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Abstract: For microbial enhanced oil recovery (MEOR), different mechanisms have been introduced.
In some of these papers, the phenomena and mechanisms related to biosurfactants produced by
certain microorganisms were discussed, while others studied the direct impacts of the properties of
microorganisms on the related mechanisms. However, there are only very few papers dealing with
the direct impacts of microorganisms on interfacial properties. In the present work, the interfacial
properties of three bacteria MJ02 (Bacillus Subtilis type), MJ03 (Pseudomonas Aeruginosa type),
and RAG1 (Acinetobacter Calcoaceticus type) with the hydrophobicity factors 2, 34, and 79% were
studied, along with their direct impact on the water/heptane interfacial tension (IFT), dilational
interfacial visco-elasticity, and emulsion stability. A relationship between the adsorption dynamics
and IFT reduction with the hydrophobicity of the bacteria cells is found. The cells with highest
hydrophobicity (79%) exhibit a very fast dynamic of adsorption and lead to relatively large interfacial
elasticity values at short adsorption time. The maximum elasticity values (at the studied frequencies)
are observed for bacteria cells with the intermediate hydrophobicity factor (34%); however, at longer
adsorption times. The emulsification studies show that among the three bacteria, just RAG1 provides
a good capability to stabilize crude oil in brine emulsions, which correlates with the observed fast
dynamics of adsorption and high elasticity values at short times. The salinity of the aqueous phase is
also discussed as an important factor for the emulsion formation and stabilization.

Keywords: microbial enhanced oil recovery (MEOR); hydrophobicity of bacteria cells; interfacial
properties; dilational visco-elasticity; emulsion stability; salinity effects; diffusion and adsorption

1. Introduction

For most of the oil reservoirs, just a small percentage (less than 20%) of the original oil
in place can be extracted via the natural pressure of the reservoir, combined with gravita-
tional drainage and supported by external forces like pumps. Therefore, extensive studies
have been performed to find methods of enhanced oil recovery (EOR), and even a 1%
improvement can be an important achievement for large scale oil reservoirs. However,
most of these methods are not yet economically feasible or environmentally friendly [1] for
practical applications in the field, and successful projects are often case study dependent.
Among these methods, Microbial Enhanced Oil Recovery (MEOR) is one of the promising
approaches [2]. In this bio-technological EOR procedure, different microorganisms and bio-
products are utilized in order to increase the oil recovery through in/ex situ processes [3,4].
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Several field trials have been reported that illustrate the advantages of MEOR to effectively
increase oil recovery [4]. However, there are still several open issues for the practical
implementation of MEOR, including the complexity of the mechanisms, the instability of
the field trails, low ultimate recovery, cost-effective production of microbial products, and
lack of appropriate mathematical models for a process optimization.

According to some review studies [4–6], the MEOR mechanisms can be classified
mainly as: improving the mobility ratio by oil viscosity reduction, biopolymer produc-
tion, bioclogging and permeability modifications, biodegradation, IFT reduction, emul-
sification, and wettability alteration, via the metabolism of related bioproducts [7–13].
However, for hydrophobic microorganism, other mechanisms can play certain roles
and can also influence the oil recovery directly (in addition to the role of bioproducts).
Sarafzadeh et al. [14] showed that the adhesion of the cells of the special hydrophobic strain,
Bacillus stearothermophilus SUCPM#14, at the oil/water interface leads to an increased oil
recovery as a result of the changed oil/water interfacial behavior. However, interfacial
dilational visco-elasticity was not investigated in their work, which is now part of this
study. It will be discussed that the attachment of B. stearothermophilus SUCPM#14 at the
oil/water interface can cause high elasticity values, which is an important factor for EOR.

