors have emphasized the preference for indigenous microorganisms
when producing biosurfactants for specific oil wells. Indigenous microorganisms are
typically adapted to the unique conditions of their respective deposits. These essential
microorganisms can be found not only in crude oils but also in oil-contaminated soils
and waste materials [11,12]. Enhanced oil recovery through the use of biosurfactants
primarily occurs via emulsification and alterations in wettability. It has been observed that
changes in wettability are contingent upon the pore size and morphology of the reservoir
rock [13]. Sarafzadeh et al. [14] have pointed out that the highest oil recovery is attained
with an average moisture content on the rock surface. Consequently, the careful selection
of biosurfactants is crucial and is contingent upon the specific conditions of oil production
and the characteristics of the deposits. In the initial stages, the evaluation of biosurfactants’
effectiveness in microbial enhanced oil recovery (MEOR) is frequently conducted using
model systems [15]. The potential use of a cell-free culture supernatant as a reagent for
enhanced oil recovery is advantageous due to the elimination of the biosurfactant extraction
stage involving organic solvents and the drying procedure. This streamlined process
enhances efficiency. The ability to produce a reagent directly at the production site holds
promise for reducing the costs associated with biosurfactant extraction and transportation
to the field. However, this approach necessitates stringent production conditions and
demands an evaluation of efficiency through measurements comparing the increase in oil
recovery with that achieved using traditional industrial surfactants.

The objective of this study was to explore the feasibility of utilizing a cell-free culture
supernatant containing biosurfactants for enhanced oil recovery.

2. Materials and Methods
2.1. Isolation and Characterization of Microorganisms Capable of Producing Biosurfactants
2.1.1. Strain Screening and Growth Parameters

Bacterial strains were isolated from oil samples obtained from the Romashkino field.
To ensure anaerobic conditions, 5 L of oil samples were collected and placed in sterile
plastic containers for transportation to the laboratory. Subsequently, these samples were
cultivated aerobically in LB medium at 28 °C for 24 h. The LB medium composition per
liter included 5.0 g of yeast extract, 10.0 g of sodium chloride, and 10.0 g of peptone.

Liquid cultures were then transferred onto Petri dishes containing solid PCA medium
composed of 5 g of enzymatic digest of casein, 2.5 g of yeast extract, 1.0 g of glucose,
and 15.0 g of agar per liter. Incubation was carried out at 28 °C for 24 h. Fifteen distinct
morphological colonies of aerobic microbes were isolated from the oil fluids. Identification
of individual microorganism strains was based on morphological characteristics observed
on the surface plate culture, supplemented by microscopic examination using a light
microscope (ZEISS Axio Lab.A1, Carl Zeiss AG, Oberkochen, Germany).

The isolated strains were cultivated on a culture medium containing glycerol (40 g L™1),
NaNO; (1.38 g L), KH,PO, (3.0 g L~ 1), KoHPO, (7.0 g L~ 1), and MgSO4-7H,0 (0.2 g L71).
The ability of these colonies to produce biosurfactants was evaluated through emulsifica-
tion tests employing the E24 method (Cooper, 1987 [16]) and surface tension (ST) reduction
assessments. Based on these screening methods, the two most active strains (designated as
2A and 2B) were selected (Table 1).
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Table 1. Characterization of biosurfactants of isolates.

Strains Emulsification Index, E24, % Surface Tension, mN m !
2A 50 +5 29.42 + 0.09
2B 70 £ 2 25.17 £ 0.04
8A 5+0 63.43 + 0.53
8B 100+1 64.91 + 0.31
14A 30+2 59.78 + 0.22
1A 50 £1 48.61 £0.18
10A 30 +2 29.92 + 0.07
3A 100+1 51.50 + 0.17
3B1 10+0 62.45 + 0.32
3B2 20+ 3 4790 £+ 0.19
3B3 50 + 4 29.15 £+ 0.04
4B 20+5 55.33 £0.15
5A 20+2 57.70 £+ 0.66
5B 15+0 67.66 + 0.51
5C 10+2 50.11 £ 0.45

2.1.2. Molecular Analysis

The extraction of total genomic DNA from the samples was carried out utilizing
the FastDNA SPIN Kit for Soil (Bio101, Qbiogene, Heidelberg, Germany) following the
manufacturer’s guidelines. The extracted DNA samples were either stored at —20 °C or
promptly analyzed. Strains 2A and 2B were identified through 165 rRNA gene sequencing
conducted on an ABI 3730 DNA Analyzer (Life Technologies, Carlsbad, CA, USA).

