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ABSTRACT: Nanoparticles (NPs) have attracted great attention
in the tertiary oil recovery process due to their unique properties.
As an economical and eflicient green synthesis method,
biosynthesized nanoparticles have the advantages of low toxicity,
fast preparation, and high yield. In this study, with the theme of
biotechnology, for the first time, the bio-nanoparticles reduced by
iron-reducing bacteria were compounded with the biosurfactant
produced by Bacillus to form a stable bio-nano flooding system,
revealing the oil flooding mechanism and enhanced oil recovery
(EOR) potential of the bio-nano flooding system. The interfacial
properties of the bio-nano-oil displacement system were studied by
interfacial tension and wettability change experiments. The enhanced oil recovery potential of the bio-nano-oil displacement agent
was measured by microscopic oil displacement experiments and core flooding experiments. The bio-nano-oil displacement system
with different nanoparticle concentrations can form a stable dispersion system. The oil—water interfacial tension and contact angle
decreased with the increase in concentration of the bio-nano flooding system, which also has a high salt tolerance. Microscopic oil
displacement experiments proved the efficient oil displacement of the bio-nano-oil displacement system and revealed its main oil
displacement mechanism. The effects of concentration and temperature on the recovery of the nano-biological flooding system were
investigated by core displacement experiments. The results showed that the recovery rate increased from 4.53 to 15.26% with the
increase of the concentration of the system. The optimum experimental temperature was 60 °C, and the maximum recovery rate was
15.63%.

1. INTRODUCTION At present, the production of nanoparticles mainly includes

In recent years, researchers have focused on nanoparticles physical methods, chemical methods, and biological methods.

(NPs) for enhanced oil recovery (EOR). NPs involve Physical synthesis of nanoparticles requires a lot of energy, and
: the yield is low;"” chemical methods need less energy in the

process of synthesizing nanoparticles, and the formed particles
are homogeneous and have a high shape accuracy. However,
the use of various hazardous chemicals can seriously pollute
the environment due to their carcinogenicity, genotoxicity, and
cytotoxicity.'* ™' The biological methods utilize biomaterials-
mediated, end-capped, encapsulated, or microbial self-
produced nanoparticles.'” Similarly, the biological synthesis
of nanoparticles is an economical, efficient, and ecofriendly
strategy.'®'” The synthesized nanoparticles do not contain
toxic chemical pollutants, and the time required for nano-
particle biosynthesis is much less in contrast to some of the

rearrangement or modification of atoms and molecules to
form sizes in the nanoscale range from 1 to 100 nm, equivalent
to one billionth of a meter.' NPs are considered potential
substitutes or boosters for traditional chemical EOR materials;
efficient oil displacement can be achieved by decreasing the
interfacial tension between oil and water,” changing the
wettability of the reservoir rock,” increasing the viscosity of
the injected fluid* and rheology,s’é and reducing the oil
viscosity and asphaltene precipitation.” Researchers have also
improved the oil displacement efficiency of chemical enhanced
oil recovery (CEOR) through the synergistic effect of
nanoparticles and traditional chemical enhanced oil recovery
(CEOR) materials.”” However, the stable dispersion, high

input ratio, and compatibility with other agents of NPs are still Received: March 3, 2023
the main factors restricting the application of NPs to EOR. Accepted:  April 27, 2023
Reducing the cost of NPs, improving the compatibility of NPs Published: May §, 2023

with other oil-displacing agents, and enhancing the stable
dispersion in the system are the objectives of the present
study.* ™"
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Table 1. Composition of Simulated Formation Water

component Na,SO, NaCl CaCl, MgCl, NaHCO; total salinity
content (mg/L) 133 17786.8 1143.1 864 551 20,018
Bacillus strain 3096-3
Produced biosurfactants
\\\% In ES medium incubted
T — for 120 h

Hematit
+

OOdiunl lactate

/

=

Incubate 37°C for 30 d

Figure 1. Synthesis diagram of the bio-nano-oil displacement system.

bio-nano oil

Magnetic stirring i .
lagnetic stirring for 20 min displacement system

Nano iron particles

other physicochemical approaches for synthesis."*> Therefore,
the synthesis of nanomaterials by biological methods is very
promising in the research and application of enhanced oil
recovery.