Dorobantu et al. showed that the hydrophobic strain, Acinetobacter venetianus RAG-1,
stabilizes both oil in water and water in oil emulsions without affecting the IFT [15]. They
illustrated that the mechanism responsible for stabilizing the emulsion is inhibition of
droplet coalescence. Via direct contact experiments, Kang et al. indicated that the two
strains Acinetobacter venetianus RAG-1 and Rhodococcus erythropolis 20S-E1-c act as effective
stabilizers. In this work, it was shown that the mechanism of emulsion stabilization
consists of: (a) the creation of steric barriers due to the presence of microorganism cells
at the interface, and (b) the increase of the interfacial activity due to the interaction of
adsorbed cells at the interface [16]. In another work, Kang et al. showed that the presence
of two different strains, A. venetianus RAG-1 and R. erythropolis 20S-E1-c, has negligible
effects on the oil/water IFT, changing IFT values only from 52 mN/m to 49 ± 1.5 mN/m
and 48.5 ± 1.2 mN/m, respectively [17].

In contrast to Dorobantu et al. (2004) and Kang et al. (2008) who refuted any significant
surface activity for microorganism cells, Karimi et al. showed that the presence of cells of
the hydrophilic strain Enterobacter cloacae can decrease the surface tension (ST) of water
noticeably from 68.2 ± 0.9 mN/m to 56.5 ± 1.1 mN/m [13]. This indicates a significant
surface activity for these microorganism cells. Halim et al. showed that bacteria themselves
can play an important role in the formation of emulsions, even in cases where a limited
IFT reduction takes place. Their results demonstrate that the emulsion formation in
combination with a reduced IFT is an important mechanism for MEOR applications [18].

In summary, although MEOR processes are generally discussed based on the impacts
of the related biosurfactant products, the direct impacts of the microorganism on interfacial
properties can be also an important issue. On the other hand, the production of biosur-
factants may have several restrictions such as requirements of specific minerals and pH
conditions in the reservoir [19]. Furthermore, isolation and purification of the individual
components can be expensive [20], and any utilization of biosurfactants in ex-situ processes
might be economically infeasible. Furthermore, for in-situ processes, the utilization of
biosurfactants is limited to the presence of an indigenous biosurfactants producing strain.
Similar restrictions exist for the MEOR method through employing other mechanisms, such
as the need of special nutritional components and the presence of special strains. Thus,
finding new MEOR methods which are less dependent on the production of biosurfactants
can be captivating.

Therefore, the adsorption of the microorganism cells at the water–oil interface can
activate an enhanced oil recovery directly. IFT reduction and emulsion formation are two
proposed mechanisms for MEOR [21,22]. However, the fundamental phenomena behind
these mechanisms must be investigated and further clarified. Thus, the relationships
between the hydrophobicity of the bacteria cells and the dynamic IFT and interfacial vico-
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elasticity values of the related solutions, as key factors in the discussed mechanism, are
investigated in this work.

2. Materials and Methods

Experiments are divided into two categories: bacterial cell isolation and identification,
and impact of their hydrophobicity on interfacial properties.

2.1. Microorganisms

Three bacteria were investigated in this work, one of them is the known microorganism
RAG1; the second was isolated from an oil production unit, and the third one from seawater
(Table 1). These three bacteria cover a wide range of hydrophobicity (2, 34, and 79%), and
of the resources that can be used for EOR applications (injection of brine or sea water).

Table 1. Specifications of used bacteria.

Sample of
Bacteria

Source/Name of
Bacteria Hydrophobicity Bacteria Cell Size

Sample A Isolated from sea
water (MJ02) 2% Bacillus subtilis 0.25–1 µm Diameter

4–10 µm Length

Sample B
Isolated from

Iranian oil field
(MJ03)

34% Pseudomonas
aeruginosa

0.5–0.8 µm Diameter
1.5–3 µm Length

Sample C RAG1 79% Acinetobacter
calcoaceticus

1–1.5 µm Diameter
1.5–2.5 µm Length

2.1.1. Isolation

The isolation processes for two of the mentioned bacteria are described as follows.