Quantitative polymerase chain reaction (JPCR) was performed using specific primers
detailed in Table 2. The thermal cycler was programmed for an initial denaturation cycle at
94 °C for 5 min, followed by 39 cycles of denaturation at 94 °C for 30 s, annealing at the
temperature specified in Table 2 for 30 s, and extension at 72 °C for 30 s. Cycle thresholds
were determined by comparing the results with standard curves constructed using various
concentrations of a positive clone. The plasmid DNA concentration was assessed using
a Qubit 2.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA), and
the copy number of the target gene was directly calculated from the concentration of the
extracted plasmid DNA.

Table 2. Specific primers used in this study.

Primer Biosurfactant Primer Sequence (5'-3) T References
- cilomyan | TOCAGGAGGAGAGAGCAGAT . -
s Smocomeoror
fenD Fengycin GGCCCGTTCTCTAAATCCAT 58 °C [20]

GTCATGCTGACGAGAGCAAA

To establish an external standard curve, ten-fold serial dilutions of plasmid DNA with
a known copy number were subjected to real-time PCR in five replicates. For each sample,
three replicates were analyzed in qPCR assays. All qPCR assays were executed with an
efficiency exceeding 94%, and R? values greater than 0.99 were achieved.
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2.2. Characterization of Biosurfactants
2.2.1. Isolation and Purification of Biosurfactants

Biosurfactants derived from strains 2A and 2B were isolated following a standard pro-
cedure [21], involving acid precipitation, redissolution of the precipitate in a 2:1 chloroform-—
methanol mixture, subsequent filtration of the solution, overnight drying of the filtrate at
50 °C, and further freeze-drying.

Optical density (OD600) was analyzed every 12 h to assess the dynamics of culture
growth using a spectrophotometer LOIP LEKI SS51207 (LOIP, Saint-Petersburg, Russia).

2.2.2. Emulsification Test and Surface Tension Measurement

The emulsifying activity of biosurfactants was evaluated by determining the emul-
sification index (E24) through a procedure described by Cooper in 1987 [16]. Specifically,
5 mL of crude oil and 5 mL of cell-free culture supernatant were vigorously shaken for
2 min. The tube was then allowed to stand undisturbed for 24 h. E24 was calculated as a
percentage of the total liquid volume, based on the height of the emulsified liquid column.

Surface tension measurements were performed at room temperature every 12 h using
a K20 tensiometer (KRUSS, Hamburg, Germany) employing the Du Nouy ring method.

2.2.3. FTIR and TLC

The chemical structure of the obtained biosurfactants was determined using Fourier
transform infrared spectroscopy with frustrated total internal reflection (ATR FTIR spec-
troscopy). Measurements were conducted on an IR spectrometer equipped with a macro
attachment, specifically the Bruker Lumos (Bruker Optics, Ettlingen, Germany). Prior to
each measurement, the ATR crystal was meticulously cleaned with 95% ethyl alcohol. Spec-
tral data processing was carried out using the OPUS-IR software (Bruker Optics, Coventry,
UK, version 7.2). Pre-processing techniques, including normalization (offset correction),
smoothing, and correction for water vapor and carbon dioxide signals, were applied using
the features available in the OPUS-IR software 7.2. The IR source operated at a current of
6.3 V and a voltage of 1030 mA [22]. Biosurfactant samples were deposited onto the ATR
crystal at a temperature of 24 °C, and IR spectra were acquired by averaging 256 scans in
the range of 600-4000 cm ! at a spectral resolution of 4 cm 1.