The biological synthesis of nanoparticles has been
successfully developed and applied in domestic and foreign
laboratories. The biological synthesis of nanoparticles and
related fields have made great progress. Many researchers
synthesize nanoparticles by biological methods, and the size
and shape of the synthesized nanoparticles can be controlled
by optimizing the process parameters. In 2023, Bopape et al.
used Commelina benghanlensis to synthesize nano-TiO,, and
found that the crystallinity, specific surface area, morphology,
and size of nanoparticles could be controlled by changing the
concentration of plant extracts.”’ Mishra et al. revealed a
biosynthesis method for rapid preparation of AuNP by
Trichoderma within 10 min, and controlled the synthesis of
nanoparticles by changing the content of microorganisms, pH,
temperature, and concentration.”* Tripathi et al used Bacillus
licheniformis to biosynthesize nanostructured zinc oxide (ZnO)
at ambient temperature; the size was between 200 nm and 1
pum, showing multiple hexagonal wurtzite crystal structures
with a width of about 40 nm and a length of about 400 nm.*”
While applying biosynthesized nanoparticles to enhance
recovery, researchers have investigated the synergistic effects
of combining nanoparticles with chemical reagents such as
surfactants. Omidi et al. synthesized Fe;O,/eggshell nano-
composites (NC) by using the Commersonia bartramia plant,
and prepared the oil displacement system by mixing with
different kinds of surfactants. The results showed that

compared with the TR-880 surfactant, NC dispersed by the
CTAB surfactant could more effectively reduce interfacial
tension and make wettability change into water wetting, and
that the best system was 500 ppmNC + 1000 ppm CTAB.*
Liu et al. synthesized nano-Ag particles by using “ascorbic acid”
as a reducing agent, and prepared the bio-nano-Ag flooding
agent, which enhanced the oil recovery rate by 19.49%, by
using the fermentation supernatant of Candida and Pseudomo-
nas aeruginosa as modifiers and dispersants.”*

However, there are few studies on the formation of the oil
displacement system by microbial biosynthesis of nanoparticles
and surfactants, and the stable dispersion of nanoparticles in
surfactants is still a challenging problem. This paper combines
Shewanella biosynthetic Fe,O; nanoparticles and lipopeptide
biosurfactants produced by Bacillus to form a green, environ-
mentally friendly, stable, and efficient bio-nano flooding
system. Among them, biosurfactants are often used as
stabilizers, dispersants, and capping agents due to their unique
molecular structure, low toxicity, and temperature resistance.
When combined with nanomaterials to form a multifunctional
oil displacement system,””*” many studies have shown that
the synergistic effect of nanoparticles and surfactants can
greatly improve crude oil recovery.”® Compared with the
polymer chemical flooding used in the traditional EOR
process, the bio-nano flooding system can lead to some small
pores that cannot be entered by the traditional flooding
medium due to the smaller particle size of the bio-
nanoparticles. NPs can easily pass through the porous medium
without reducing the formation permeability. Therefore, bio-
nanoparticles can play a wide-ranging role and improve the
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macroscopic sweep efficiency and enhance the recovery rate.””
In this paper, transmission electron microscopy (TEM),
particle size analysis, and {-potential analysis were used to
characterize the stable dispersion of the bio-nano-oil displace-
ment agent system at different nano concentrations. The oil—
water interface performance of the bio-nano-oil displacement
system was evaluated by interfacial tension measurement and
contact angle measurement. The microscopic oil displacement
experiment and core displacement simulation experiment
revealed the oil displacement performance and enhanced the
oil recovery potential of the bio-nano-oil displacement system.

2. MATERIALS AND METHODS

2.1. Synthesis of the Biological Nano-Oil Displace-
ment Agent. 2.1.1. Biosurfactant. 12.5 mL of Bacillus 3096-
3 was added to 250 mL of ES medium in the laboratory, and
cultured in an incubator at 37 °C for 120 h. The fermentation
broth was centrifuged in a Neofuge 13R high-speed centrifuge
at 10,000r for 10 min. After centrifugation, the supernatant was
analyzed by liquid chromatography—mass spectrometry (LC—
MS) as a lipopeptide compound with carbon chains of C;-
and C4-surfactin.

2.1.2. Biological Nanopatrticles (Fe,O; Nanoparticles).
Shewanella CD-8, hematite as the electron acceptor and iron
source, and organic acid sodium lactate as the carbon source
and electron donor were added to the specific medium of
HEPES buffer in the laboratory, and cultured in a constant-
temperature incubator at 37 °C for 30 days.

2.1.3. Experimental Oil. The simulated oil was prepared by
mixing ShengLi Oilfield crude oil and diesel oil in the ratio 1:2,
and the viscosity was 5.69 MPa-s at 25 °C. The experimental
water was simulated formation mineralized water, and the
composition of the simulated formation mineralized water is
shown in Table 1.

For the preparation of the bio-nano-oil displacement system,
nano-iron particles were obtained from the reduction of
Shewanella that was filtered through a 0.25 ym membrane, and
they were mixed with the lipopeptide biosurfactant produced
by Bacillus strain 3096-3 fermentation in a certain proportion
in a beaker and were stirred under ultrasonic conditions. The
mixture was stirred for 20 min until the solution was clear and
translucent, which is the bio-nano-oil displacement system
(Figure 1).