Isolation of Oil Degrading Bacteria

The samples from the soil of oil contaminated areas, and brine from the bottom of
the stock tank were collected in sterile containers from an oil production unit in the south
of Iran. A total of 2 g of the soil samples and 2 mL of the brine samples were added to
50 mL of a mineral salt based enrichment medium in 250 mL conical flasks. The following
medium, which has been proposed by Peng et al. [23], was used as an enrichment medium
(adjusted to pH 7.4): (NH4)2SO4, 10 g/L, NaCl, 15 g/L; FeSO4·7H2O, 2.8 × 10−4 g/L;
KH2PO4, 3.4 g/L; K2HPO4·3H2O, 4.4 g/L; MgSO4·7H2O, 1.02 g/L; yeast extract, 0.5 g/L,
and trace element solution, 0.5 mL/L with 2% (v/v) n-hexadecane as the sole carbon source.
The following trace element solution after separate sterilization should be added to the
preceding medium: ZnSO4, 0.29 g/L; CaCl2, 0.24 g/L; CuSO4, 0.25 g/L; MnSO4, 0.17 g/L.
The enrichment process was conducted at 30 ◦C, 160 rpm over 5 days.

After the enrichment process, various dilutions of the cultures up to 108 were prepared
and spread on Luria-Bertani agar medium, which is composed of tryptone, 10 g/L; yeast
extract, 5 g/L; NaCl, 5 g/L; agar, 15 g/L. After 1–3 days incubation at 30 ◦C, morphologi-
cally different colonies were re-cultivated on fresh agar plates at least for three times to
obtain pure cultures. Afterward, the purity of these isolates was confirmed through Gram
staining [24].

In order to ensure that all potential strains have been successfully isolated, a second
enrichment method proposed by Bushnell Haas was applied. The enrichment medium of
this method was composed of: MgSO4, 0.2 g/L; CaCl2, 0.02 g/L; KH2PO4, 1 g/L; K2HPO4,
1 g/L; (NH4)2SO4, 1 g/L; FeCl3, 0.05 g/L; with 1% (v/v) n-hexadecane as the sole carbon
source. The medium was adjusted to pH 7–7.2. After preparation of the medium, the
enrichment was conducted at 30 ◦C over 1 month (no shaking) [25].
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Isolation of Sea Water Bacteria

For isolation of each bacteria cell, we need different enrichment medium, which
depends on its source. However, these media were used for isolation, purification, and
screening of the bacteria cells and after choosing the proper microorganisms, all of them
were grown in the same LB medium (in Luria Bertani agar medium). Samples of seawater
from the Persian Gulf were taken from a location far from the beach and it was roughly 1 m
below the see floor in order to ensure the water sample was free of near beach pollution
effects. The following medium (seawater broth) was used for isolating the sea water
microorganisms: Peptone, 5 g/L; yeast extract, 5 g/L; beef extract, 3 g/L; sea water 1 L [26].
After preparation, 500 µL of the seawater sample was inoculated to 50 mL of this medium
in a 250 mL conical flask.

Like in the previous section, after the enrichment process different dilutions of the
cultures up to 108 were prepared and spread on a sea water agar medium, which has the
same composition as seawater broth plus 15 g/L of agar. Other steps were done as in the
previous section, except the Bushnell Haas method was not used.