To visually identify the composition of the biosurfactant and assess the potential
multicomponent nature of the product (indicating the presence of lipopeptides with various
compositions), thin-layer chromatography was employed. Specifically, 10 mg of purified
biosurfactant was dissolved in 1.5 mL of a chloroform and methanol mixture (1:2, v/v).
Subsequently, 20 uL of the solution was applied to glass plates coated with a silica gel
stationary phase containing a fluorescent indicator (Silica gel 60 Fps4, Merck Millipore,
Darmstadt, Germany). Application and elution were performed using an automatic thin-
layer chromatography system (Camag ATS 4 and ADC 2, CAMAG, Muttenz, Switzerland),
with an eluent comprising a mixture of chloroform:methanol:ethyl acetate (13:3:0.4, v/v/v).
The separation of product components was recorded under ultraviolet light at A = 254 nm.
Iodine vapor was utilized as a coloring agent, while a 1% solution of ninhydrin in absolute
alcohol and a 1% solution of p-anisaldehyde in a mixture of sulfuric and acetic acids
were employed to detect lipid fragments and the presence of peptides and carbohydrate
residues, respectively.

2.3. MEOR Simulation

In order to replicate the impact of a cell-free culture supernatant containing a biosur-
factant on oil within an oil reservoir, vertically oriented cylindrical PVC columns, each
with a volume of 200 mL, were employed. These columns were filled with river sand that
had been pre-calcined at 800 °C and possessed a particle size ranging from 0.1 to 1.0 mm
(Figure 1), following the design outlined in Suthar et al., (2008) [23].
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Figure 1. Sand-packed columns used to estimate the efficiency of biosurfactants for MEOR.

The upper section of the column remained sand-free, creating a gap of 3 cm. Both
the upper and lower sand surfaces were confined by a metal mesh with a mesh size of
0.1 mm. Additionally, the upper part was sealed with a polymer plug featuring a hole for
the injection device. Prior to experimentation, the columns were purged with a stream
of nitrogen gas to eliminate any residual air in the pores. Brine, an aqueous solution
containing 20 g L~! NaCl and 10 g L~! CaCl,, was introduced for the primary column
flooding using a syringe through a silicone tube. The volume of brine needed to completely
fill the columns, indicated by the appearance of the first drops in the lower part, was
considered the pore volume (PV). Two pore volumes were passed through the columns to
thoroughly displace gas residues and saturate the pore space with the liquid.

Next, the columns were filled with oil sourced from the Romashkino field, charac-
terized as high-viscosity heavy oil with a density of approximately 24 degrees API or
0.939 g cm ™3 [24]. Oil was introduced at a rate of 5 mL min~!, corresponding to two pore
volumes. The oil displacement of the brine was monitored, and the volume of displaced
brine was measured using a graduated cylinder, representing the original oil in place
(OQOIP). The ratio of OOIP to PV allowed calculation of the initial oil saturation (Soi), ex-
pressed as a percentage. After the columns were filled with oil for 48 h at room temperature,
they were flushed again with brine at a rate of 10 mL min~! until the oil ceased to flow from
the column. The volume of recovered oil was measured using a graduated cylinder after
centrifugation to separate the oil from partially mixed water. This volume was considered
the oil recovered by brine flood (Sorbf). The percentage of oil recovered was determined by
the ratio of Sorbf to OOIP, expressed as a percentage.

The remaining oil, Sor, was subjected to one pore volume (PV) of a cell-free culture
supernatant containing a biosurfactant and an aqueous solution of an industrial prepara-
tion at concentrations of 0.3%, which aligns with the working concentrations for anionic
surfactants used in oil production [25]. The columns were maintained at room temperature
for 24 h, and the flowing water—oil emulsion was separated by centrifugation to determine
the volume of oil obtained. The volume of oil recovered through the surfactant-containing
cell-free culture supernatant flooding (Sorsf—oil recovered by surfactant flood) was utilized
to calculate the total oil recovery (TOR) and additional oil recovery (AOR). AOR represents
the volume of oil recovered by the biosurfactant relative to the remaining oil after brine
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flooding, while TOR signifies the volume of oil recovered by the biosurfactant in relation to
the original volume of oil that initially filled the pore space (OOIP). AOR is expressed as
the proportion of oil recovered by the cell-free culture supernatant flooding relative to the
volume of oil remaining after brine flooding, and TOR is expressed as the proportion of oil
recovered by the cell-free culture supernatant flooding relative to the original volume of oil
that occupied the pore space.

As the cell-free culture supernatant samples containing surfactant were regarded as an
alternative to industrial surfactants, their efficacy was quantified as a ratio to the AOR and
TOR values obtained for the industrial surfactant. For each experimental condition, three
columns were employed. Additional oil recovery calculations were conducted following
the methodology proposed by Suthar et al., (2008) [23].

