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ABSTRACT

Nanobubbles (NBs) have unique physicochemical properties, including a large specific surface area and
high mass transfer efficiency. They can be produced using environmentally friendly, low-cost physical
methods, making them a promising green agent for enhanced oil recovery (EOR). However, the
mechanism by which NBs enhance oil recovery remains unclear. In this study, we systematically
investigate the stability of NBs under varying conditions (e.g., salinity and temperature) using nano-
particle tracking analysis. The interfacial properties of NBs were evaluated through interfacial tension
measurements, contact angle analysis, and oil film detachment experiments. Furthermore, multiscale
flow experiments in porous media and oil displacement experiments were conducted to reveal the flow
characteristics and oil displacement mechanisms of NBs. Results demonstrate that NBs exhibit excellent
thermal stability, salt tolerance, shear resistance, and temporal stability. They can reduce oil-water
interfacial tension while enhancing the solid interface’s affinity for the aqueous phase and its oil-
repellent properties. NBs improve oil recovery through multiple synergistic mechanisms (6%—9%)
over conventional water flooding. NBs facilitate the penetration of the displacing fluid into microporous
regions that are typically inaccessible to conventional water flooding. Simultaneously, Ostwald ripe-
ning—where smaller bubbles dissolve and larger ones grow via gas diffusion—in porous media leads to
pore-throat blockage, increasing flow resistance and improving sweep efficiency. These synergistic
mechanisms enhance the sweep efficiency of the displacing fluid by 27.72%. This study provides a
theoretical foundation for the application of NBs in petroleum engineering and demonstrates significant
potential for advancing efficient and environmentally sustainable oilfield development.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

2017). These properties enable widespread applications in agri-
culture (Liu et al, 2016; Marcelino et al, 2023; Pal and

Nanobubbles (NBs) possess an exceptionally long lifespan,
remaining stable for days or even months. Their unique charac-
teristics include a large specific surface area, strong adsorption
capacity, and high mass transfer capabilities (Temesgen et al,,
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Anantharaman, 2022), aquaculture (Dien et al.,, 2022; Lu et al,,
2024; Yang et al., 2024), soil remediation (Ho et al., 2023; Kim
and Han, 2020; Zhang et al.,, 2024b), groundwater treatment
(Guo et al., 2025; Hu and Xia, 2018; Li et al., 2014), and mineral
flotation (Li et al., 2025; Zhang et al., 2024a; Zinjenab et al., 2023).
Based on the demonstrated efficacy of NBs in efficiently removing
organic pollutants from water and soil (Bai et al., 2025; Wu et al.,
2021; Xiao et al., 2025) and their ability to regulate solid-surface
wettability (Jin et al.,, 2022; Ma et al., 2022), along with their
characteristic of being produced solely through physical methods
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such as mechanical shearing, porous membrane-assisted aeration,
and pressure cycling (Lu et al., 2022; Ushikubo et al., 2010; Wang
and Wang, 2023) without requiring chemical additives. This
technology demonstrates significant potential for development
into a novel, environmentally friendly, and low-cost enhanced oil
recovery technique. When CO, is selected as the gas source, this
technology not only enhances crude oil recovery effectively but
also achieves carbon sequestration, establishing an integrated
approach that combines oil displacement with carbon
sequestration.

Conventional CO, flooding can simultaneously enhance oil re-
covery and achieve carbon sequestration (Ajoma et al., 2020), but
issues such as gas channeling (Zhao et al., 2020) and gravity
override (Chen and Reynolds, 2018) often arise during the oil
displacement process. These restrict the migration range of CO;
within the reservoir, leaving vast oil-bearing pores inadequately
mobilized. Moreover, the primary carbon sequestration mecha-
nism in conventional CO, flooding relies on structural trapping,
with relatively low contributions from solubility and mineral
trapping. The long-term sequestration stability thus depends
heavily on caprock integrity (Shukla et al., 2010), posing potential
risks of CO; leakage due to geological activities (Bai et al., 2016). To
address these challenges, the industry has developed several
improved methods, including water-alternating-gas (WAG) injec-
tion (Abdulsada et al., 2025; Sarlak et al., 2021; Zhang et al., 2022)
and CO; foam flooding by mixing CO,, water, and surfactants
(Chen et al., 2024; Tripathi et al., 2024; Zhang et al., 2015). How-
ever, these approaches still exhibit certain limitations. While WAG
cannot fundamentally resolve gravity override issues, CO, foam
demonstrates limited stability in high-temperature and high-
salinity reservoirs, which restricts its plugging efficiency (Jia
et al., 2023; Rognmo et al., 2018). Additionally, the size discrep-
ancy between foam bubbles and reservoir pore throats leads to
abrupt increases in injection pressure (Aarra et al, 2014). To
address this, an alternative approach has been developed
involving the dispersion of CO, in water to create a microscale
CO,—water dispersion system, leading to the emergence of CO;
microbubble flooding technology (Jiang et al., 2019; Jia et al,
2025). Compared to foam, microbubbles possess substantially
smaller sizes and larger inter-bubble distances, significantly
reducing injection pressure requirements. The Jamin effect
induced by microbubble migration through pore spaces increases
flow resistance, effectively sealing high-permeability zones (Jia
et al., 2024). However, micron-sized bubbles still face stability is-
sues. Under the long-term influence of complex temperature and
pressure environments in reservoirs, micron-sized bubbles are
susceptible to buoyancy-driven rising and Ostwald ripening,
which accelerate gas-liquid separation and lead to gas channeling.
Furthermore, reservoirs contain extensive sub-micron and nano-
scale pores hosting residual oil, and microbubbles struggle to
penetrate these tiny pores to effectively recover residual oil within
them. This limitation is particularly evident in low-permeability
and tight reservoirs, which are typically characterized by abun-
dant pores at sub-micrometer and nanometer scales. Dispersing
CO, into nanoscale bubbles to form a nanoscale water-gas
dispersion system can effectively resolve the issues mentioned
above. NBs primarily exhibit random Brownian motion in aqueous
environments (Lei et al.,, 2024), with negligible influence from
gravity and minimal gas-water separation. Extensive studies
indicate that NBs remain stable in water for significantly longer
durations compared to microbubbles (Oh and Kim, 2017). The
enormous specific surface area of NBs significantly enhances mass
transfer efficiency, accelerates water-rock reactions, increases
mineral sequestration ratios, and improves the long-term stability
of CO; sequestration (Wang et al., 2025). Moreover, their nanoscale
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size enables them to penetrate microporous hosting residual oil
(Rafryanto et al., 2024), effectively recover the residual oil within.