2.1.2. Identification

Chromosomal DNA of screened bacteria was extracted using a CinnaPure TM DNA
extraction kit (Cinnagen, Iran) according to the manufacturer’s instructions. The 16S rRNA
gene was amplified by PCR using a universal primer: F: AGAGTTTGATCCTGGCTCAG,
R:ACGGCTACCTTGTTACGACTT [27] The reaction was performed in a total volume of
20 µL and was set up as follows: 7 µL of PCR master mix (Amplicon, Denmark), 1 µL
of each F and R primer, 1 ng of template DNA, and remaining volume (10 µL) of sterile
distilled water. The thermal condition was carried out in these steps: 94 ◦C for 5 min
as initial denaturation, and 35 cycles at 94 ◦C for 30 s, 57 ◦C of annealing for 30 and
105 s for extension at 72 ◦C, the PCR was terminated with 10 min at 72 ◦C. The amplified
product was detected on 1% gel electrophoresis, and the band similar to 1513 bp was
cut and extracted by a gel elution kit (GenMark Technology, Taichung, Taiwan). The
extracted band then was sequenced by the Macrogen Service Centre Advancing (Korea).
The resulting sequence homology was compared to the GenBank database of the National
Centre for Biotechnology Information (NCBI) using the BLASTn algorithm. The CLustalW
was used for nucleotide sequence alignment. The neighbor joining tree construction was
carried out using the Molecular Evolutionary Genetics Analysis (MEGA) software version
6.0 [28]. A detailed description of the identification procedure utilized in this work can be
found in [29].

2.1.3. Previously Known Microorganisms

The Acinetobacter calcoaceticus PTCC 1318 strain (RAG1) was purchased from Persian
type culture collection (Iran) [29,30].

2.1.4. Microorganism Growth Conditions

The cultures were grown at 35 ◦C in Luria Bertani medium (LB), which is composed of
tryptone, 10 g/L; yeast extract, 5 g/L; NaCl, 5 g/L; on a rotary shaker at 160 rpm; the cells,
at the start of their stationary phase, were subsequently harvested by centrifugation at
8000× g. Cells were washed three times and re-suspended in potassium phosphate buffer
at pH 7 at the specified molarity.

2.1.5. Adhesion Experiments

In order to determine the affinity of the cells of different strains to adhere to the
oil/water interface, a bacterial adhesion to hydrocarbons (BATH, used as hydrophobicity
index) test was used as proposed by Rosenberg et al. [31].

The cells, already harvested and washed, were then suspended in phosphate buffer so
that the mixture’s initial optical density at 600 nm (OD600) was obtained. Afterward, an
aliquot of the cell suspension (1.2 mL) was mixed with 1 mL of n-hexadecane (99% pure;
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Sigma Chemical Co., St. Louis, Mo.) for 120 s using a vortex mixer. After phase separation
(15 min) the optical density of the aqueous phase was measured again. To determine the
adhesion in percent, we utilized the relative difference between the aqueous phase’s optical
density before and after mixing with n-C16.

BATH = 100 ×
[

1 −
(

OD600 after mixing
OD600 before mixing

)]
(1)

2.2. Measurements of the Interfacial Properties

For measuring dynamic interfacial tension, the drop profile analysis tensiometer PAT-1
(SINTERFACE Technologies, Berlin) was used; a detailed description of this apparatus
can be found in [32,33]. In brief, the instrument has a dosing system with the accuracy
of ±0.02 µL connected to the tip of a capillary. The drop is created at the capillary tip
manually, which can be afterwards adjusted automatically to a certain constant volume (or
area) via the syringe pump with subsequent programmable arbitrary volume/area changes
(e.g., oscillation, ramp expansion/contraction, etc.). Then, the drop profiles recorded via a
CCD camera are used for IFT measurements by fitting the Young-Laplace equation to the
drop profile coordinates.

In order to achieve a bacteria cell adsorption equilibrium at the interface, dynamic
interfacial tensions are measured within a range of 1500 s. Additionally, the interfacial
dilational visco-elasticity is measured at two time moments. The frequency range of these
measurements were between 0.01 to 0.1 (Hz) and the amplitude was about 7% of the
drop volume.

The dilatational visco-elasticity modulus (E) is defined as follows [34]

E =
dγ

d lnA
(2)

The drop oscillations were generated at two different drop ages of about 100–400 and
900–1200 s for better recognition of the adsorbed layer composition at early stages and later
times of adsorption layer formation.

2.3. Emulsion Stabilization Study

The crude oil used in this study was obtained from one of the Iranian south oil fields
and consists of 57% saturates, 21% aromatics, 21% resin, and 2% asphaltene. The other
properties of this crude oil are presented in Table 2.