2.2. Characterization of the Stability and Dispersi-
bility of the Bio-Nano-Oil Displacement System. A
synthetic biological nano-oil-displacing agent was ultrasonically
treated with an ultrasonic liquid processor for 10 min to
remove particle agglomeration, dropped on the copper grid,
and then the copper grid was finally dried. The synthetic
biological nano-oil-displacing system was observed under a
JEM-2100Plus electron microscope at a wavelength of S0 nm
to determine whether the NPs were amorphous or crystalline.

2.2.1. Particle Size Analysis. A Bettersize2600 laser particle
size analyzer was used to measure and analyze the particle size
distribution of the bio-nano-oil displacement agent system
under different concentrations of nanoparticles.

2.2.2. {-Potential Measurement. By adding 2.5 g of quartz
into a beaker for each test, the biological nano-oil-displacing
system solution was configured into a suspension with a mass
concentration of 10 g/L, and the quartz particles and the
suspension were fully stirred, mixed, and dispersed. Then, the
potential measurement of the sample was obtained, each

sample was measured three times, and the average value was
considered the {-potential measurement value.

2.3. Measurement of Interfacial Tension. The HARK-
500C full-scale rotating drop interfacial tension tester was used
to measure the interfacial tension between the target solution
and crude oil, and the test temperature was 25 °C.

2.4. Evaluation of Wettability. The pendant drop
method was used to test the wettability of the biological
nano-oil displacement agent (Figure 2). The glass soaked in

syringe

Figure 2. Experimental schematic of the contact angle.

crude oil was immersed for pretreatment, and it was aged in an
oven at 65 °C for a week. Subsequently, it was removed for
use, washed with n-heptane until the surface of the glass sheet
was colorless, and the experiment was conducted. The contact
angle was measured using a contact angle-measuring instru-
ment (DSA255 Contact Angle Measuring Instrument, Cluse
Scientific Instruments (Shanghai) Co., Ltd.), the measurement
image analysis software was started, and the resulting images
were captured on the software.

2.5. Microscopic Oil Displacement Experiment. The
specific experimental steps of the microscopic oil displacement
experiment were as follows: (1) the microscopic glass model
was evacuated, and then the simulated formation water was
saturated; (2) the simulated oil was injected at a constant
speed of 0.05 mL/min to saturate the crude oil; (3) water
flooding was carried out at a constant speed of 0.05 mL/min,
and stopped when the water content of the outlet reached
98%; (4) the oil displacement agent was injected at a constant
speed of 0.05 mL/min, and the water was stopped when the
water content at the outlet reached 98%; (5) the distribution
of oil and water in the model was observed and recorded after
water flooding and the biological nano-oil displacement agent
flooding with a light microscope; (6) after the experiment, the
microscopic glass pore model was cleaned with petroleum
ether and ethanol.

2.6. Core Flooding Experiment. In the experiment, the
core was initially dried in an oven at 120 °C; then, it was
placed in the core holder, and the simulated formation water
was saturated by vacuuming to obtain the simulated formation
water. The ions were evenly distributed in the core; then, the
crude oil was saturated at a constant flow rate. Subsequently,
the temperature was set, the gate valve was closed, and the
constant temperature was maintained for more than 24 h. The
water flooding was performed at the set temperature, and the
displacement of crude oil content was measured. After
injecting the simulated formation water, we continued to
inject a specific concentration of the biological nano-oil
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displacement system at the same flow rate, and the
displacement fluid was collected to measure the crude oil
content. The oil displacement effect of the bio-nano-oil
displacement system and the feasibility of EOR were evaluated
by core flooding experiments.

3. RESULTS AND DISCUSSION

3.1. Evaluation of the Stability and Dispersibility of
the Bio-Nano-Oil-Displacing System. 3.1.1. Particle Size
and (-Potential Analysis of the Biological Nano-Oil
Displacement System. A nanofluid oil displacement system
needs to have high-quality dispersion stability, and the
dispersion stability of the nanofluid directly affects its oil
displacement efficiency in the process of EOR.'"'> The
particle size distribution of the bio-nano-oil-displacing agent
system with different NP concentrations was analyzed by a
laser particle size analyzer between 40 and 80 nm (Figure 3).
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Figure 3. Particle size distribution of bio-nano-oil-displacing systems
with different nanoparticle concentrations.

The particle size distribution of the biological nano-oil
displacement system shifted slightly to the right after the
concentration of NPs increased, but it was mainly distributed
in the range of 40—80 nm. This finding showed that the high
nano-concentration slightly affected the particle size distribu-
tion of the bio-nano-oil-displacing system, and that it has good
dispersion stability.