Currently, nanobubble (NB) flooding technology remains at an
early exploratory stage. Systematic research on the oil displace-
ment mechanisms of NBs is still limited, with only a small number
of studies reporting their potential for enhancing oil recovery and
preliminary insights into the mechanisms of crude oil mobilization
by NBs. Li et al. (2023) provided a systematic review of the
fundamental properties, preparation methods, and characteriza-
tion techniques of CO, NBs, highlighting their significant potential
for enhancing oil recovery and carbon sequestration. Taman et al.
(2025) conducted CO, NB flooding experiments using glass
micromodels and observed that NBs significantly expanded the
sweep efficiency of the displacing fluid. The researchers attributed
this effect to the interfacial activity of NBs, which includes
reducing oil-water interfacial tension and forming adsorption
layers on solid surfaces to decrease frictional resistance during
crude oil flow. Elnaggar et al. (2025) demonstrated through core
imbibition experiments that N, NB flooding significantly enhances
oil recovery compared to pure water flooding, with a notably
greater improvement observed in oil-wet cores than in water-wet
cores. Wang et al. (2023) compared the cleaning effects of pure
water and NB suspension on oil-contaminated sand and found that
NBs significantly improved crude oil removal efficiency. The re-
searchers attributed this enhancement to two mechanisms: NBs
adsorbing onto the oil surface to promote its detachment from
sand grains, and pressure waves generated by bubble collapse
further accelerating the oil separation process from the sand sur-
face. Zhu et al. (2025) utilized nuclear magnetic resonance tech-
nology to investigate the enhancement of oil recovery in
conglomerate reservoirs using N and CO, NBs. Their study
revealed that NBs effectively address the low displacement effi-
ciency caused by strong heterogeneity in conglomerate reservoirs.
Compared to conventional water flooding, NB injection signifi-
cantly improved oil recovery in these complex formations.
Compared to conventional water flooding, NBs significantly
enhanced oil recovery in conglomerate reservoirs.

Current research on the oil displacement mechanisms of NBs
presents several critical issues warranting further investigation: On
one hand, characterization of NB stability under realistic reservoir
conditions (e.g., high temperature, high salinity, and other complex
environments) remains insufficient; on the other hand, experimental
and analytical studies of the flow behavior of NBs in porous media
and their regulatory effects on oil-water relative permeability are
notably lacking. These limitations hinder a comprehensive under-
standing of the mechanisms underlying NBs’ enhanced oil recovery.

This study systematically investigates the mechanisms through
which NBs enhance oil recovery and evaluate their potential ap-
plications in oilfield development. First, nanoparticle tracking
analysis is utilized to evaluate the effects of external factors such
as salinity and temperature on NB stability, revealing their stable
characteristics under complex reservoir conditions. Subsequently,
measurements of interfacial tension and contact angle, combined
with oil film detachment experiments, are conducted to examine
the influence of NBs on oil-water interfacial tension, solid surface
wettability, and oil film detachment efficiency. These analyses help
clarify the regulatory mechanisms by which NBs govern multi-
phase interfacial properties. Finally, multi-scale flow experiments
in porous media and oil displacement tests are conducted to
investigate the flow characteristics of NBs and their effects on
oil-water relative permeability. Through a comprehensive analysis
of the mechanisms by which NBs enhance oil recovery, this study
provides theoretical support for the industrial application of NB
flooding technology and promotes its large-scale implementation
in petroleum development.
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2. Materials and methods
2.1. Materials

The pure water used for NB preparation was laboratory-
produced, and the high-purity CO, was obtained from Qingdao
Deyi Gas Co., Ltd. High-purity NaCl, sodium dodecyl benzene sul-
fonate, and eosin Y (laboratory grade) were purchased from
Sinopharm Chemical Reagent Co., Ltd. The solid substrate (glass
coverslip) used for contact angle measurements was sourced from
Jiangsu Shitai Laboratory Equipment Co., Ltd. Beakers and glass
slides (25.4 mm x 76.2 mm) for oil film detachment experiments
were sourced from Jiangsu Shitai Laboratory Equipment Co., Ltd.
and Jiangsu Feizhou Glass & Plastic Products Co., Ltd., respectively.
Artificial cores with a diameter of 2.5 cm and a length of 10 cm
were used for core-scale flow and displacement experiments, with
permeabilities of 33.9 x 1073 and 340 x 10~ pm?. Fluorescent
particles for single-channel particle image velocimetry (PIV) ex-
periments were supplied by Thermo Fisher Scientific. Details of
the simulated oil are provided in Table 1. Two types of microfluidic
chips (Fig. 1) were employed: a single-channel chip (throat length:
400 pm) and a microfluidic porous media micromodel (coordina-
tion numbers (N¢): 3, 4, and 6 from right to left). The selection of
these coordination numbers was based on literature-reported
pore-throat connectivity distributions in natural sandstones,
which are typically concentrated in the range of 2 to 6. The chosen
values of 3, 4, and 6 lie within this high-frequency interval and
therefore represent the most common pore-throat connectivity
patterns encountered in actual reservoirs (Chen et al., 2019; Lin
et al., 2024). Additional parameters are summarized in Table 2,
and schematic diagrams are shown in Fig. 1.

2.2. Experimental setup

The nanoparticle tracking analyzer (Particle Metrix, ZetaView®
Evolution, Germany) was used to determine the size, concentra-
tion, and zeta potential of NBs. A mechanical stirrer (SUNNE, SN-
OES-100SH, China) was used to apply shear to the NBs. A smart-
phone (Honor, Magic5 Pro, China) was used to capture images
during oil film detachment experiments. The contact angle goni-
ometer (Biolin Scientific, Theta Flow, Sweden) was applied to
measure interfacial tension and contact angles. The atomic force

Table 1
Detailed information on experimental simulation oils.
Experiment Composition of Viscosity,
name simulated oil mPa-s
Interfacial tension and Crude oil and kerosene 25
contact angle
0il film detachment Crude oil and kerosene 1024
experiment
Microscopic displacement Silicone oil 350
Relative permeability test Crude oil and kerosene 25
Core flooding experiment Crude oil and kerosene 25

Table 2
Detailed parameters of microfluidic chips.
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microscope (AFM) (Oxford Instruments, Cypher ES, UK) was used
to obtain the topography and surface roughness of the solid sur-
face with adsorbed NBs. The NB generation device is shown in
Fig. 2, which primarily consists of a CO, gas cylinder (diameter
235 mm, height 1400 mm), a gas injection pipeline (outer diam-
eter 6 mm, inner diameter 4 mm), a circulation pump (ZKS]J,
DC55E-24160A, China), a NB generator (Zhuhong Nano, ZH0100,
China), a water circulation pipeline (outer diameter 10 mm, inner
diameter 8 mm), and a water container (diameter 150 mm, height
800 mm).

The microfluidic and PIV flow field velocimetry device is shown
in Fig. 3(a). It consists of a fluid injection system, an image
acquisition system, and a PIV system. The injection system in-
cludes a micro-injection pump (Harvard Apparatus, PHD, 2000,
USA), syringes (Hamilton, USA), PTFE tubing (1/16 inch), and a
microfluidic chip. The image acquisition system comprises a high-
magnification optical microscope (Photron, SAZ, Japan) and a high-
resolution camera. The PIV system is equipped with a laser emitter
(Litron Lasers, UK) and optical fibers. The micro-injection pump
operated at flow rates ranging from 76 nL/min to 79 mL/min, and
the high-speed camera captured images at 2000 fps. The core
flooding experimental device is shown in Fig. 3(b), which mainly
includes a high-pressure precision plunger pump (Teledyne ISCO,
Series D, USA), intermediate containers, a six-way valve, a pressure
gauge (Asmik, Y190, China), a core holder, a hand-operated pump,
and associated tubing.

2.3. Experimental procedure

The experimental procedure is illustrated in Fig. 4, which pre-
sents the overall experimental scheme, methodologies employed,
and research purposes of this study. The specific steps and oper-
ational details of each experiment will be described individually in
the following sections.

