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ABSTRACT

Black nanosheets (BN, with a specific chemical composition of molybdenum disulfide) have been widely
studied for low-permeability reservoir development due to their unique nanoscale dimensions and
lamellar structure. Our prior research demonstrated that cationically modified BN combined with low-
salinity water (LSW) significantly enhances oil displacement. This study compared the imbibition
adaptability of the composite system under both ambient-pressure and pressurized conditions, while
combining nuclear magnetic resonance (NMR) techniques to analyze related imbibition mechanisms
and reservoir permeability adaptability. Results showed that the modified BN-LSW composited system
achieved an imbibition recovery efficiency of 43.92% under ambient pressure. The mechanism was
capillary force-dominated, preferentially displacing oil from small pores by improving core wettability
and emulsification. Under pressurized conditions, the driving force became dominant, further
increasing recovery efficiency to 56.52%, with the system displacing oil from both large and small pores.
Additionally, the system showed optimal adaptability in cores with 0.05 x 103 pm? permeability.
Imbibition efficiency declined at higher/lower permeabilities due to weakened capillary forces or
nanoparticle aggregation-induced clogging. This study confirmed that the modified BN-LSW composite
system enhanced imbibition stability and recovery efficiency, and combined with nuclear magnetic
resonance (NMR) technology, its mechanism was revealed at the microscale. This provided theoretical
and technical support for the efficient development of low-permeability reservoirs, with significant
engineering value.
© 2025 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-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).

1. Introduction

for low-permeability reservoirs by regulating interfacial proper-
ties (Eltoum et al., 2021; Wu et al., 2024a, 2024b). Nanoparticles

As global energy demand keeps rising, low-permeability res-
ervoirs—key unconventional oil and gas resources—have become
a major focus for the petroleum industry (Kang et al., 2022).
Conventional water flooding often achieves recovery efficiencies
below 30% due to low permeability, complex pore-throat struc-
tures, and high capillary resistance (Du, 2023; Yang H.B. et al,,
2025). Recently, nanofluid flooding has offered a new approach
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can improve microscopic displacement efficiency by reducing
oil-water interfacial tension (IFT), altering rock wettability, and
enhancing emulsification (Liang et al., 2023; Wu et al., 2025; Xu
et al., 2023). Among these, black nanosheets (BN, molybdenum
disulfide nanomaterials) show strong potential due to their high
surface area and adsorption capacity (Feng et al., 2022; Qu et al,,
2021; Raj et al,, 2019; Xu et al., 2019). However, traditional BN
tend to aggregate and destabilize during long-term flooding
because of salinity sensitivity, leading to rapid efficiency decline
(Xiao and Hou, 2023). Improving their dispersion stability and
reservoir adaptability remains a critical challenge for industrial
use.
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The BN-LSW composite system (BN + low salinity water)
achieves synergistic "1 + 1 > 2" effects (Zhu et al,, 2023). LSW (<
5000 mg/L) inhibits clay swelling and reduces ionic strength (Yang
et al., 2020), while black nanosheets form rigid interfacial films to
enhance crude oil emulsification (Arab et al., 2018; Binks and
Whitby, 2005; Zhu et al., 2023). Yet, traditional black nanosheets
face two key issues in low-salinity environments: poor dispersion
stability due to pH-dependent surface charge fluctuations (Zhu
et al, 2024b) and limited permeability adaptability—viscous
fingering in high-permeability zones and insufficient capillary-
driven displacement in low-permeability zones (Zhu et al,
2025). To address these, surface modification (e.g., silane
coupling agents, polymer coatings) has been explored. Qu et al.
(2022) developed amphiphilic molybdenum disulfide nanosheets
that shift oil-wet surfaces to neutral-wet and generate micro-scale
emulsions, improving oil recovery. Zhu et al. (2024b) created a
cationic-modified BN using CTAB surfactant, which showed better
suspension stability, wettability alteration, and a 12.51-
percentage-point increase in core sample recovery. Zhu et al.
(2024a) also synthesized an anionic-modified BN with strong
charge repulsion and excellent imbibition in ultra-low-
permeability cores. However, systematic studies of modification
effects and displacement mechanisms are still lacking. Most ex-
periments are conducted at ambient pressure, leaving gaps in
understanding high-pressure behavior—a limitation for high-
pressure, low-permeability reservoirs (Shao et al., 2023; Xiao
et al,, 2022).