2.4. Statistical Analysis

All measurements were performed in 3 replicates. Statistical analysis was performed
in Microsoft Excel 2016 MSO (Microsoft, Redmond, WA, USA). In the figures and tables,
mean values from the replicates with standard deviation are presented. The Mann-Whitney
U test was used to determine statistically significant differences (p < 0.05) (the results are
presented in Supplementary Tables S1-510). Graphs were prepared using Microsoft Excel
2016 MSO (Microsoft, Redmond, WA, USA).

3. Results and Discussions
3.1. Characterization of Isolates

The taxonomic classifications of the two selected strains were determined through
165 rRNA gene sequencing. The sequencing data obtained were published in the National
Center for Biotechnological Information (SRX21838258-SRX21838259). Strain 2A was
identified as belonging to the species B. pumilus, while strain 2B was classified as P. simplex.

Both B. pumilus and P. simplex were cultivated in a medium with glycerol as the sole
carbon source (Figure 2A,B). The figure presents the dynamics of optical density (A) and
surface tension of water (B) measured every 12 h within the 12-72 h time interval. Optical
density at 600 nm (OD600) was used to estimate cell density in the solution and assess the
culture growth stage. Dynamic surface tension measurements enabled the estimation of
biosurfactant production during culture growth.

80
D S g /0
2 60
£
=50
o
‘» 40
S
@ Bacillus pumilus 'q'; 30
o
Peribacillus 'g 20
simplex "5,10
0
36 48 60 72 0 12 24 _36 48 60 72
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(A) (B)

Figure 2. Dynamics of optical density OD600 (A), surface tension of water (B).

Based on the obtained data, the B. pumilus culture reached the stationary phase after
60 h of cultivation, whereas the P. simplex culture reached this phase after 36 h. Notably,
the maximum decrease in surface tension for both cultures occurred at the 72nd hour of
cultivation, measuring 15.4 mN m~! for B. pumilus and 5.1 mN m~! for P. simplex. These
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changes in surface tension align with results reported by other researchers, demonstrating
the effectiveness of biosurfactant production [26].

The capacity of the new isolates to produce specific groups of lipopeptides was evalu-
ated by examining the presence of genes encoding the synthesis of surfactin, bacillomycin,
iturin, and fengycin through quantitative polymerase chain reaction (QPCR) (Figure 3).

W Bacillus pumilus

m Peribacillus simplex

e B
srfAA bamC fenD ituC

Figure 3. Number copies of genes encoding biosurfactant synthesis.

The strains were found to possess the stfAA, bamC, and fenD genes, responsible for the
synthesis of surfactin, bacillomycin, and fengycin, respectively. However, the ituC gene,
responsible for iturin synthesis, was not detected. The highest number of gene copies was
observed for the srfAA gene, with counts of 9.0 x 10* and 8.3 x 10%, while the lowest counts
were recorded for the bamC gene, with counts of 3.7 x 102 and 4.6 x 10? gene copies per
gram for isolates B. pumilus and P. simplex, respectively. Consequently, these strains are
primarily inclined toward surfactin synthesis and do not possess the capability for iturin
production. The presence of srfAA, bamC, and fenD genes aligns with findings reported by
other researchers and represents the most common genetic characteristic within the genus
Bacillus [27].

3.2. Characterization of Biosurfactants

Biosurfactant production during cultivation in a liquid nutrient medium is accompa-
nied by alterations in the medium’s parameters. Consequently, the content of lipopeptides
increases throughout the growth phase, and changes occur in the medium composition
due to the involvement of its components in microbial metabolic pathways and the for-
mation of new compounds resulting from microbial activity. It is well established that
the component composition of the medium influences biosurfactant yield and the surface
tension of the medium [28]. In our study, both the culture medium itself, utilized as a
reagent for microbial enhanced oil recovery (MEOR), and the biosurfactant isolated from
it were examined. To elucidate its structure, attenuated total reflection Fourier transform
infrared spectroscopy (ATR FTIR) was employed, with the corresponding spectra depicted
in Figure 4.
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Figure 4. FTIR absorption spectra of biosurfactants, isolated from cultural medium of B. pumilus and
P. simplex strain and of standard surfactin.