2.3.1. Characterization of fundamental NB properties

To characterize the fundamental properties of NBs, NBs were
first prepared according to the following procedure: The gas cyl-
inder valve was opened, and the gas inlet pressure of the NB
generator was set to 0.1 MPa. The circulation pump was operated
at full power (80 W) for 30 min, followed by a standing period to
allow the dissipation of millimeter-sized and micrometer-sized
bubbles in the solution. The size and concentration of the NBs
under different salinity, temperatures, and aging times, as well as
the zeta potential under varying salinity and aging times, were
measured using a nanoparticle tracking analyzer to evaluate their
salt tolerance, thermal stability, and temporal stability. Addition-
ally, the NBs were subjected to shear treatment using a mechanical
stirrer at different rotation speeds and durations. The size and
concentration after shear application were measured with the
nanoparticle tracking analyzer to assess their shear resistance. All
aforementioned measurements were conducted in triplicate to
ensure reproducibility. The detailed experimental design is pro-
vided in Table 3.

Experiment name Microfluidic chip

Throat etching

Throat etching Pore etching Pore etching

material aperture, pm depth, pm aperture, pm depth, pm
PIV flow field test PDMS 100 100 500 500
Microscopic displacement experiment Si0, 50 200 50 300

3541
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Fig. 1. Schematic diagram of microfluidic chips. (a) Single-channel chip; (b) microfluidic porous media micromodel.
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® Water circulation pipeline

® Water container

Fig. 2. NB generation device.

2.3.2. NB interfacial properties

The effect of NBs on interfacial properties were investigated by
measurements the dynamic oil-water interfacial tension and
under-liquid contact angles. All measurements were conducted at
25 °C and under ambient atmospheric pressure using a contact
angle goniometer. The NB suspension (prepared as described in
Section 2.3.1, with a concentration of 1.5 x 107 particles/mL and a
mean particle size of 186 nm) and pure water were used as the
aqueous phase. Dynamic interfacial tension between crude oil and
each aqueous phase was recorded over a period of 600 s. For
contact angle measurements, SiO, coverslips served as the solid
interface. The obtained interfacial tension and contact angle values
for the NB suspension were then compared with those for pure
water to elucidate the role of NBs.

AFM testing was conducted using the liquid-tapping mode for
in-situ imaging of the solid surface to obtain its micro-topography
and roughness. The specific procedure is as follows: First, a clean
glass coverslip was immersed in pure water, and after 1 min of
immersion, its surface topography was scanned (scan area
2 pm x 2 pm) and the root mean square roughness was calculated.
Subsequently, while keeping the sample position unchanged, the
immersion medium was replaced with a NB suspension, and after
continuing immersion in the same area for 1 min, scanning im-
aging was performed again to obtain the surface topography under
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this condition and the corresponding root mean square roughness
was calculated.

Oil film detachment experiments were conducted using
different reagents, as schematically illustrated in Fig. 5. Specifically,
1.5 mL of crude oil was deposited onto a glass slide and uniformly
spread to cover three-quarters of the slide surface, forming an oil
film with a height of 57.2 mm and a width of 25.4 mm. The slide was
then immersed in beakers containing different reagents, with the
liquid level consistently adjusted to fully submerge the oil-coated
area. The immersion reagents included an NB suspension
(1.5 x 107 particles/mL, a mean particle size of 186 nm), a surfactant
solution (0.1 wt% sodium dodecyl benzene sulfonate), and pure
water. Images of the oil film were captured at immersion times of 1,
5,10, 15, and 20 min. The acquired images were preprocessed using
image processing software to remove irrelevant regions and cor-
rect perspective distortion. Subsequently, Image] was employed to
segment the oil-covered and bare regions, and the pixel counts of
both areas were quantified. The oil coverage ratio and oil film
detachment rate were calculated as follows:

p— n[) O,
POA*7n0+an 100% (1)
UO:MX 100% (2)
th-t

where Po, is the oil coverage ratio, %; n, is the pixel count of the
oil-covered region; ny, is the pixel count of the blank region; v, is
the oil film detachment rate, %/min; t; and t; are two time points
during oil film immersion, min; and Poa; and Poay are the corre-
sponding oil coverage ratios at t; and ty, respectively.

2.3.3. PIV velocity measurement experiment

PIV velocity measurements were conducted in a single-channel
constricted pore throat to compare the flow fields of pure water and
the NB suspension. The NB suspension was prepared using pure water
as the base fluid, as described in Section 2.3.1, and had a concentration
of 1.5 x 107 particles/mL with a mean particle size of 186 nm.

The PIV technique measures fluid velocity by tracking the
displacement of seeded particles. Fluorescent tracer particles are
added to the fluid (water or NB suspension). As the fluid flows
through the microchannel, a laser sheet illuminates these parti-
cles, and their motion is captured through a microscope by a high-
speed camera. The displacement of particle patterns between
consecutive images is then analyzed via a cross-correlation
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Fig. 3. Schematic diagrams of experimental setups. (a) Microfluidic and PIV flow field velocimetry setup; (b) core flooding apparatus.

algorithm to calculate the velocity field. The experimental pro-
cedure was as follows. First, fluorescent tracer particles (1 wt¥%)
were added to both the water and NB suspension and the mixtures
were oscillated to achieve uniform dispersion. Prior to injection,
the microfluidic chip was pre-flushed with pure water to eliminate
air bubbles and prevent experimental interference. Under the
white-light mode, the microscope and chip position were adjusted
to ensure the observation area was clearly centered in the field of
view. The water or NB suspension was then injected into the chip
at a flow rate of 10 pL/min using a micro-injection pump. After
switching the PIV system to laser mode, the grid pixels were set to
32 x 32, and the camera capture interval was adjusted to ensure
approximately 8 particles per grid and a particle displacement of
1/4-1/2 grid length between consecutive images. Once the flow
stabilized, 20 images of fluorescent particle movement were
captured to define the analysis region, followed by another 20
images for detailed analysis. The images were processed using an
adaptive cross-correlation algorithm to calculate velocity vectors
within the grid regions, and particle displacements were used to
determine the flow field. Median filtering was applied to remove
noise, and vector statistics from the 20 images were averaged to
generate a mean flow field map. After the experiment, the
microchannel was thoroughly flushed to remove any residual
fluorescent particles and bubbles. The resulting flow field maps
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were analyzed to evaluate the influence of NBs on the flow
behavior within the constricted pore throat.

2.3.4. Core-scale flow experiment

Core-scale flow experiments through porous media were con-
ducted using a NB suspension to analyze its flow characteristics.
The NB suspension, prepared with pure water as the base fluid as
described in Section 2.3.1, had a concentration of 1.5 x 107 parti-
cles/mL and a mean particle size of 186 nm. The experiments were
performed at 25 °C, with the outlet maintained at atmospheric
pressure. The permeabilities of the cores used in the experiments
were 33.9 x 1072 and 340 x 10~3 pm?, respectively.

The experimental procedure was as follows: Water and the NB
suspension were loaded into separate intermediate containers.
The pore volume of the core was determined using the gravimetric
method. The core was placed in a core holder, and a confining
pressure of 2 MPa was applied using a hand pump. The valves were
adjusted to allow the ISCO pump to inject water into the core at a
flow rate of 0.1 mL/min for 1 pore volume (PV), followed by in-
jection of the NB suspension at the same flow rate and the same
volume (1 PV). Throughout the injection process, pressure read-
ings at the inlet of the core holder were continuously recorded,
and the pressure differential across the core was monitored.
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Fig. 4. Overview of experimental research procedure.