Research on nanofluid flooding began in the early 21st century,
initially using iron oxide nanoparticles to improve heavy oil
mobility (Pereira et al., 2020). In recent years, SiO, TiOz, and
carbon-based nanomaterials have gained attention due to their
low cost and high stability (Manshad et al., 2022; Tang et al., 2022).
For example, Liu et al. (2023) developed modified silver nano-
particles by grafting microbial surfactants, achieving a recovery
efficiency increase of 11.40%-19.49%. Many studies also focus on
optimizing nanoparticle-chemical flooding hybrid systems (Al-
Asadi et al., 2022). Paryoto et al. (2023) designed a composite
system of Fe304 nanoparticles and surfactants, with core tests
showing a final recovery degree improvement of up to 76.5%.
Moradi et al. (2015) introduced silica nanoparticles into water-
alternating-gas (WAG) EOR processes, enhancing recovery effi-
ciency. Kang et al. (2021) applied silica nanoparticles in CO; foam
flooding, improving foam stability, plugging ability, and oil
displacement. However, current technologies often require high
nanoparticle injection concentrations (> 0.1 wt%) and suffer from
poor long-term stability, highlighting the need for low-dose, high-
efficiency systems.

Mechanistically, researchers agree that nanofluid flooding ef-
ficiency depends on capillary forces, driving forces, and wettability
alteration (Zhu et al., 2025; Yang C. et al., 2025; Liu et al., 2019).
Zhu et al. (2024a, 2024b) used interfacial tensiometry to mea-
sure the IFT between modified black nanosheets and crude oil,
finding that while IFT reduction was limited, the nanosheets
exhibited strong emulsification and wettability alteration. How-
ever, the mechanism shift under pressurized conditions remains
unclear. Additionally, the impact of reservoir heterogeneity on
nanofluid flooding is debated (Wang et al., 2022). For example, Zhu
et al. (2025) observed that permeability below 0.1 x 1073 pm? led
to pore-throat clogging and efficiency decline, while others re-
ported effective displacement even at 0.05 x 10~> pm? These
contradictions highlight the need for systematic studies on
reservoir adaptability.
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Therefore, based on previous research on the modified BN-LSW
composited system and its displacement performance and
ambient-pressure imbibition understanding in low-permeability
reservoirs (Zhu et al., 2025), this study compared the imbibition
adaptability of the composite system under both ambient-
pressure and pressurized conditions, while analyzing related
imbibition mechanisms and reservoir permeability adaptability.
Imbibition experiments were performed at 0.1 MPa (ambient-
pressure) and 5 MPa (pressurized). NMR relaxation spectra
quantitatively characterized how the BN-LSW system extracts
crude oil from different core pores under varying pressures,
revealing the competition between capillary forces and
driving forces. Cores with permeabilities from 0.01 x 10> to
0.5 x 1073 um? were tested. The work systematically explored how
imbibition efficiency relates to permeability in the modified BN-
LSW system, providing theoretical guidance for optimizing nano-
composite  technologies in low-permeability  reservoir
development.

2. Experimental materials and methods
2.1. Experimental materials

The black nanosheet (BN), urea (AR, 99.5%), and cetyl-
trimethylammonium bromide (CTAB, AR, 99.5%) were all provided
by Shanghai Macklin Biochemical Technology Co., Ltd. The black
nanosheet consisted of cetyltrimethylammonium bromide (CTAB)
and urea-modified molybdenum disulfide (MoS,), exhibiting a
flake-like morphology with an approximate particle size of
70 nm x 400 nm. The sheet thickness was as low as ~10 nm. The
formation water had a salinity of 20,512 mg/L, and the crude oil
had a viscosity of 7.5 mPa-s, both provided by Xinjiang Oilfield. The
formation water was diluted 40 times to serve as the LSW solution
for the composite system (Zhu et al., 2025). The ionic composition
of the formation water is shown in Table 1, with its water type
being CaCl,-type.

2.2. Preparation method of modified black nanosheets

The preparation method of modified BN powder was published
by Zhu et al. (2024b). A certain mass of BN powder was uniformly
dispersed in 100 mL of deionized water and sonicated for 30 min in
an ultrasonic cleaner. A specific mass of CTAB powder and urea was
dissolved in the BN dispersion. The mixture was then subjected to
condensation reflux at 60 °C, followed by centrifugation at 2500 r/
min for 10 min. After centrifugation, the product was suction-
filtered and washed three times with deionized water. Subse-
quently, it was placed in a vacuum freeze dryer for vacuum drying
for one week.

2.3. Characteristic method of modified black nanosheets

(1) TEM testing. An appropriate quantity of modified nano-
black card (BN) solid powder was dispersed in aqueous so-

Table 1
Salinity and ionic composition of formation water.