The infrared spectrum derived from biosurfactant samples and a control sample of
surfactin (Sigma-Aldrich, St. Louis, MO, USA) displays characteristic lines of peptide
groups in the 3300-3400 cm ™! range. Vibrations specific to amino acid fragments, repre-
sented by -NH,, are evident in this range, with contributions from OH hydroxyl group
stretching vibrations, particularly a strong intensity peak at 3360 cm~!. Peptide fragments
typical of bio-surfactants produced by Bacillus bacteria are typically recorded within the
1600-1700 cm ™! range. These fragments correspond to the deformation vibrations of -NH3*
(termed “amino acid band 1”) and -CO-N bonds. The absorption of these fragments is
particularly prominent at 1639 cm~!. Additionally, intense bands, manifesting as doublets
or triplets in the 2800-3000 cm ™! range, correspond to asymmetric vibrations in alkyl
fragments (-CH3 and -CHj-). These vibrations also appear in the 1200-1400 cm~! region as
bending vibrations, with peaks at the 2944, 2892, and 1370 wave numbers. These segments
of the absorption spectra typically serve as reference points when identifying characteristic
features of lipopeptide biosurfactants.

Furthermore, weak peaks at 2356 cm ™! indicate vibrations specific to the -COO-
carboxyl group, a characteristic feature shared by all amino acids. Peaks of moderate-
to-low intensity at wave numbers 1040 cm~! and 922 cm ™! correspond to vibrations in
aliphatic fragments with C-O-C bonds. These findings are consistent with the results
obtained for lipopeptides and align with a standard sample of surfactin [29,30].

The growth of microorganisms that produce biosurfactants often results in the forma-
tion of metabolic byproducts. Due to their physicochemical resemblance to the target prod-
ucts, namely lipopeptides, these byproducts are co-extracted using conventional methods,
such as acid precipitation followed by redissolution in a mixture of polar organic solvents.
To comprehensively characterize the resulting product, isolated lipopeptide samples were
analyzed utilizing high-performance thin-layer chromatography (TLC) techniques.
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In order to assess the potential polycomponent nature of the isolated biosurfactant
samples, spots were visualized under ultraviolet light at a wavelength of 254 nm and
treated with specific staining agents: iodine vapor for lipid fragments and ninhydrin
solution to visualize amino acid fragments. Figure 5 illustrates the distillation results that
indicate the presence of lipid fragments in biosurfactant samples from B. pumilus and
P. simplex. The spots, stained in iodine vapor at Rf = 0.4 and clear staining in ninhydrin
solution at Rf = 0.4, demonstrate the presence of amino acid fragments in the peptide chain
of the P. simplex sample. In the case of biosurfactant samples from B. pumilus, spots in this
eluent system indicate the presence of individual organic molecules structurally dissimilar
to lipopeptide surfactants but containing amino acid fragments. These impurities in the
B. pumilus biosurfactant sample showed Rf values ranging from 0.15 to 0.2.

Figure 5. TLC of biosurfactants, isolated from the cultural medium of the B. pumilus and P. simplex
strains, visualized in UV;s4 (a), iodine vapors (b) and ninhydrin solution (c).

3.3. MEOR Simulation

The efficacy of using cell-free culture supernatant containing biosurfactant was evalu-
ated on a series of PVC cylinders filled with quartz sand, simulating conditions similar to
oil production in highly porous rock. The results are presented in Table 3.

Table 3. Efficacy of Atren (0.3%) and cell-free cultural media for oil recovery from sand-packed

columns.
The Effectiveness of
.o Biosurfactants in

Sample PV, mL OOIP, mL Soi, % Sorbf, mL Sorsf, mL Relation to Chemical

Surfactants
Atren 62.50 + 0.25 21.25 £ 0.40 33.90 £ 0.48 41.25 £ 0.40 2.75+0.14 -

B. pumilus 55.00 £ 0.40 14.00 + 0.25 25.50 £ 0.12 41.00 £0.75 2.50 £+ 0.20 34% higher
P. simplex 59.00 + 0.20 2225 +0.25 37.70 + 0.40 36.25 + 0.10 2.50 4+ 0.10 16% lower