Table 3
Experimental scheme for characterizing the basic properties of NBs.

NB stability Salinity, = Temperature, Rotation Shearing Aging
10> mg/L °C speed, time, time,
r/min min d
Control group 0 25 / / 1
Salt resistance 1 25 / / 1
5 25 / / 1
10 25 / / 1
15 25 / / 1
20 25 / / 1
30 25 / / 1
Thermal stability 5 45 / / 1
5 65 / / 1
5 85 / / 1
Shear resistance 5 25 200 30 1
5 25 500 30 1
5 25 200 120 1
Temporal stability 0 65 / / 1
0 65 / / 2
0 65 / / 3
0 65 / / 4
0 65 / / 5

2.3.5. Two-phase relative permeability curve measurement

The oil-water/NB suspension two-phase relative permeability
curves were measured to investigate the effect of NBs on relative
permeability. The NB suspension, prepared with pure water as the
base fluid as described in Section 2.3.1, had a concentration of
1.5 x 107 particles/mL and a mean particle size of 186 nm. The
experiments were performed at 25 °C, with the outlet maintained
at atmospheric pressure. The permeabilities of the cores used in
the experiments were 33.9 x 103 ym?.

The experimental procedure was as follows: The core sample was
cleaned, and water, NB suspension, and simulated oil were loaded
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into separate intermediate containers. The pore volume of the core
was determined using the gravimetric method. The core was placed
in a core holder, and a confining pressure of 2 MPa was applied using
a hand pump. The valve configuration was adjusted to allow ISCO
pump 1 to inject water into the core at a flow rate of 0.1 mL/min for
5 PV. This was followed by simulated oil flooding at the same flow
rate (0.1 mL/min). During oil flooding, the produced fluids were
collected in graduated cylinders, which were replaced every 10 min.
The volumes of oil and water produced were recorded to calculate
the water cut. When the water cut reached zero, the injection of
simulated oil was stopped, indicating complete saturation of the
core with oil and establishment of irreducible water saturation. The
cumulative water production was calculated, and the irreducible
water saturation was determined using the following formula:
Vp — Vw

(3)

where Sy; is the irreducible water saturation; Vj, is the pore vol-
ume of the core, cm>; Vi is the cumulative water production, cm?,

After saturating the core with simulated oil, it was allowed to
stand for 4 h. Subsequently, simulated oil was injected into the
core at a flow rate of 0.1 mL/min. Once the flow stabilized (indi-
cated by the injection of more than 3 PV of simulated oil and a
stable pressure differential across the core), the pressure differ-
ence was recorded, and the injection was stopped. The effective
permeability of the oil phase at irreducible water saturation was
calculated using the following formula:

. Qopol

Koowi = Aap - 1071

(4)
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Fig. 5. Schematic diagram of the oil film detachment experiment.

where ko is the effective permeability of the oil phase at irre-
ducible water saturation, pl‘l‘lz; o is the flow rate of simulated oil,
cm?/s; p, is the viscosity of simulated oil, mPa-s; L is the length of
the core, cm; A is the cross-sectional area of the core, cm?; and Ap
is the pressure difference across the core, MPa.

Subsequently, while maintaining a constant total flow rate,
simulated oil and water/NB suspension were co-injected into the
core at predetermined ratios (20:1,10:1,5:1,1:1,1:5,1:10,and 0:1).
After flow stabilization (indicated by the injection of more than
3 PV of both fluids and a stable pressure differential across the
core), the mass of the core was measured, and the pressure dif-
ference as well as the flow rates of simulated oil and water/NB
suspension were recorded. The water saturation was determined
gravimetrically, and the relative permeabilities of simulated oil
and water/NB suspension were calculated using the following
formulas:

_my—mg —p,Vp

Y = Vo low — o) )
w :qXZgL x 1071 (6)
ko =‘ZL‘\’Z;L x 1071 (7)
T ®)
e ©

where S,y is the water saturation; m; is the mass of the core after
co-injection of simulated oil and water/NB suspension at a spe-
cific ratio and upon achieving flow stabilization, g; mg is the
initial mass of the core before fluid injection, g; p, is the density
of the simulated oil, g/cm?; py is the density of water/NB sus-
pension, g/cm?; gy is the flow rate of water/NB suspension, cm?/
s; uw is the viscosity of water/NB suspension, mPa-s; ky, is the
effective permeability of water/NB suspension, pm?; ko is the
effective permeability of the simulated oil, pm?; ky is the relative
permeability of water/NB suspension; and k;, is the relative
permeability of simulated oil. Based on these data, the oil-water/
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NB suspension two-phase relative permeability curves were
plotted.

2.3.6. Microscopic oil displacement experiment

Microscopic oil displacement experiments were conducted
using pure water and NB suspension to compare their displace-
ment efficiencies. The NB suspension, prepared with pure water
as the base fluid as described in Section 2.3.1, had a concentration
of 1.5 x 107 particles/mL and a mean particle size of 186 nm. The
experiments were performed at 25 °C, with the outlet main-
tained at atmospheric pressure. The experimental procedure was
as follows: First, both water and NB suspension were dyed with
0.5 wt¥% eosin Y. The microfluidic porous media micromodel was
thoroughly cleaned. Simulated oil was drawn into a syringe and
injected into the microfluidic chip at a flow rate of 50 uL/min until
the chip was fully saturated with oil. Then, the dyed water or NB
suspension was loaded into a syringe and injected into the chip at
the same flow rate (50 pL/min). After the displacement process,
images of the oil and water/NB distribution were recorded.
Image] was used to segment oil-containing and water/NB-
containing pores, and the sweep efficiencies of water/NB sus-
pension in regions with different coordination numbers were
calculated.

2.3.7. Core flooding experiment

Core flooding experiments were conducted using pure water
and NB suspension to compare their oil displacement efficiencies.
The NB suspension, prepared with pure water as the base fluid as
described in Section 2.3.1, had a concentration of 1.5 x 107 par-
ticles/mL and a mean particle size of 186 nm. The experiments
were performed at 25 °C, with the outlet maintained at atmo-
spheric pressure. The permeabilities of the cores used in the
experiments were 33.9 x 107> and 340 x 10~3 um?, respectively.
The experimental procedure was as follows: Water, NB suspen-
sion, and simulated oil were loaded into separate intermediate
containers. The PV of the core was determined gravimetrically.
The core was placed in a core holder, and a confining pressure of
2 MPa was applied using a hand pump. The valves were adjusted
to allow ISCO pump 1 to inject water into the core at a flow rate of
0.1 mL/min for 5 PV, followed by ISCO pump 2 injecting simulated
oil at 0.1 mL/min for 4 PV to achieve core saturation with oil. The
valves were then reconfigured to inject water at 0.1 mL/min to
displace the oil. Produced fluids were collected in graduated
cylinders, which were replaced every 10 min. The volumes of oil
and water were measured to calculate the water cut and cumu-
lative recovery ratio. Water injection was stopped when the
water cut reached 98%. Subsequently, the valves were adjusted to
allow ISCO pump 1 to inject NB suspension at 0.1 mL/min for oil
displacement. Similarly, produced fluids were collected and
measured every 10 min to calculate the water cut and cumulative
recovery ratio. The process was terminated when the water cut
reached 98%. Throughout the displacement process, the pressure
at the inlet of the core holder was continuously recorded. To
ensure the repeatability of the oil recovery enhancement ach-
ieved by NBs, triplicate parallel core flooding tests were con-
ducted for each permeability condition.