Total salinity, mg:.L~'  Ion concentration, mg-L~"

SO%
49

Na* K* Ca?

4826

Cl
12032

HCO3
690

20512 536 2377
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lution. Morphological characterization was performed using
field emission transmission electron microscopy (FEI-Tecnai
G2 F20, FEI Company, USA).

(2) Zeta potential measurement. Unmodified and modified BN
solutions (0.002 wt%) were prepared, followed by 30-min
ultrasonic dispersion. Zeta potential values were measured
at 34 °C (93.2 °F) using a zeta potential analyzer (Zetasizer
Nano ZS, Malvern Instruments Ltd., UK).

(3) Dispersion stability testing. The modified BN-low salinity
water (LSW) composite system underwent 30-min ultra-
sonic dispersion. Stability was evaluated at 34 °C using a
multiple light scattering analyzer (TURBISCAN Lab Expert,
Formulaction, France).

(4) Contact angle measurement. Unmodified and modified
BN-LSW composite systems were prepared with 30-min
ultrasonic dispersion. The three-phase (rock/crude oil/wa-
ter) contact angles were measured at 34 °C using a
goniometer (DSA25, KRUSS GmbH, Germany) (Zhu et al.,
2024b).

2.4. Imbibition experiment under ambient pressure

The core samples were dried in an oven at 105 °C until their
weights stabilized. After cooling, the cores were weighed. The oil-
saturation experiment was conducted after vacuuming the cores.
Following oil saturation, T, spectrum tests for fluid distribution
analysis were performed, and the cores were weighed again. The
oil-saturated cores were then placed in prepared solutions for
imbibition experiments. During the experiments, the cores and
solutions were maintained in an oven at 34 °C. The core weights
were recorded at different time intervals to calculate the oil re-
covery during spontaneous imbibition. Specifically, the mass of the
core after different imbibition times was measured. Based on the
mass difference between the core in its initial oil-saturated state
and at each imbibition time, combined with the oil-water density
difference, the volume of recovered oil was calculated. Finally, the
oil recovery factor was determined as the ratio of the recovered oil
volume to the original oil volume in the core. The parameters of
cores used in imbibition experiments under ambient pressure are
shown in Table 2.

2.5. Imbibition experiment under pressurized conditions

Two core samples with the same permeability were dried in
an oven at 105 °C. After cooling, their weights were measured until
no further mass change was observed. The cores were then vac-
uumed and saturated with oil. After oil saturation, their masses
were recorded. Next, the oil-saturated cores were placed sepa-
rately into intermediate containers filled with the modified BN-
LSW composite system and the unmodified BN-LSW composite
system. The intermediate containers were pressurized to 20 MPa.

Table 2
Parameters of the core in imbibition experiments under ambient pressure.
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At different time intervals, the cores were removed for mass
measurement. They were then placed back into the containers and
repressurized to 20 MPa. This aging cycle was repeated until the
experiment concluded. The core weights were recorded at
different time intervals to calculate the oil recovery during spon-
taneous imbibition. The parameters of the core samples used in
the imbibition experiments under pressurized condition are listed
in Table 3.

2.6. NMR T, spectrum measurement

A core NMR analyzer (SPEC-RC035, Beijing SPEC Co.) was used
to measure the prepared core samples with preset parameters. The
T, spectrum curves and related data were recorded at different
stages including water saturation, oil saturation, during imbibi-
tion, and after imbibition. The specific test parameters were set as
follows: pulse interval (TAU) 100 ps, sampling interval (DW) 4 ps,
scan count (SCAN) 32, and signal gain (RG) 5 dB.

3. Results and discussion
3.1. Basic properties of modified black nanosheet

Fig. 1 presents the fundamental properties of the cationically
modified nano-black card (BN). TEM analysis shows that the syn-
thesized modified BN consists of black flaky powder particles with
dimensions of 70 nm x 400 nm, demonstrating potential for
enhanced oil recovery in low-permeability reservoirs, as illus-
trated in Fig. 1(a). When prepared under the conditions of 0.2 g BN,
1.2 g urea, 0.8 g CTAB, and a reaction temperature of 60 °C, the
modified BN exhibited significantly improved stability compared
to unmodified BN.

The modified BN in low-salinity water (LSW) displayed a zeta
potential absolute value of 25.9 mV, representing a substantial
increase over the unmodified BN-LSW composite system
(15.2 mV), which demonstrated that the cationic modification
strengthened interparticle electrostatic repulsion among black
nanosheets, confirming enhanced dispersion stability (Fig. 1(b)).
This conclusion was further supported by macroscopic analysis
using a multiple light scattering analyzer, which recorded a Tur-
biscan stability index (TSI) of just 0.46, indicating markedly
improved dispersion stability in aqueous solution compared to
unmodified BN, as shown in Fig. 1(c).