Based on pore volume and oil content within the pores, as well as the volume of oil
recovered using brine and either biosurfactant or synthesized surfactant, secondary and
tertiary oil recovery parameters were calculated. Sorbf was determined to be 41.00 and
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36.25 mL, for B. pumilus and P. simplex, respectively, while Sorsf was 2.50 mL for both.
Consequently, the oil yield after treatment with a cell-free culture was 14-16 times lower
than the yield after displacement with brine. The ratio between Sorbf and Sorst obtained
in our study falls within the range reported in the literature for cell-free supernatants and
biosurfactants used for MEOR, namely 4.1 and 2.3, respectively. However, the unusually
high ratio between Sorbf and Sorst observed in our study might be attributed to the
relatively large volume of oil that was flushed out with brine during secondary recovery,
influenced by the sand core’s characteristics, particularly its porosity and permeability.
Indeed, the efficiency of oil production is significantly influenced by the permeability of
formations and model objects. The particle size distribution of the sand and the uniformity
of the fractions used to fill the sand columns have a substantial impact on the permeability
parameters [31,32].

Therefore, in rocks with high permeability, the impact of material composition and
shape, along with the elimination of biological clogging effects, becomes evident. Despite
this, the efficiency of MEOR often remains low, increasing by up to three-fold when
utilizing native reservoir rocks [33]. The broad diversity in sand composition and materials
filling the cores, such as glass beads and rock fragments, enables the authors to achieve
MEOR results spanning wide ranges of values. The relevance of employing the bulk sand
column method for modeling reservoir conditions is discussed due to the expense and time
constraints associated with using real cores for screening studies [34]. Indeed, oil recovery
efficiency is intricately linked to the geological characteristics of the formation [35]. The
original oil reserves and their composition are closely intertwined with the volumes of
oil recoverable through conventional extraction methods [36]. Consequently, substantial
amounts of oil extracted from highly permeable rock formations have diminished the
effective impact of chemical and microbiological methods employed for enhanced oil
recovery [37]. Furthermore, the interaction of surfactants within the porous system of an
oil reservoir goes beyond mere emulsification. Some surfactant molecules can be adsorbed
onto mineral particles” surfaces, thereby diminishing the active substance’s mass fraction
in the solution. However, such systems have been extensively studied, primarily for
commercially available industrial surfactants [38]. In our case, the column was filled with
highly permeable sand, possibly resulting in values that might be lower than those reported
for similar MEOR experiments [39].

On the basis of Sorbf and Sorst, AOR values obtained for both isolates” cultural me-
dia were calculated (Supplementary Table S11) and related to those for the chemically
synthesized surfactant widely used in the oil industry, Atren (0.3% solution), to assess
their effectiveness (Table 3). It was revealed that the effectiveness of B. pumilus-produced
biosurfactant was 34% higher and that of P. simplex was 16% lower, as compared with Atren
solution. In the literature, both purified biosurfactants and cell-free cultural media are
described as being used to enhance oil recovery. The last might be less efficient as the concen-
tration of biosurfactants in the cultural medium is quite low. Thus, Hamzah et al. [37] have
noted that additional oil production reaches 7.9% when the core was treated with cell-free
biosurfactant supernatant compared with washing out with saline solution [37]. In contrast,
acid-precipitated biosurfactant caused an increase in oil production of 30-56% [40—42].
However, should strains with high biosurfactant activity be found, the usage of cell-free
supernatants to enhance oil recovery is promising because of its simplicity and inexpen-
siveness. It should be noted that publications regarding cell-free cultural media usage
for MEOR are mainly based on lab-scale studies of emulsification and surface tension
alterations [43,44]. There is scarce literature on the scaling-up of the application of culture
supernatants that contain biosurfactant under lab models, reservoir conditions or on the
oilfield site. Consequently, the potential of utilizing cell-free supernatant has not been
extensively explored in the literature, despite its advantage in eliminating the biosurfactant
extraction stage and the use of large volumes of toxic solvents [45-47].

Publications that include efficacy comparison of widely used surfactants that are
biologically or chemically produced are rare [48,49]. From this perspective, the results
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presented in Table 3 and Supplementary Table S11 might be important for further industrial
scale studies [50,51]. Our results regarding AOR allow us to assert that even the effec-
tiveness of cell-free supernatants containing biosurfactant is comparable to or exceeds the
effectiveness of commercial analogues. This indicates the high potential of this method;
however, additional research is needed on the effectiveness of cell-free supernatants under
conditions of high salinity and elevated temperatures and pressures, as well as under
conditions of less porous models, such as low-permeability columns and cores.