The {-potential of the biological nano-oil displacement
system with different NP concentrations was analyzed, and the
{-potential test results are shown in Table 2. The table shows

Table 2. {-Potential Values of the Bio-Nano-Oil-Displacing
System with Different NP Concentrations

concentration (mg/L) {-potential value (mV)

20 —35.6
40 —36.2
60 —36.7
80 —36.8
100 —37.1

that the absolute value of the (-potential under the five
concentration gradients is between 35.6 and 37.1 mV. When
the NP concentration was 100 mg/L, the absolute value of the
{-potential was the largest, at 37.1 mV. According to Table 2,
the larger absolute value of C—Potential indicates the better
stability of the solution system. »*>*' The {-potential of the

oil-displacing agent was between +31 and +60; thus, the bio-
nano-oil-displacing system solution was more stable, and it
could be used for the evaluation of the subsequent oil
displacement experiments with a 100 mg/L bio-nano-oil-
displacing system. Its viscosity was 1.22 mPa-s, and the density
was 1.013 g/cm?’.

3.1.2. Scanning Electron Microscopy (SEM) and TEM
Analysis of the Bio-Nano-Oil Displacement System. Figure 4
shows the SEM and TEM results of the microscopic
morphology of the NPs in the bio-nano-oil-displacing agent
with the NP concentration of 100 mg/L. As shown in the
figure, the NPs of the biological nano-oil flooding agent were
spherical. From a microscopic point of view, the NPs were
uniformly distributed, spherical in shape, and stable in size,
with an average particle size of approx. 40 nm.

3.2. Performance Evaluation of the Biological Nano-
Oil Displacement Agent. 3.2.1. Interfacial Tension. At 60
°C, the dynamic oil—water interfacial tension curves of
different concentrations of bio-nano-oil-displacing agents are
shown in Figure SA. Compared with the simulated formation
water, the biological nano-oil-displacing system evidently
reduced the interfacial tension between the two phases of oil
and water. During the experiment, the biological nano-oil
flooding agent decreased the oil—water interfacial tension to a
certain constant minimum interfacial tension value, and it
changed evidently with the concentration. When the biological
nano-oil displacement system concentration was 20 mg/L, the
oil—water interfacial tension value was 2.878 X 1072 mN/m.
When the biological nano-oil displacement system concen-
tration reached 100 mg/L, the oil—water interfacial tension
value was 4.54 X 107> mN/m and minimized at this time.
Therefore, the biological nano-oil flooding system had a
significant effect on the change in oil—water interfacial tension,
and with the increase in concentration, it was more beneficial
to the reduction of oil—water interfacial tension than the
interfacial tension of simulated formation water, which was
9.15 X 107> mN/m.

The results showed that the decrease in value of interfacial
tension could be attributed to the NPs entering the interfacial
layer. The NPs in the bio-nano-oil-displacing system were
arranged into an ordered layered structure at the three-phase
junction, and a wedge-shaped film with the structural
disjoining pressure were formed.””*” The stacking of NPs at
the three-phase junction peeled off the oil film; the high-
concentration NPs were more adsorbed in the oil—water
interface, and the oil—water interface energy was reduced
compared with the low-concentration NPs. The dynamic oil—
water interfacial tension curves of different concentrations of
the biological nano-oil displacement agent were analyzed. The
results showed that the biological nano-oil displacement agent
system has good interfacial activity, which can effectively
reduce the oil—water interfacial tension. The higher concen-
tration of the biological nano-oil displacement system
indicated a lower interfacial tension.

As shown in Figure 5B, the oil—water interfacial tension of
the same concentration (100 mg/L) of the bio-nano-oil
displacement agent system, biosurfactant, and nano-iron fluid
was tested. It can be seen from the diagram that the bio-nano-
oil displacement system has a more significant effect on
reducing the interfacial tension than the biosurfactant and
nano-iron fluid. Under the same experimental conditions, the
interfacial tension of the biosurfactant was 2.54 X 107> mN/m,
that of the nano-iron fluid was 6.34 X 107> mN/m, and that of

https://doi.org/10.1021/acsomega.3c01447
ACS Omega 2023, 8, 17122—-17133


https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EHT =20.00 kv

Signal A = InLens
H WD = 50mm

Mag = 200.00 K X

Date :25 Aug 2020
Time :13:12:10

Figure 4. Microphotographs of the bio-nano-oil-displacing system with a nanoparticle concentration of 100 mg/L. (A) SEM image; (B) TEM
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Figure 5. (A) Oil-water dynamic interfacial tension of bio-nano-oil displacement system fluids with different concentrations; (B) oil—water

dynamic interfacial tension of different oil displacement agents.

the bio-nano-oil displacement system was 4.54 X 107> mN/m.
This result suggested that there was a positive synergistic effect
between the biosurfactants and bio-nanoparticles.”® Due to the
stability of biosurfactants, the number of bio-nanoparticles that
spontaneously diffuse to and adsorb at the oil—water interface
can be increased.”™** Therefore, compared with biosurfactants
and iron nanofluids, the bio-nano-oil displacement system
exhibited better interfacial activity, which could more
effectively eliminate interfacial interaction and reduce inter-
facial tension.