Additionally, the contact angle between the modified BN
aqueous dispersion and crude oil/rock measured 57.70°, a reduc-
tion of 18.40° compared to the unmodified system, as shown in
Fig. 1(d) and (e). The modified BN-LSW composite system further
decreases the contact angle with crude oil and rock, improving the
wettability of oil droplets on rock surfaces. These fundamental
property analyses provide critical insights for investigating the
subsequent imbibition mechanisms of the BN-LSW composite
system.

Core No. Length, cm Diameter, cm Gas permeability, 10~3 pm? Experimental conditions

S1-1 7.03 2.51 1.5 Modified BN-LSW composite system
S1-2 6.98 2.52 1.5 Unmodified BN-LSW composite system
S2-1 7.01 2.49 0.01 Different core permeabilities

S2-2 6.96 2.54 0.05

S2-3 6.96 2.49 0.5

S2-4 7.01 2.48 1

S2-5 7.00 249 5

S2-6 7.01 2.50 50
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Table 3
Parameters of the core in imbibition experiments under pressurized condition.
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Core No. Length, cm Diameter, cm Gas permeability, 10~3 ym? Experimental conditions
C3-1 6.99 2.50 1.5 Modified BN-LSW composite system
C3-2 7.02 2.51 1.5 Unmodified BN-LSW composite system

100

—#— Unmodified BN
Modified BN

200000 -

160000 -

120000

Total counts

80000 -

40000 A

-100  -50 0
Zeta potential, mV

(b) Zeta potential

50 100 200

90:
80
70:
60
50:

40 -

Transmittance, %

30

20 A

00h:00m:00s|

00:26m:00s|

00h:52m:00s.

01h:18m00s.

01h:42m00s.

02h:08m:00s.

02h:34m:00s.

03h:00m:00s.

03h:26m.00s.

03h:52m:00s.

04h:18m:00s.

04h:42m00s

05h:08m:00s.

05h:34m:00s.

I

L L L L o o B e B B B B B L B B e
18 20 22 24 26 28 30 32 34 36 38 40 42 44

0O 2 4 6 8 10 12 14 16

Height, mm
(c) Dispersion stability of modified BN

(e) Contact angle of modified BN

Fig. 1. Fundamental properties of modified black nanosheets.

3.2. Imbibition performance of BN-LSW composite system under
ambient pressure

3.2.1. Imbibition recovery of BN-LSW composite system under
ambient pressure

The imbibition effects of 0.002 wt% modified BN-LSW com-
posite system and an unmodified BN-LSW composite system on
core samples under ambient pressure were investigated through
imbibition experiments under ambient pressure (i.e., 0.1 MPa). The
dynamic recovery efficiency obtained by the mass measurement
method over time was plotted, as shown in Fig. 2.

As shown in Fig. 2, under ambient-pressure imbibition condi-
tions, the crude oil recovery efficiency of oil-saturated core sam-
ples in different imbibition systems exhibited a clear increasing
trend over time. In the early stage of imbibition, the recovery ef-
ficiency increased rapidly and then gradually leveled off. At the
end of the imbibition experiment, the final recovery efficiency of
the modified BN-LSW composite system reached 43.92%, while
that of the unmodified BN-LSW composite system was 39.66%.
This indicates that the modified BN-LSW composite system has
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better imbibition and oil displacement effects under ambient
pressure. In addition, the imbibition recovery degree (34.00%
OOIP) achieved by formation water at ambient pressure demon-
strated that the BN-LSW composite system (both pre-modification
and post-modification) exhibited significantly superior imbibition
performance compared to formation water.

3.2.2. NMR characteristics analysis of BN-LSW composite system
during imbibition under ambient pressure

The imbibition effects of BN-LSW composite system before and
after modification on core samples under ambient pressure were
analyzed using NMR T, spectra. The NMR analysis method was
employed to scan fluid saturation in core samples at different time
intervals, obtaining the NMR T, spectra as shown in Figs. 3 and 4.