Table 2. Properties of the crude oil.

Property Unit Value

Specific Gravity API 30.58
Dead oil Viscosity Cp 4.8
Saturations Content Wt% 57
Aromatics Content Wt% 21
Resins Content Wt% 21
Asphaltenes Content Wt% 2

Firstly, for preparing cell suspensions, the cells were three times washed in a concentra-
tion of 1500 ppm in distilled water of different salinities of NaCl. Afterward, 3 mL of these
solutions were added to 3 mL of a dead oil in 10 mL test tubes. Subsequently, oil and water
in each test tube were mixed for 5 min using a high speed vortex mixer. Thereafter, the
volumes of the emulsion (Ve), water (Vw) and oil (Vo) phases were measured after 15 min
and 24 h. Furthermore, in order to demonstrate the effects of salinity on the emulsion
formations, the volume ratios Vo/Ve and Vw/Ve were plotted against salinity. For the
determination of the emulsion stability, the initial emulsion volume was compared with
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that after 24 h, and the volume ratios Ve (after 24 h)/Ve (initial) were plotted against salinity as
emulsion stability index.

3. Results and Discussion

The results of the BATH tests illustrate a wide hydrophobicity range between 2 and
79% for the selected bacteria (Table 1), which is suitable for investigating the effect of
hydrophobicity of bacteria cells on the interfacial properties.

3.1. Identification of the Bacteria

The 16S rRNA partial sequence analysis showed that MJ02 and MJ03 are Bacillus
subtilis and Pseudomonas aeruginosa by 97 and 96% similarity, respectively. The 16S rRNA
of these strains was submitted to NCBI GenBank with the accession numbers MH244902
and MH290000, respectively.

3.2. Dynamic Interfacial Tension of Aqueous Suspensions of the Pure Bacteria Cells

The first set of experiments was conducted with bacteria cell suspensions in absence
of any bio product. This reflects the distinct effects of the bacteria cells on the interfacial
properties. Figure 1 shows the dynamic IFT of the n-heptane/water system in presence of
the bacteria samples A, B, and C at three different concentrations each. We can observe
that the microorganisms attach at the interface, which leads to a remarkable decrease
in IFT; these effects increase with the hydrophobicity and concentration of the cells, as
expected. To clarify the effects of the hydrophobicity, the results for different bacteria at the
concentration of 500 ppm are presented in Figure 2 in which the most significant effect on
IFT is observed for the bacteria sample C with the highest hydrophobicity 79%. Therefore,
it can be concluded that the ability of the microorganism cells to reduce the oil/water IFT
is correlated reasonably with their hydrophobicity.

3.3. Analysis of the Adsorption Kinetics

Diffusion-controlled, kinetic-controlled, and mixed diffusion-kinetics-controlled mod-
els are known for the description of the adsorption kinetics of surfactants at liquid interfaces.
In the diffusion-controlled model, it is assumed that the required time for a component to
be transported from the bulk to the sublayer is much greater than the transfer time of a cell
from the sublayer to the adsorbed state at the interface [35], which may need additional
time for hydrophobic-hydrophilic heads, tails, and chains to re-orient and re-configure at
the interface. The following equation describes the diffusion-controlled model for short
adsorption times best [36]:

γ(t) = γ(0)− 2RTC
(

Dt
π

)1/2
(3)

Here, γ is dynamic interfacial tension, γ(0) is the initial interfacial tension at t = 0, R is the
universal gas constant, T is the absolute temperature, C is the bulk concentration of the
adsorbing molecules, and D is the diffusion coefficient.