3.2.2. Change in Wettability. Figure 6 exhibits the change
in the contact angle of the biological nano-oil-displacing
system solution in the concentration range of 20—100 mg/L
under the temperature condition of 25 °C. The contact angle
was the smallest at 100 mg/L of the biological nano-oil-
displacing system, and the contact angle at this time was 34°.
On the basis of the wettability measured by the contact angle
method in “Determination of the Wettability of Reservoir
Rocks,” the wettability of 100 mg/L of the rock surface at this
time was hydrophilic, and the contact angles at concentrations
of 20, 40, 60, and 80 mg/L were 77.6, 74.5, 72.7, and 57.8°,
respectively.’>*” The contact angle measured in the simulated
formation water was 140.55°, and the wettability was oil-wet. It
suggested that the bio-nano-oil-displacing system changed the
wettability of the rock surface from oil-wet to water-wet.

With the increase of concentration of the biological nano-oil
flooding system, the angle of the contact angle decreased.

160

140

120

100

Contact angle (°)
D =l
(=} (=}

'
(=4

o
S

0 20 40 60 80 100
The concentration of bio-nano oil displacement system (mg/L)

Figure 6. Effect of the biological nano-oil displacement agent system
concentration on the contact angle.

When the concentration of the bio-nano-oil-displacing system
was 20 mg/L, the contact angle decreased from 140.55 to
77.6°, and the wettability changed from oil-wet to water-wet.
When the concentration increased from 80 to 100 mg/L, the
change in contact was the maximum (23.8°), indicating that a

https://doi.org/10.1021/acsomega.3c01447
ACS Omega 2023, 8, 17122—-17133


https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01447?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

higher concentration of the biological nano-oil displacement
system exhibited a stronger effect of changing the wettability of
the rock surface. This finding implied that the adsorption of
NPs was less at a low concentration, and the contact area
between the oil phase and the rock surface was larger. The
packing of the NPs was gradually tight, and the hydrophilic
hydroxyl groups on the particle surface replaced the lipophilic
groups outward, decreasing the contact area between the oil
phase and the surface of the glass sheet; the contact angle also
decreased.”™*”

However, the pore throat of the formation reservoir
contained not only the water phase and oil phase but also
various inorganic ions. Thus, the salt resistance of the oil
displacement system was also a key factor to evaluate the oil
displacement system. To study the influence of salinity
concentration on the wettability, the bio-nano-oil displacement
system with a concentration of 80 mg/L was considered, and
combined with the simulated formation water within the
salinity range of 2 X 10*—1 X 10° mg/L to prepare the bio-
nano-oil displacement system. The change in contact angle is
shown in Figure 7. The figure showed that within the range of
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Figure 7. Influence of salinity on the contact angle.

2 X 10*-1 x 10° mg/L salinity, the contact angle was the
largest (49.7°) when the salinity was 2 X 10* mg/L, indicating

that the wettability of the rock surface was hydrophilic.
However, when the salinity was 1 X 10° mg/L, the contact
angle was 46.8°, suggesting that the wettability of the rock
surface was still hydrophilic. Within the experimental
concentration range, the contact angle change was within 3°,
and the difference between the contact angle and that of the oil
displacement system without salinity concentration was within
2°. The results showed that the change in contact angle with
salinity was very small. The bio-nano-oil displacement system
had excellent salt tolerance and could effectively change the
wettability of the rock surface in highly mineralized formation
conditions. "’

Compared with the same concentration without salinity, the
contact angle under salinity conditions decreased by about 10°
and changed to a more hydrophilic direction. The change of
wettability of the rock surface was due to the stacking of
nanoparticles at the three-phase junction, which was arranged
in an orderly sequence structure to create a structural
separation pressure, thus changing the wettability. Under the
condition of salinity, the surface charge of the electrolyte in the
solution produced electrostatic repulsion, which effectively
prevented the agglomeration and sedimentation of nano-
particles in the biological nano-oil dis‘Placement system and
increased the stability of nanoparticles.”' ~** Moreover, due to
the existence of electrolytes, the net repulsive force between
the nanoparticles would be weakened, thus accelerating the
precipitation of nanoparticles on the solid surface.”*™*
Therefore, increasing the salinity of the bio-nano-oil displace-
ment system could enhance the effect of wettability
modification.