3. Result and discussion
3.1. NB stability
3.1.1. Salt resistance
The dark-field scattering microscopy image of NBs, acquired

during size and concentration measurement using nanoparticle
tracking analysis (NTA), is presented in Fig. 6(a). A laser beam was
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Fig. 6. Dark-field scattering microscopic image of NBs (a) and the influence of salinity on the concentration (b), particle size (c), and zeta potential (d) of NBs.

illuminated laterally through the sample cell containing NBs, and
the scattered light from the NBs was captured by a camera,
forming bright spots against a dark background. Each bright spot
corresponds to an individual NB. By analyzing the Brownian mo-
tion trajectories and light intensity distributions of these spots, the
size and concentration of the NBs were quantitatively determined.

The average size and concentration of NBs under varying
salinity are shown in Fig. 6(b, c), respectively. As the salinity
increased from 0 to 30 x 10° mg/L, the average size of NBs
exhibited a limited upward trend, growing from an initial value of
186 to 212.7 nm, representing an increase of 14.35%. This observed
increase in bubble size with rising salinity aligns with trends re-
ported in prior studies of NB colloidal stability under saline con-
ditions (Agarwal et al., 2022; Ke et al.,, 2019; Ma et al., 2024).
Conversely, the NB concentration showed a limited downward
trend, yet remained on the order of 107 particles/mL, decreasing
from an initial value of 1.5 x 107 to 1.27 x 107 particles/mL, cor-
responding to a reduction of 15.33%. The zeta potential of NBs
under varying salinity is displayed in Fig. 6(d). The results indicate
that NBs carry negative surface charges, and the absolute value of
their zeta potential decreased with increasing salinity, dropping
from an initial value of 27 to —14.8 mV. According to DLVO theory,
as the salinity increases, the concentration of counter-ions (e.g.,
Na™) in the solution rises, compressing the electric double layer on
the NB surface. This reduces the absolute zeta potential of the NBs,
weakening the electrostatic repulsion between them and
compromising their colloidal stability. Under the influence of van

der Waals forces, some NBs aggregated and coalesced, leading to
the observed increase in average size and a slight decrease in
concentration. However, even at salinity of 30 x 10°> mg/L, the
changes in average size and concentration were relatively small,
and the absolute zeta potential remained at 14.8 mV. This com-
bination of properties demonstrates the relatively strong salt
tolerance of NBs.

3.1.2. Thermal stability

The average size of NBs at different temperatures is shown in
Fig. 7(a). As the temperature increased from 25 to 85 °C, the
average NB size exhibited a growing trend, rising from an initial
value of 193.63 to 306.05 nm, with an increase of 58.1%. The con-
centration of NBs at different temperatures is presented in Fig. 7(b).
The NB concentration first increased and then decreased with rising
temperature, peaking between 45 and 65 °C.

This behavior can be attributed to the reduced solubility of CO;
at higher temperatures, leading to the release of dissolved CO,. Part
of the released gas migrated into existing NBs, causing them to
expand and increasing the average size, while another portion
underwent homogeneous nucleation, forming new NBs and
temporarily elevating the concentration. As the temperature
continued to rise, the intensified thermal motion of liquid mole-
cules enhanced the Brownian movement of NBs, significantly
increasing the frequency of collisions between them. When the
thermal energy exceeded the stability barrier of the system, the
probability of NB aggregation greatly increased, accelerating
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Fig. 7. The influence of aging temperature on the particle size (a) and concentration (b) of NBs.

Ostwald ripening and resulting in further growth in average size
and a decline in concentration. Despite the increase in average size
at elevated temperatures, the average diameter of NBs remained
around 300 nm even at 85 °C. Moreover, rather than causing a
decrease in concentration, higher temperatures led to a noticeable
rise in NB concentration at 45 and 65 °C. These results demonstrate
that the NB system exhibits favorable temperature tolerance.

3.1.3. Temporal stability

The average size and concentration of NBs at different aging
times are shown in Fig. 8. As the aging period extended from 1 to
5 d, the average NB size fluctuated within the range of
220-250 nm, while the concentration varied between 2.7 x 107
and 3.6 x 107 particles/mL. The absolute zeta potential remained
stable at approximately 15 mV. These results demonstrate that
NBs maintain excellent temporal stability even in the absence of
surfactants. This stability primarily arises from two mechanisms:
the electrostatic repulsion generated by surface charges on the
NBs, which inhibits coalescence and retards Ostwald ripening, and
the sustained Brownian motion, which effectively counteracts the
buoyancy-driven upward migration of NBs.

3.1.4. Shear resistance

The average size and concentration of NBs after shear treat-
ment at different rates and durations are shown in Fig. 9. When the
shear time was fixed at 30 min, an increase in the shear rate to 500

r/min reduced the average NB size from 186 to 169 nm (a decrease
of 8.6%), while the NB concentration increased from 1.5 x 107 to
1.7 x 107 particles/mL (an increase of 13.3%). When the shear rate
was fixed at 200 r/min, extending the shear duration to 120 min
decreased the average size from 186 to 158 nm (a reduction of
15.1%), with the concentration similarly rising from 1.5 x 107 to
1.7 x 107 particles/mL (an increase of 13.3%). These results
demonstrate the strong shear resistance of NBs, which is attrib-
uted to the electrostatic repulsion generated by their surface
charges, effectively suppressing bubble coalescence. Concurrently,
mechanical shear promotes the fragmentation of larger bubbles
into smaller ones, leading to a moderate reduction in the average
size and a corresponding increase in concentration within the
system.

3.2. NB interfacial properties

3.2.1. Interfacial tension and contact angle

The temporal evolution of interfacial tension between oil and
water/NB suspension measured by the pendant drop method is
shown in Fig. 10(a), with a total measurement duration of 600 s.
During the initial stage (0-200 s), the interfacial tension of the
oil-water/NB suspension exhibited a significant decreasing trend
over time. As the test progressed into the mid-to-late stage
(200-600 s), the interfacial tension gradually stabilized with
further extension of time. The final interfacial tension between oil
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Fig. 8. The influence of aging time on the particle size (a), concentration (b), and zeta potential (c) of NBs.
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and water decreased from 26 to 23.33 mN/m (a reduction of
2.67 mN/m), while that between oil and NB suspension decreased
from 23.57 to 21.38 mN/m (a reduction of 2.19 mN/m). This
behavior can be attributed to the gradual adsorption of natural
active components from the oil phase onto the interface, which
modifies the interfacial composition and reduces interfacial ten-
sion. The adsorbed molecules also require time for conformational
rearrangement, leading to a further decrease in interfacial tension.
Once the interfacial composition stabilized, the interfacial tension
gradually reached a steady state. Throughout the measurement
process, the interfacial tension between oil and NB suspension
remained consistently lower than that between oil and water. This
reduction can be attributed to the adsorption of NBs at the
oil-water interface and the formation of a surface excess, which
leads to the partial replacement of the high-interfacial-energy
oil-water contact area with a lower-interfacial-energy gas—oil
contact region, thereby decreasing the overall interfacial tension
(Agarwal et al.,, 2023; Tuziuti et al., 2023; Yang et al., 2023).
Additionally, the Brownian motion and collapse of NBs generate
localized microflows near the interface (Zhang et al., 2025). This
disturbance enhances the exchange and rearrangement of mole-
cules at the oil-water interface, accelerating the adsorption and
enrichment of surface-active components. These two mechanisms
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synergistically contribute to the enhanced interfacial tension
reduction by NBs.