Figure 3 shows the dynamic IFT versus square root of time of the adsorption process.
Regarding Equation (3), the linear relationship between IFT and square root of time shows
that the bacteria cells adsorb diffusion-controlled for all three samples. Due to the higher
surface activity for the sample C, the dynamics of adsorption appears faster than others
at the same concentration. The interesting point for all of these three bacteria is a high
motility and super-diffusivity (estimated D: order of 10−9 m2/s) of such a large surface
active component (size scale 0.25–1 µm diameter, and 1–10 µm long) in comparison with
regular surfactant molecules, which are much smaller (e.g., typically range of 1–2 nm),
and large protein macromolecules (e.g., range of 10–20 nm). This is however a known
phenomenon in the hydrodynamics of microorganisms that show a motility supported by
a self-propelled enhanced Brownian motion mechanism [37]. This can also be estimated
via our experimental data given in Figure 3. The faster adsorption of RAG1 can also be due
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to a higher motility of these bacteria according to its higher hydrophobicity, which may
lead to a stronger self-propulsion property.

Colloids Interfaces 2021, 5, x FOR PEER REVIEW 7 of 15 
 

 

 
Figure 1. Dynamic interfacial tension for three different bacteria samples at different cell concentra-
tions (given in the insert in ppm). (A), MJ02; (B), MJ03; (C), RAG1. Figure 1. Dynamic interfacial tension for three different bacteria samples at different cell concentra-

tions (given in the insert in ppm). (A), MJ02; (B), MJ03; (C), RAG1.



Colloids Interfaces 2021, 5, 49 8 of 14
Colloids Interfaces 2021, 5, x FOR PEER REVIEW 8 of 15 
 

 

 
Figure 2. Impacts of the bacteria hydrophobicity on the dynamic interfacial tension evolutions at a 
fixed bacteria concentration of 500 ppm. 

3.3. Analysis of the Adsorption Kinetics 
Diffusion-controlled, kinetic-controlled, and mixed diffusion-kinetics-controlled 

models are known for the description of the adsorption kinetics of surfactants at liquid 
interfaces. In the diffusion-controlled model, it is assumed that the required time for a 
component to be transported from the bulk to the sublayer is much greater than the trans-
fer time of a cell from the sublayer to the adsorbed state at the interface [35], which may 
need additional time for hydrophobic-hydrophilic heads, tails, and chains to re-orient and 
re-configure at the interface. The following equation describes the diffusion-controlled 
model for short adsorption times best [36]: γ(𝑡) = 𝛾(0) − 2𝑅𝑇𝐶 𝐷𝑡𝜋 /

 (3)

Here, γ is dynamic interfacial tension, γ(0) is the initial interfacial tension at t = 0, R is the 
universal gas constant, T is the absolute temperature, C is the bulk concentration of the 
adsorbing molecules, and D is the diffusion coefficient. 

Figure 3 shows the dynamic IFT versus square root of time of the adsorption process. 
Regarding Equation (3), the linear relationship between IFT and square root of time shows 
that the bacteria cells adsorb diffusion-controlled for all three samples. Due to the higher 
surface activity for the sample C, the dynamics of adsorption appears faster than others 
at the same concentration. The interesting point for all of these three bacteria is a high 
motility and super-diffusivity (estimated D: order of 10−9 m2/s) of such a large surface ac-
tive component (size scale 0.25–1 µm diameter, and 1–10 µm long) in comparison with 
regular surfactant molecules, which are much smaller (e.g., typically range of 1–2 nm), 
and large protein macromolecules (e.g., range of 10–20 nm). This is however a known 
phenomenon in the hydrodynamics of microorganisms that show a motility supported by 
a self-propelled enhanced Brownian motion mechanism [37]. This can also be estimated 
via our experimental data given in Figure 3. The faster adsorption of RAG1 can also be 
due to a higher motility of these bacteria according to its higher hydrophobicity, which 
may lead to a stronger self-propulsion property. 

Note, the hydrophobicity factor can also play a role in the final step of the adsorption 
at interface, as it can influence the orientation and configuration states close to the inter-

Figure 2. Impacts of the bacteria hydrophobicity on the dynamic interfacial tension evolutions at a
fixed bacteria concentration of 500 ppm.

1 

 

 
Figure 3. Dynamic IFT versus square root of time for bacteria of different hydrophobicity (H).