3.3. Enhanced Oil Recovery Potential of the Bio-
logical Nano-Oil Displacement System. 3.3.1. Microscopic
Oil Displacement Effect. Figure 8 shows a schematic of the
distribution of saturated crude oil and residual oil after water
flooding in the microchannel model. The types of residual oil
after water flooding are shown in Figure 8. After the first water
flooding, the residual oil t;rpes in the model were mainly
divided into four types:*”*’ Island residual oil—during the
water flooding process (Figure 9A), the large oil droplets
scattered in the pore channels are “shredded” to form many
small oil droplets, and these small oil droplets are distributed in
an area in an “island-like” distribution; columnar residual oil
(Figure 9B)—due to the small diameter of some pore roars or
large seepage resistance, the liquid cannot be displaced out and
the entire slender pores are filled; cluster residual oil (Figure
9C)—distributed in the residual oil formed in the

Figure 8. Schematic diagram of saturated crude oil and primary water flooding in a microchannel model: (A) saturated crude oil, (B) distribution

state of the remaining oil after primary water flooding.
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Figure 9. Residual oil types after water flooding: (A) island residual oil, (B) columnar residual oil, (C) cluster residual oil, and (D) flaky residual

oil.

O e S e |,

Figure 10. Microscopic oil displacement experiment results: (A) biosurfactant flooding, (B) nano-iron fluid flooding, and (C) biological nano-oil

displacement system flooding.

interconnected small pores but unable to flow and has a large
area; flaky residual oil (Figure 9D)—the residual oil with a
large area formed by the interconnection of the columnar
residual oil and the cluster residual oil in the larger-pores oil.

Through these figures, we found that the sweep efficiency
and oil washing capacity of water flooding were relatively low.
Water flooding mainly displaced the saturated crude oil with
strong fluidity and it was distributed in a part of the large
pores. After water flooding, a large number of different types of
residual oil were left in the model channel, and the residual oil
content in the channel model reached more than 50%. This
could be attributed to the viscous fingering caused by the poor
mobility between oil and water; most of the crude oil was
bypassed,” and the sweep efficiency and oil washing capacity
of the water flooding were relatively low, so that most areas
were not touched and a large amount of the oil was not
affected.

Figure 10 shows the experimental results of three kinds of oil
displacement fluids. We can see that the bio-nano-oil
displacement system was a compound system of the
biosurfactant and nano-iron fluid, and the oil displacement
effect was obviously better than the others. The residual oil
recovery rate displaced by the bio-nano-oil displacement
system could reach more than 90%. During the displacement

process, most of the residual oil near the mainstream line of the
bio-nano-oil displacement system is taken away by the oil
displacement agent through shear drag and emulsification, and
only a very small part of the residual oil left at both ends of the
mainstream line is not displaced. The bio-nano-oil displace-
ment system reduced the interfacial tension (IFT), changed
the wettability, and improved the flow efficiency while
increasing the viscosity of the injected fluid and increasing
the mobility ratio. Because the Fe,O; nanoparticles increase
the viscosity of the bio-nano-oil displacement system, it was
helpful for the bio-nano-oil displacement system to form a
stable emulsion in the porous medium. The stable emulsion
blocks the high permeability layer,*”** and the flooding fluid
would be displaced by the remaining oil in the affected area,
increasing the width of the area covered by the injected fluid,
thereby reducing the viscous fingering phenomenon and
improving the sweep efficiency.

3.3.2. Oil Flooding Mechanism of the Bio-Nano-Oil
Displacement System. Through the microscopic oil displace-
ment experiment, we found that the oil flooding mechanism of
the bio-nano-oil displacement system mainly included
emulsification, viscoelastic action, and change in wettability.
Through these mechanisms, the bio-nano-oil displacement
system could displace the remaining oil.
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Figure 11. Emulsification of the bio-nano-oil displacement system: (A) the bio-nano-oil displacement system emulsifies large oil droplets into small

oil droplets; (B) is a partial magnification of (A) by 10 times.

Figure 12. The bio-nano-oil displacement system produces a “pull” effect on the remaining oil under the viscoelastic action, making the remaining
oil longer and thinner (A), and then being pulled off to form many small oil droplets (B).
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Figure 13. Schematic diagram of the wettability changes of the bio-nano-oil displacement agent system: (a) an oil film is produced at the oil/water
interface along the wall after water flooding; (b) oil film on the capillary wall; (c) after adding 100 mg/L of the oil displacement agent system, the
oil film becomes unstable and ruptured; (d) the oil film forms spherical droplets in the capillary; (e) oil droplet migration direction; and (f) oil ilm

disappears in the capillary.

During emulsification, as shown in Figure 11, when the bio-
nano-oil displacement system emulsifies and disperses the large
oil droplets adhered to the channel wall into small oil droplets,
the flow resistance of the oil droplets during the displacement
process is reduced, so that the formed emulsion can be quickly
transported, and the oil droplets will not re-aggregate during
the migration process.”’ Emulsification can emulsify many
small oil droplets formed by large oil droplets. As a result, these
tiny oil droplets are more easily passed through the narrow
pores in the migration process, thereby expanding the sweep
efficiency, resulting in the rapid displacement of the remaining
oil in the process until the oil film and oil droplets are stripped
away.