Typically, when evaluating the efficacy of commercial and biological surfactants, their
mass concentrations in solution are provided, and comparisons are made based on this
criterion [52]. We advocate for an alternative approach, where the effectiveness of MEOR
surfactants is compared by equalizing their surface tensions. This parameter is simpler
to assess and eliminates errors associated with the presence of numerous impurities in
biosurfactants, which can occur due to different cultivation media and isolation meth-
ods. The disposal of these impurities can be costly and sometimes involve impractical
technological processes [53,54]. It is noteworthy that, even with the same surface tension,
the effectiveness of biosurfactants in MEOR, under real as well as laboratory conditions,
can vary significantly. This variation is attributed to several factors, including the com-
position and structure of the mineral phase in the column or core, temperature, medium
acidity, salinity, and the chemical structure of the surfactant. It is well known that the steric
characteristics of molecules play a vital role in the formation of micelles [6,55-59].

One of the primary advantages of the use of culture media for MEOR lies in the
reduction of purification and biosurfactant preparation costs. However, achieving opti-
mal results necessitates precise control of the environmental components’ influence on
oil emulsification processes. Additionally, research and optimization of cultural media
usage conditions are essential, considering parameters such as pressure, temperature, and
formation composition.

4. Conclusions

In this study, we conducted a screening of crude oil microorganisms capable of bio-
surfactant synthesis. Through evaluations of the emulsification index and water surface
tension reduction, we identified the two most effective strains, 2A and 2B. Biosurfactants
produced by these strains were classified as lipopeptides using thin layer chromatography
(TLC) and Fourier transform infrared spectroscopy (FTIR) methods. Through Sanger
sequencing, strain 2A was identified as B. pumilus and strain 2B as P. simplex. Both strains
exhibited the presence of srfAA and fengD genes, responsible for surfactin and fengycin
synthesis, along with a minor presence of the bamC gene and the absence of the ituC gene,
responsible for bacillomycin and iturin synthesis, respectively.

To assess the efficacy of these biosurfactants, we employed a model setup that simu-
lates oil production conditions in highly porous rock formations. The effectiveness of the
studied biosurfactants was compared with that of an industrial surfactant at a concentration
of 0.3%. B. pumilus culture supernatant exhibited 34% higher efficiency compared with the
industrial surfactant. However, the additional oil recovery (AOR) value obtained using
P. simplex culture supernatant was 16% lower than the commercial surfactant solution.
These findings suggest that the efficacy of cell-free supernatant is comparable to synthetic
surfactants, indicating that the extraction and purification of biosurfactants might be omit-
ted from the microbial enhanced oil recovery (MEOR) technological process, especially
when bacteria are cultivated in proximity to oil wells.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pr11113203/s1, Table S1: Comparison of the significance of the
values of Emulsification index differences obtained in our study by Mann-Whitney U-test, p < 0.05;
Table S2: Comparison of the significance of the values of Surface tension differences obtained in our
study by Mann-Whitney U-test, p < 0.05; Table S3: Comparison of the significance of the values
of optical density (OD660) differences obtained in our study by Mann-Whitney U-test, p < 0.05;
Table S4: Comparison of the significance of the values of surface tension of water differences obtained
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in our study by Mann-Whitney U-test, p < 0.05; Table S5: Comparison of the significance of the
values of pore volume differences obtained in our study by Mann-Whitney U-test, p < 0.05; Table Sé:
Comparison of the significance of the values of OOIP differences obtained in our study by Mann—
Whitney U-test, p < 0.05; Table S7: Comparison of the significance of the values of Soi differences
obtained in our study by Mann-Whitney U-test, p < 0.05; Table S8: Comparison of the significance of
the values of Sorbf differences obtained in our study by Mann-Whitney U-test, p < 0.05; Table S9:
Comparison of the significance of the values of Sorsf differences obtained in our study by Mann—
Whitney U-test, p < 0.05; Table S10: Comparison of the significance of the values of AOR differences
obtained in our study by Mann-Whitney U-test, p < 0.05; Table S11: AOR and TOR values of
measured samples.
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