Note, the hydrophobicity factor can also play a role in the final step of the adsorption
at interface, as it can influence the orientation and configuration states close to the interface.
Thus, the consequent mechanism of the adsorption process can become mixed-kinetics-
diffusion controlled, which would need a careful discussion with extra experimental data
obtained with complementary protocols and techniques.

3.4. Measurements of the Interfacial Dilational Visco-Elasticity

Figure 4 shows the elasticity values of the aqueous bacteria suspensions at different
concentrations against heptane measured at two different adsorption times: 100–400 and
900–1200 s after the formation of the drop interface. For longer adsorption times, the
elasticity values are higher due to the higher adsorbed amount of bacteria cells at the
interface. This difference is less for higher concentrations due to the faster adsorption
process. The maximum elasticity is observed for the bacteria MJ03, which is expected
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according to the rate of adsorption presented in Figure 2, which indicates a significant,
however gradual, decrease in surface tension.
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Figure 4. Interfacial dilational elasticity for suspensions of bacteria with different hydrophobicity measured at different
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The elasticity values depend very much on the hydrophobicity, adsorption time,
and bacteria concentration. For easier interpretation, the results in Figure 5 are shown
as a function of the hydrophobicity (H). The maximum elasticity for the first period of
adsorption (100–400), and for the high concentration range (1500 ppm) MJ03 shows a
maximum elasticity. For longer adsorption times (second period, 900–1200 s), MJ03 has
a maximum elasticity at all concentrations. For RAG1 at high concentrations, we see a
decrease in the elasticity at the measured frequencies of 0.02 and 0.08 Hz, which is due to the
fast adsorption kinetics (observed via dynamic interfacial tensions). However the results
can be different for very high frequencies, for which alternative experimental techniques
based, for instance, on capillary pressure measurements would be required [38,39].
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In conclusion, it can be observed that the interfacial elasticity, known as an important
parameter for the stability of complex adsorbed layers and related multiphase systems
like foams and emulsions, can be different not only for certain types of bacteria and
concentrations, but can also depend very much on the adsorbed layer age. Moreover, it is
strongly linked to the dynamics of adsorption and the applied perturbation frequencies.
This issue is also discussed below in connection to the emulsion formation experiments.

3.5. Evaluation of Emulsion Stabilization

Among the three bacteria studied here, just RAG1 exhibited a good ability for stabi-
lizing crude oil in brine emulsions under different conditions. This fact can be concluded
from the results of dynamic interfacial tension measurements (Figure 2), in which RAG1
is the only bacterium with a sufficiently fast adsorption kinetics and sufficiently sharp
and quick decrease in interfacial tension, which is required for the emulsion formation
process. Moreover, the interfacial elasticity factor which can play a certain role (however
complex) on the stability of the formed emulsion, is in a reasonable correlation with this
result. For the emulsification process, in which the interface between the phases is formed
in a short time, the dynamic surface tension at short times and the elasticity values in
early stages, at high frequencies, can support the formation of high volume emulsions
with a better stability. It is observed in Figure 5 that the elasticity values of the early stages
(t = 100–400 s) at the high frequency of 0.08 Hz, are considerably high just for RAG1 at low
to high concentration solutions.

As for MEOR applications, the bacteria should play the expected role under high
salinity conditions, the effects of the salinity on the crude oil in brine emulsions (stabilized
by RAG1) is depicted in Figure 6. It is observed that firstly, the stability is improved by
increasing the salinity in the low concentration range (0.2% w/v). This can be related to the
typical impacts of salt for enhancing the surface activity of amphiphilic components [40].
However, by a further increase in the salinity the initially formed emulsion volume and the
stability decrease, which can be due to the secondary impacts of the salt on the denaturing
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process of the biological organisms and related key components. It should be noticed that
although the overall salinity has negative effects on the emulsion stability, for RAG1 up to
a very high salinity concentration of 20% a certain emulsion formation ability and stability
can be observed. This demonstrates that the studied microorganism cells can tolerate harsh
saline conditions in petroleum reservoirs.
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Figure 6. The impact of salinity on the crude oil in brine emulsions stabilized by RAG1 bacteria cells (1500 ppm).