Due to viscoelastic effect, on adding nanoparticles to the
biosurfactant, the nanoparticles induce the viscous fluid to
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change into a viscoelastic fluid, and the zero-shear viscosity of
the bio-nano-oil displacement system increases, which
increases the shearing force of the bio-nano-oil displacement
system.””® Therefore, the shear stress between the bio-nano-
oil displacement system and the remaining oil is higher than
between water and crude oil. As shown in Figure 12, the bio-
nano-oil displacement system would produce a “pull” effect on
the remaining oil during the oil displacement process under the
viscoelastic effect. The larger oil droplets are continuously
stretched by lateral extrusion, resulting in the remaining oil of
the large block. It gradually becomes longer and thinner until it
is finally pulled off, forming many small oil droplets or
filaments and being peeled off, thereby reducing the remaining
oil saturation to achieve the purpose of improving oil recovery.
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Table 3. Experimental Results of Core Flooding with the Bio-Nano-Oil-Displacing System

recovery rate

core water permeability ~ porosity initial oil water oil-displacing final
number  concentration of the oil displacement system/(mg-L™") (1073 um?) (%) saturation (%)  flooding agent flooding
Al 20 S1 23.56 68.79 50.68 4.52 §5.20
A2 40 48 22.36 67.93 53.12 7.24 60.36
A3 60 49 23.23 68.66 53.45 10.64 64.09
A4 80 51 23.32 67.75 53.78 11.02 64.80
AS 100 S0 23.14 68.22 53.55 15.26 68.81
80 T 7 T "
Water 1 Bil oil displ ! Water flooding 20F Water ,  Bio-nano oil displacement ’J' Water flooding
flooding | agent injection ' - flooding ' agent injection i " p
70 h o-& - O0-0-0 ! s ——20mg/L
i o ¥ g w-EE-EK-EX =18F ! /v —40mg/L
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Figure 14. Recovery (A) and differential pressure (B) curves at different concentrations.

Regarding the change in wettability, in order to observe the
action process in more detail, the capillary was used to simulate
the pore channel of the microscopic model. It was found that
with the injection of the bio-nano-oil displacement agent, the
bio-nano-oil displacement agent came into dynamic contact
with the capillary wall during the whole oil film stripping
process. As shown in Figure 13, one of the main oil
displacement mechanisms of the bio-nano-oil displacement
system was to change the wettability of the rock surface." The
bio-nano-oil displacement system can change the wettability of
the inner wall surface of the capillary from oil-wet to water-
wet.>* Thus, the oil film formed on the inner wall of the
capillary was separated from the wall surface, and under the
swirling flow effect of the bio-nano-oil displacement agent, the
separated oil film was gathered together to form a spherical
droplet,” which flowed in the direction of the oil displacement
system and finally was displaced by the oil displacement agent
from the other end of the capillary. In this process, the capillary
force was reduced and the remaining oil recovery was
improved.

3.3.3. Effect of Core Flooding Experiment. Since the
microscopic oil flooding experiment could not effectively
calculate the recovery rate, the core displacement experiment
was used to calculate the role of the bio-nano-oil displacement
agent in improving the recovery rate, and the potential of the
bio-nano-oil displacement agent system nanofluid in improving
the oil recovery rate was studied. The core flooding experiment
was carried out at 60 °C using different concentrations of the
bio-nano-oil displacement agent system. After displacing 1 PV
of simulated formation water, the water content of the
produced liquid reached more than 98%, and the oil
displacement efliciency was only about 50%.
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After water flooding, the displacement liquid bio-nano-oil
displacement agent system was injected. The data are shown in
Table 3 and Figure 14A. After the injection of 0.5 PV bio-
nano-oil displacement system, the crude oil recovery rate
began to increase. When the flooding reached 1 PV, the crude
oil recovery continued to increase. After continuing to displace
0.5 PV, the recovery increased slowly until it gradually
stabilized. After stabilization, when one end of the produced
liquid of the displacement device stopped oil production, it was
converted to secondary water flooding. Similarly, the water
flooding was stopped until the crude oil of the produced liquid
was no longer added. It can be seen from the experimental
results that when the concentration of the bio-nano-oil
displacement agent system was 20 mg/L, the crude oil
recovery was 4.52%. On increasing the concentration of the
bio-nano-oil displacement system, the recovery added with the
increase of the concentration. When the concentration was 100
mg/L, the crude oil recovery reached 15.26%. This showed
that when the concentration of the bio-nano-oil displacement
system was low, the oil flooding effect was slightly worse and
the residual oil displacement ability was low. On increasing the
concentration of the bio-nano-oil displacement system, the oil
displacement efficiency was higher, which implied that a higher
concentration of bio-nano-oil displacement system has greater
potential for enhancing the oil recovery.