The under-liquid contact angle test results between crude oil
and glass coverslips are shown in Fig. 10(b, c¢). The under-liquid
contact angle of crude oil in water was 125°, while that in the
NB suspension was 141°. This indicates that the presence of NBs
significantly enhanced the oleophobicity of the glass slide surface,
increasing the contact angle by 16°. This phenomenon is primarily
caused by the synergistic action of the following two mechanisms.
First, the negative charges carried on the surface of the NBs, after
adsorbing onto the glass slide surface, electrostatically repel the
polar components in the crude oil, driving the contraction of the
oil-water—solid three-phase contact line. Second, AFM character-
ization results show (Fig. 10(d, e)) that the adsorption of NBs forms
discrete nanoscale gaseous protrusions on the solid surface,
increasing the root mean square roughness from 0.215 to
0.325 nm, thereby creating a gas-solid composite interface. Ac-
cording to the Cassie-Baxter model, these gaseous protrusions act
as “gas cushions”, causing some of the high-interfacial-energy
solid—oil contact areas to be replaced by low-interfacial-energy
gas—oil contact areas, thereby energetically suppressing the
spreading tendency of the crude oil. The synergistic effect of the
aforementioned electrostatic repulsion and the gas—solid
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composite interface ultimately manifests macroscopically as an
increase in the contact angle.

Although the changes in interfacial tension and contact angle
appear limited, they jointly regulate two key parameters affecting
oil mobilization: the adhesion work and capillary pressure. On one
hand, alterations in these interfacial parameters lead to a reduc-
tion in the adhesion work, directly weakening the adhesion of
crude oil to the rock surface. This facilitates the transformation of
residual oil from a fixed state into mobile droplets, thereby
improving displacement efficiency. On the other hand, these
changes enhance the capillary pressure, which serves as a driving
force for oil displacement in the hydrophilic system. This promotes
more effective imbibition of the displacing fluid into micropores,
delays its channeling through larger pore pathways, helps stabilize
the displacement front, and reduces the residual oil saturation in
tiny pores.

3.2.2. 0il film detachment experiment

The morphological evolution of the oil film, the oil coverage
ratio, and the oil film detachment rate over time during immersion
in NB suspension and pure water are shown in Fig. 11(a, c—e). The
following trends were observed: As the immersion time increased,
the oil film area decreased in both liquid environments, and the
oil-covered area ratio consistently declined. Notably, NBs signifi-
cantly enhanced oil film detachment. After 20 min of immersion,
the oil-covered area ratio decreased by up to 83.38% in the NB
suspension, compared to only 19.7% in pure water under the same
conditions, demonstrating the remarkable efficacy of NBs in
accelerating oil film removal. Further analysis of the detachment
process revealed that the detachment rate peaked immediately
after the oil film contacted the liquid phase and then slowed as the
interfacial composition stabilized. Overall, the detachment rate
gradually decreased over time in both liquids. However, during the
early and middle stages of immersion, the detachment rate in the
NB suspension was significantly higher than that in pure water,
with the peak detachment rate in NB suspension being four times
that in water. NBs promote oil film detachment through multiple
synergistic mechanisms, primarily involving interfacial property
modulation and dynamic disturbances. NBs reduce oil-water
interfacial tension and increase the contact angle between crude
oil and the glass surface, thereby decreasing the adhesion work of
crude oil on the glass. NBs adsorbed on the oil film surface
generate micro-scale perturbations via continuous Brownian
motion, while the collapse of some bubbles induces local fluid
flow, collectively promoting oil film fragmentation. Additionally,
NBs compete with the oil film for adsorption sites on the glass
surface, further weakening the bonding strength between the oil
film and the substrate. The synergy of these physicochemical ef-
fects ultimately enables highly efficient oil film detachment by
NBs.

After immersing the oil film in pure water for 20 min and
subsequently transferring it to a NB suspension for an additional
20 min, the morphological changes, oil-covered area ratio, and oil
film detachment rate at different time points during the entire
process are shown in Fig. 12. It can be observed that when the oil
film was immersed in the NB suspension, the detachment rate
increased from 0.35 to 11.59 %/min, with an increase of 32 times.
Simultaneously, the oil-covered area ratio decreased from 80.3% to
6.73%, with a reduction of 73.57%. These results further demon-
strate the significant promoting effect of NBs on oil film detach-
ment, which is achieved through the synergistic combination of
their unique interfacial activity and dynamic disturbance charac-
teristics, enabling efficient oil removal.

To further explain the applied relevance of this study, a sur-
factant control group represented by 0.1 wt% sodium dodecyl
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benzene sulfonate was included in the experiments, aiming to
comparatively reveal the performance differences and advantages
between NBs and traditional chemical flooding agents. The tem-
poral changes in the evolution of the oil film, the oil coverage ratio,
and the oil film detachment rate in the surfactant solution are
shown in Fig. 11(b, d, e). The experimental results indicated that
during the initial immersion period (0-5 min), the decreasing
trend in the oil coverage ratio in the surfactant solution was
similar to that in the pure water system. As the immersion time
extended, the detachment of the oil film in the surfactant solution
gradually accelerated, and after 20 min of immersion, the oil
coverage ratio was significantly lower than that in pure water,
demonstrating that the surfactant had a stronger oil film detach-
ment effect than pure water. However, compared to the NB sus-
pension, the oil coverage ratio in the surfactant solution after
20 min remained higher, indicating that within the 20-min period,
its detachment effect was weaker than that of the NB suspension.
In terms of the oil film detachment rate, unlike the decreasing
trends observed in pure water and the NB suspension, the oil film
detachment rate in the surfactant solution gradually increased
over time. At 15 min of immersion, the oil film detachment rate in
the surfactant solution was lower than that in the NB suspension;
after 15 min, the former surpassed the latter. These results indicate
that within a shorter time scale (20 min), the NB suspension
outperforms the surfactant solution in oil film detachment.
However, based on the trend of detachment rates over time, it can
be inferred that over longer durations, the surfactant solution may
exhibit stronger oil film detachment potential. The observed
phenomena are primarily attributed to the ability of the surfactant
to reduce oil-water interfacial tension and improve solid surface
wettability, thereby lowering the adhesion work of the oil film and
accelerating its detachment. However, due to the processes of
diffusion, adsorption, and interfacial reorganization that surfac-
tant molecules must undergo, the initial detachment rate is rela-
tively low, resembling that of pure water in the short term and
remaining lower than that of the NB suspension. As the immersion
time extends, the surfactant adsorption at the interface gradually
approaches saturation, interfacial activity continues to strengthen,
and the detachment rate steadily increases, suggesting that over
longer time scales, its oil film detachment performance may sur-
pass that of NBs. Nevertheless, the high efficiency demonstrated
by NBs in the short term, combined with their lower environ-
mental impact and operational costs compared to surfactants,
positions them as a promising, efficient, cost-effective, and envi-
ronmentally friendly enhanced oil recovery technology.