There is also an interesting phase behavior of the emulsions stabilized by RAG1 at
different salinities, as shown in Figure 7. At all salinities, three phases exist simultaneously:
oil (containing some solubilized brine droplets), brine (containing some solubilized oil
droplets), and the emulsion phase in between. Extensive research on the phase behavior of
the emulsions stabilized by surfactants in brine show that depending on the salinity, three
structures might occur. At low salinities, two phases exist—a pure oil phase in coexistence
with a brine microemulsion phase that contains surfactant and some solubilized oil (this
behavior is called Winsor type I). At high salinities, two phases also coexist—a brine phase
and an oil microemulsion phase that contains surfactant and some solubilized brine (this
behavior is called Winsor type II). At intermediate salinities three phases coexist: a brine
phase, an oil phase and a microemulsion phase, which contains surfactant, brine, and oil
(this behavior is called Winsor type III) [41].

Thus, emulsions that are formed and stabilized by RAG1 bacteria cells show a con-
siderably different behavior as compared to surfactants. During surfactant flooding in
reservoirs at high salinity brines, the formation of a water-in-oil emulsion is observed,
which leads to an oil recovery reduction and further production problems [42]. However,
for suspensions of RAG1 cells, although at high salinities less emulsion is formed, the
emulsion will be of Winsor type III, which is the best emulsion type for the EOR [43].
Therefore, in EOR applications, less salinity independence can be favorable for the use of
RAG1 cells as compared to surfactants.
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4. Conclusions

The results of this work illustrate the importance of the natural surface properties
of bacteria cells (not only via the produced biosurfactants) on the interfacial properties
of water/oil interfaces. Three bacteria with different hydrophobicity factors (H = 2, 34,
and 79%, respectively) were investigated in this regard, considering their direct impacts
on the water/heptane interfacial tension (IFT) and corresponding interfacial dilational
elasticity. The results demonstrate a significant dependency of the adsorption dynamics
and IFT reduction on the hydrophobicity properties of the bacteria cells. The cells with the
higher hydrophobicity factor (79%) show a very fast adsorption kinetics and large elasticity
values at short adsorption times. At long adsorption times, the bacteria with medium
hydrophobicity factor (H = 34%) show the highest elasticity among the three studied bacte-
ria samples. The variations of the elastic properties show a complex behavior depending
on the hydrophobicity, adsorption time, and bacteria concentration. It is observed that
for low and intermediate concentrations (250 and 500 ppm), the RAG1 cells (H = 79%)
show a maximum elasticity for the first period of adsorption (100–400 s); however, for the
highest concentration of 1500 ppm, MJ02 shows the highest elasticity for the first period of
adsorption. For longer adsorption times (2nd period, 900–1200 s), MJ02 shows maximum
elasticity values for all concentrations. For RAG1 at high concentrations, the elasticity at the
measured frequencies of 0.02 and 0.08 Hz decreases, which is caused by the fast kinetics of
adsorption. Note, the results can be different for very high frequencies, for which however
alternative experimental techniques are required (which are not used in this work). It was
demonstrated that the values of the interfacial elasticity, which is known as an important
parameter for the stability of foams and emulsions, can be different not only for the certain
types of bacteria and their concentrations, but can also strongly depend on the adsorbed
layer age and the dynamics of adsorption.

The presented emulsification studies show that among these three bacteria samples,
RAG1 provides a good capability to stabilize crude oil in brine emulsions, which can be
well understood via studies of the dynamics of adsorption, i.e., the fast reduction of the IFT.
The results illustrate that RAG1 bacteria cells are able to stabilize emulsions at low (0.2 w%)
and also at very high salt concentration (20%), which is a very suitable range for MEOR
under practical conditions.
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