The bio-nano-oil displacement system aggregates nano-
particles on the surface of the core pore channel through van
der Waals force and electrostatic interaction to form a
structural separation pressure, changes the wettability of the
surface of the core pore channel, and reduces the interfacial
tension. The increase of the system concentration can increase
the adsorption of nanoparticles on the rock surface and reduce
the oil—water interface energy to a greater extent, which
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Table 4. Experimental Results of the Oil Flooding System at Different Temperatures

core number temperature (°C) water permeability (107> ym?) porosity (%)

recovery rate

initial oil saturation (%) water flooding oil-displacing agent final flooding

A6 30 50 23.12 67.89 47.88 7.11 54.99
A7 40 49 22.68 67.76 48.34 11.48 59.82
A8 S0 49 22.98 69.98 51.24 13.22 64.46
A9 60 S1 23.76 70.01 53.28 15.63 68.91
Al0 70 S0 23.16 68.44 53.88 15.55 69.43
80 T | 1
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Figure 15. Recovery (A) and differential pressure (B) curves at different temperatures.

echoes the experimental results of Section 3.2.1, and the nano-
iron particles in the system can also control asphaltene
precipitation. As described in previous studies,”*™>° nano-
particles reduced asphaltene precipitation by adsorbing on the
surface of the asphaltene particles. Therefore, the high
concentration of the bio-nano-oil displacement system
increases the effect of these mechanisms, making the crude
oil more easily displaced and ultimately improving the oil
recovery.

In the field test, the recovery rate of crude oil in the
formation is also closely related to the formation temperature
of the reservoir. Therefore, the variation trend of crude oil
recovery of the bio-nano-oil displacement agent system at 30—
70 °C was studied experimentally. In the experiment, a bio-
nano-oil displacement system with a concentration of 100 mg/
L and an injection volume of 4 PV was selected. The core
related parameters and experimental results are shown in Table
4 and Figure 15A. With the increase of temperature, the
recovery rate of the bio-nano-oil displacement system was
increased from 7.11 to 15.63%. When the temperature rose to
50 °C, the flooding efficiency also increased significantly. The
increase of temperature reduced the viscosity, specific gravity,
and interfacial tension of crude oil, which was conducive to the
flow of crude oil in the core channel.”® Moreover, under
heating conditions, metal nanoparticles can reduce the
viscosity of crude oil and increase the thermal conductivity
of crude oil, thereby accelerating the recovery of crude oil.*”®!
Therefore, the increase of temperature was conducive to
increasing the sweep efficiency and oil washing capacity of the
oil displacement system, and improving the oil recovery.

However, it was not difficult to find that as the temperature
continued to rise, the recovery rate decreased from 15.63 to
15.55%, and the range of enhanced oil recovery by the bio-
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nano-oil displacement system began to show a decreasing
trend. Therefore, we speculated that continuing to increase the
temperature will reduce the oil recovery. This phenomenon
mainly had two reasons. First, as the temperature increased,
the spacing between the effective particles of the bio-nano-oil
displacement system increased, so that the intermolecular
attraction decreased. Secondly, due to the increase of
temperature, the evaporation of the oil flooding liquid
decreased, which made the difference of the force field
between liquid and steam molecules smaller, and then led to
the increase of interfacial tension between oil and water, which
had a negative influence on improving the oil recovery.
Therefore, the most suitable experimental temperature was 60
°C.

4. CONCLUSIONS

The NPs synthesized by biological methods were compounded
with biologically produced surfactants to form a high-efficiency
oil displacement agent with excellent compatibility and
environmental protection. The size distribution of nano-
particles in the system ranged from 40 to 80 nm. Through
{-potential measurement, and SEM and TEM characterization,
the NPs could be effectively stabilized and dispersed in
biosurfactants at a concentration of 100 mg/L, and the
compatibility was good. Through dynamic interfacial tension
experiments and wettability evaluation experiments, the oil—
water interfacial tension decreased from 2.878 X 1072 to 4.54
X 1072 mN/m, and the contact angle decreased from 77.6 to
34° with the increase in the oil-displacing agent concentration.
The results showed that the bio-nano-oil displacement agent
system could not only greatly reduce the oil—water interfacial
tension but also effectively change the wettability of the rock
surface and cause a high salt resistance. The results of
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microscopic oil displacement experiments showed that the oil
displacement effect of the bio-nano-oil-displacing agent system
was much higher than those of biosurfactants and nano-iron
fluids. In the core flooding experiment, with the increase in the
concentration of the biological nanoflooding system, the
recovery rate increased from 4.52 to 15.26%. With the
addition of the experimental temperature, the yield increased
from 7.11 to 15.63%, and when the displacement temperature
reached 60 °C, the maximum increase in the recovery
efficiency was 15.63%, suggesting that the optimal exper-
imental temperature was 60 °C. This work provides a
theoretical basis and guidance for laboratory experiments and
field applications of the bio-nano-oil flooding system.
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