3.3. NB flow behavior in porous media

3.3.1. Pore-scale flow behavior in a single-channel constricted pore
throat

A comparative study of the flow field characteristics of water
and NB suspension through a single-channel constricted pore
throat was conducted using PIV velocimetry. The experimental
results are shown in Fig. 13(a, b). While the flow field distributions
of both fluids were largely consistent in the upstream and down-
stream regions of the pore throat, significant differences were
observed within the constricted section. As indicated by the ve-
locity profiles in Fig. 13(c), the flow velocity of the NB suspension
through the constricted throat was noticeably lower than that of
pure water. These observations can be attributed to the following
mechanisms. As the NB suspension flows through the constricted
throat, the increased velocity leads to a local pressure drop,
causing the NBs to expand. Simultaneously, enhanced turbulent
effects in the flow field promote collisions and coalescence among
NBs, further increasing their size. These enlarged bubbles adsorb
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and accumulate along the walls of the constricted section,
increasing flow resistance and thereby reducing the velocity
through the throat. This demonstrates that NBs can effectively
modulate flow resistance and alter the flow field structure as they
migrate through constricted pore spaces.
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3.3.2. Core-scale flow behavior

Flow experiments in porous media were conducted using two
cores with different permeabilities. The variation in pressure dif-
ferential across the cores as a function of injected volume is shown
in Fig. 14. The results indicate that during the pure water injection,
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the pressure differential exhibited an initial slow increase fol-
lowed by gradual stabilization. When the injected volume reached
1 PV and the fluid was switched to an NB suspension, the pressure
differential across the cores showed a secondary increase and
eventually stabilized at a new equilibrium state. The stabilized
pressure differential during NB injection was 2.0-2.5 times higher
than that during water injection, with the low-permeability core
exhibiting a greater increase in pressure differential compared to
the high-permeability core. These phenomena can be attributed to
interactions between NBs and the pore-throat structures of the
porous media. First, as previously mentioned, NBs undergo
expansion, collision, and aggregation when passing through pore
throats, and they adsorb onto the inner surfaces of pore throats in
the core. This behavior collectively reduces the effective flow
cross-sectional area. Second, the narrow pore-throat structures
within the core mechanically trap NBs, inducing a Jamin effect.
When NBs pass through constricted channels, they deform and
overcome additional capillary resistance, significantly increasing
flow resistance. Due to their smaller pore-throat sizes, low-
permeability cores exhibit higher mechanical trapping efficiency
for NBs, resulting in a more pronounced increase in pressure dif-
ferential compared to high-permeability cores. These findings fully
demonstrate the ability of NBs to modulate flow behavior in
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porous media, with their effects showing a clear correlation with
core permeability.

3.3.3. Two-phase relative permeability curve measurement
Through the measurement of oil-water/NB suspension two-
phase relative permeability curves (Fig. 15), the influence of NBs
on two-phase relative permeability was investigated. The experi-
mental results demonstrate that the introduction of NBs signifi-
cantly enhanced the relative permeability of the oil phase while
suppressing the relative permeability of the water phase under
high water saturation conditions (>50%). This shift caused the
oil-water equal-permeability point to move toward higher water
saturation by 5.78%, effectively expanding the co-permeability
zone. Additionally, the residual oil saturation was reduced from
31.57% to 25.83%, with a decrease of 5.74%. As noted earlier, NBs
reduce oil-water interfacial tension and enhance the oleopho-
bicity of solid surfaces, thereby lowering the adhesion work. This
promotes the coalescence of oil-film residual oil into mobile
droplets, altering the occurrence state of residual oil and
improving the mobility of crude oil. Additionally, NBs increase
flow resistance in high-permeability channels, diverting subse-
quent fluids into low-permeability regions. They also enhance the
affinity between the displacing fluid and oil-bearing pore walls,
enabling access to microporous oil-containing spaces that are
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Fig. 15. The curve of oil-water/NB suspension two-phase relative permeability.
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unreachable by pure water flooding. The synergy of these two
mechanisms effectively expands the sweep efficiency of the dis-
placing fluid, increases the overall oil displacement efficiency in
the core, and reduces residual oil saturation.

These phenomena primarily originate from the ability of NBs to
modulate flow behavior in porous media and the interfacial
properties of the water-oil-solid multiphase system. As previously
discussed, NBs reduce oil-water interfacial tension and enhance
the oleophobicity of solid surfaces, thereby decreasing adhesion
work and promoting the coalescence of oil-film residual oil into
mobile droplets. This alters the occurrence state of residual oil and
enhances the mobility of crude oil. Additionally, NBs increase flow
resistance in high-permeability channels, diverting subsequent
fluids into low-permeability regions. They also enhance the af-
finity between the displacing fluid and the walls of oil-bearing
pores, enabling access to microporous oil-containing spaces that
are unreachable by pure water flooding. The synergy of these two
mechanisms effectively expands the sweep efficiency of the dis-
placing fluid, increases overall oil displacement efficiency in the
core, and reduces residual oil saturation.

3.4. NB oil displacement mechanism

3.4.1. Microscopic oil displacement experiment

Microscopic oil displacement experiments were conducted to
compare the differences in displacement efficiency between water
flooding and NB flooding, with results shown in Fig. 16. At the end
of water flooding, significant variations in sweep efficiency were
observed across regions with different coordination numbers.
Regions with a coordination number of 3 exhibited the highest
sweep efficiency (72.18%) but contained numerous isolated,
unswept pores. Regions with coordination numbers of 4 and 6
showed lower sweep efficiencies (49.92% and 47.48%, respec-
tively), with pronounced channeling effects but fewer isolated,
unswept pores. The overall sweep efficiency of water flooding was
54.19%. In contrast, NB flooding significantly improved displace-
ment performance. The sweep efficiency in regions with a coor-
dination number of 6 increased to 64.3% (a 21.38% improvement),
while regions with a coordination number of 4 showed the
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greatest enhancement, achieving 92.32% (a 44.84% increase). Re-
gions with a coordination number of 3 reached 89.12% (a 16.92%
improvement), representing the smallest gain. The overall sweep
efficiency of NB flooding was 81.91%, reflecting a 27.72% increase
compared to water flooding.

Pore coordination number exerts a critical influence on
displacement efficiency. In low-coordination-number regions,
limited pore connectivity constricts fluid flow paths, resulting in
bypassing and the formation of isolated unswept pores where
crude oil remains trapped. In high-coordination-number regions,
improved connectivity reduces pore isolation but promotes pref-
erential flow through high-permeability channels, leading to early
breakthrough and reduced overall sweep efficiency. NBs signifi-
cantly enhance displacement performance through two synergis-
tic mechanisms: by increasing flow resistance to expand the
sweep range, and by improving the wettability of pore walls to
strengthen the affinity between the displacing fluid and oil-
bearing pores, thereby significantly enhancing imbibition capa-
bility. Notably, the improvement effects of NBs vary across regions
with different coordination numbers. In regions with a coordina-
tion number of 3, although bubble blocking may further reduce
pore connectivity, enhanced imbibition of the displacing fluid in
oil-containing pores still achieves certain improvements in sweep
efficiency. In regions with a coordination number of 6, moderate
improvement is achieved through limited blocking that partially
reduces connectivity, combined with enhanced imbibition. Re-
gions with a coordination number of 4 most effectively demon-
strate the dual advantages of NBs, as they not only improve
connectivity through effective blocking but also fully leverage
strong affinity to synergistically expand sweep efficiency, resulting
in the most pronounced improvement. These differential im-
provements stem from the interaction between the limited ability
of NBs to modify flow behavior in porous media and the pore
structures of regions with varying coordination numbers.

3.4.2. Core flooding experiment

The production enhancement effect of NBs and their mecha-
nisms for improving oil recovery were revealed through
displacement experiments conducted in triplicate on cores with
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Fig. 16. Results of microscopic oil displacement experiment. Microscopic image at the end of water flooding (a) and NB flooding (b). (¢) Comparison of sweep efficiency of water/
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different permeabilities. Representative curves showing the rela-
tionship between oil recovery factor (or water cut) and injection
volume from a typical test run are presented in Fig. 17. During
water flooding, the following characteristics were observed: As the
injection volume increased, the water cut continued to rise, while
the pressure differential across the core initially peaked and then
gradually declined before stabilizing. A water cut of 98% is reached
in the low-permeability core earlier than that in the high-
permeability core. The final water flooding recovery rate for the
low-permeability core was 29.29%, which was 9.84% lower than
that of the high-permeability core (39.13%). After switching to NB
flooding, the water cut in both the high- and low-permeability
cores decreased by approximately 18%, and the pressure differ-
ential increased significantly, stabilizing at 2.0-2.5 times the level
observed during the stable phase of water flooding. In terms of
recovery efficiency, NB flooding improved the recovery rate of the
high-permeability core by 6.42%, achieving a final recovery rate of
45.55%. The low-permeability core exhibited a more pronounced
enhancement, with a recovery rate increase of 9.14% and a final
recovery rate of 38.43%. These results demonstrate that NBs have a
significant production enhancement effect. The results of triplicate
parallel experiments demonstrated that in the presence of NBs, the
oil recovery from the 340 x 10~3 pm? core was increased by 9.14%,
9.44%, and 8.75%, with a mean of 9.11%, while the oil recovery from
the 33.9 x 103 pm? core was increased by 6.42%, 6.80%, and 6.28%,
with a mean of 6.49%. These findings verify that the enhancement
of oil recovery attributed to that NBs possess sound stability and
reliability.
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The mechanism by which NBs enhance oil recovery primarily
involves their ability to modulate flow behavior in porous media
and interfacial properties. NBs adsorb and coalesce within pores to
form larger bubbles, significantly increasing flow resistance.
Simultaneously, they facilitate the coalescence of oil-film residual
oil remaining on pore walls after water flooding into mobile
droplets and promote their detachment from the pore surfaces.
These detached droplets further generate a Jamin effect during
migration, synergistically enhancing flow resistance, effectively
suppressing channeling of the displacing fluid, and expanding its
sweep range. As previously mentioned, NBs also alter the wetta-
bility of pore walls, which not only reduces crude oil retention
during flow but also enhances the affinity between the displacing
fluid and oil-bearing pore surfaces. This strengthens spontaneous
imbibition, enabling the displacing fluid to penetrate microporous
oil-trapped regions inaccessible to pure water. In low-
permeability cores, the smaller pore sizes cause NBs to be more
easily retained, thereby enhancing their effect on increasing flow
resistance. This enables more effective blocking of dominant flow
channels and redirects subsequent fluids toward unswept regions,
ultimately expanding the sweep range. Moreover, compared to
high-permeability cores, low-permeability cores contain a higher
proportion of microporous oil-bearing spaces that are challenging
for water to access. These combined mechanisms allow NBs to
demonstrate more pronounced production enhancement effects
in low-permeability reservoirs.

This study employed artificial cores for the core flooding ex-
periments, primarily due to their advantages of relatively
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Fig. 17. The curves of recovery factor, water cut, pressure differential versus injection volume in cores with different permeabilities. (a, b) 340 x 10~ um?; (¢, d) 33.9 x 103 pm?.

3553



X.-W. Qin, B. Wei, Y.-S. Liu et al.

controllable pore structure and high reproducibility, which facili-
tate research at the mechanistic level. Compared with natural
cores, artificial cores have a more homogeneous pore structure and
relatively simple mineral composition (Han et al., 2016), which
may reduce the adsorption and retention of NBs in the pores,
weaken their interactions with crude oil and the pore matrix, and
consequently lead to an observed enhancement in oil recovery
that underestimates their potential in real reservoirs. Therefore,
this study focuses more on elucidating the mechanisms of NBs in
EOR. Subsequent research will utilize natural cores to further
evaluate the enhanced oil recovery performance of NBs under
complex real reservoir conditions.

4. Conclusions

This study investigated the influence of environmental factors,
including salinity degree, temperature, external shear, and time,
on the size and concentration of nanobubbles (NBs). The interfacial
properties of NBs were analyzed through oil-water interfacial
tension and contact angle measurements, combined with oil film
detachment experiments. Based on pore-scale and core-scale flow
and oil displacement experiments, the flow characteristics of NBs
in porous media and their mechanisms for enhancing oil recovery
were revealed. The main conclusions are as follows:

(1) NBs exhibit excellent stability under varying environmental
conditions (including salinity, temperature, shear duration,
and shear rate), with their average size consistently main-
tained within the range of 175-300 nm and their concen-
tration stable at the order of 107 particles/mL.

(2) NBs reduce oil-water interfacial tension by 1.66-2.95 mN/m
while increasing the underwater contact angle of crude oil
by 16°, thereby enhancing the affinity of solid surfaces to the
aqueous phase and strengthening their oil-repellent prop-
erties. These interfacial modifications enhance spontaneous
imbibition, enabling NBs to access microporous regions
inaccessible to conventional water flooding and expanding
the sweep range of the displacing fluid.

(3) NBs significantly accelerate and enhance oil film detach-
ment, thereby markedly improving oil-washing efficiency.
Under identical immersion durations, the peak oil film
detachment rate in NB suspension (11.59 %/min) was four
times higher than that in pure water (2.9 %/min). After
20 min of immersion, NBs reduced the oil-covered area by
83.38%, compared to only 19.7% in water—a 4.23-fold
improvement. When an oil film pre-immersed in water for
20 min was transferred to an NB suspension, the detach-
ment rate increased by 33 times, and the oil-covered area
ratio rapidly decreased from 80.3% to 6.73%, demonstrating
the exceptional oil-washing capability of NBs. Furthermore,
the oil film detachment effect of NBs within a short period
(20 min) is superior to that of the surfactant solution
(0.1 wt% sodium dodecyl benzene sulfonate).

(4) NBs alter local flow dynamics near constricted pore throats
through expansion, coalescence, and adsorption, increasing
aqueous phase flow resistance by a factor of 2.0-2.5. They
significantly enhance oil relative permeability while sup-
pressing water relative permeability at high water satura-
tion (>50%), expanding the oil-water co-flow zone and
reducing residual oil saturation by 5.74%.

(5) NBs effectively suppress channeling of the displacing fluid
and expand its sweep range by 27.72% compared to water
flooding. The extent of sweep improvement varies with pore
coordination numbers, with the most pronounced
enhancement (44.84%) observed in regions with a
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coordination number of 4. NB flooding increased oil recov-
ery in high-permeability and low-permeability cores by
6.49% and 9.11%, respectively, indicating more significant
production enhancement in low-permeability reservoirs.
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