From Fig. 3, it can be observed that the T, spectrum of the core
sample treated with modified BN solution exhibited a bimodal
characteristic where the two peaks were demarcated by a relax-
ation time of 10 ms. Based on mercury injection capillary pressure
(MICP) measurements of the core, a relaxation time of 10 ms
corresponds to a pore throat diameter of 60 nm. The signal
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Fig. 2. Oil recovery factor during spontaneous imbibition under ambient pressure for
two composite systems.
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Fig. 3. T, spectrum evolution during ambient-pressure imbibition in modified BN-
LSW composite system.

amplitude in the small pore region (left peak) continuously
increased over time, while the signal amplitude in the large pore
region (right peak) first rose, then declined, and then rose again.
This indicated that as the imbibition experiment progressed, the
modified BN solution continuously entered the small pores of the
core under capillary force. The imbibition volume in small pores
was large, and the hydrogen protons in the solution continuously
filled these pores, leading to a monotonic increase in signal
amplitude in the small pore region. In the early stage, the signal
amplitude in the large pores of the core increased due to the in-
vasion of the modified BN solution. As imbibition proceeded, the
extensive release of crude oil caused the signal to weaken. In the
later stage, further saturation of the solution increased the
hydrogen proton density, resulting in a renewed enhancement of
the signal amplitude.

From Fig. 4, it can be observed that the core sample treated with
unmodified BN-LSW solution also exhibits a bimodal T, spectrum
where the two peaks were demarcated by a relaxation time of 10
ms. Based on MICP measurements of the core, a relaxation time of
10 ms corresponds to a pore throat diameter of 60 nm. The signal
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Fig. 4. T, spectrum evolution during ambient-pressure imbibition in unmodified BN-
LSW composite system.

amplitude in the small pore region (left peak) shows continuous
increase over time, while the signal amplitude in the large pore
region (right peak) demonstrates an initial increase followed by a
decreasing trend. This indicates that during imbibition, the
continuous penetration of unmodified BN-LSW solution into small
pores leads to a progressive increase in hydrogen proton density. In
contrast, the large pore region shows signal amplitude attenuation
due to insufficient solution replenishment after crude oil
displacement. Overall, the core sample treated with modified BN-
LSW solution exhibits more significant curve amplitude variations,
suggesting superior imbibition performance compared to the un-
modified BN-LSW solution.

To quantitatively evaluate the imbibition performance differ-
ence between modified and unmodified BN-LSW solutions under
ambient pressure conditions, the variations in T, spectrum peak
areas of core samples treated with both solutions at different time
points were plotted, as shown in Fig. 5.

From Fig. 5, it can be seen that the peak area of the core sample
shows continuous growth with prolonged imbibition time. After
6 h of imbibition, the small pore peak area increased by 58.98 a.u.
(modified) and 47.47 a.u. (unmodified), while the large pore peak
area increased by 2650.20 a.u. (modified) and 2145.10 a.u. (un-
modified). This indicates that modified BN-LSW composite system
demonstrates excellent oil displacement performance during early
imbibition, effectively displacing crude oil in both small and large
pores. After 22 h of imbibition, the small pore peak area increased
by 87.33 a.u. (modified) and 65.75 a.u. (unmodified), while the
large pore peak area increased by 3356.40 a.u. (modified) and
2841.40 a.u. (unmodified). The core sample treated with modified
BN-LSW composite system shows greater peak area variation,
confirming that the modified BN-LSW composite system has su-
perior imbibition and oil displacement effects.

3.2.3. Imbibition mechanism of modified BN-LSW composite
system under ambient pressure

The imbibition mechanism of the modified BN-LSW composite
system under ambient pressure was analyzed using imbibition
under ambient pressure experiments combined with NMR T,
spectrum measurements. Fig. 6 illustrates the imbibition mecha-
nism under ambient pressure of oil-saturated core samples under
the influence of the modified BN-LSW composite system.
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Fig. 5. T, peak area evolution during ambient-pressure imbibition in the modified
and unmodified BN-LSW composite systems.

From Fig. 6, it can be observed that during imbibition under
ambient pressure, the modified BN-LSW solution preferentially
enters the small pores of the oil-saturated core sample under
capillary force. The modified BN-LSW significantly improves rock
wettability, changing the rock surface from hydrophobic to hy-
drophilic. This effectively removes the oil film on the surface. At
the same time, the modified BN-LSW emulsifies with crude oil,
significantly reducing oil viscosity and enhancing mobility. This
achieves efficient imbibition of oil in small pores. Due to capillary
effect, some modified BN-LSW solution enters large pores during
early imbibition. As imbibition continues, oil in large pores is
gradually displaced.

3.3. Imbibition performance of BN-LSW composite system under
pressurized condition

3.3.1. Imbibition performance of BN-LSW composite systems under
pressurized condition

Imbibition experiments under pressurized condition were
conducted to evaluate the performance of modified and unmodi-
fied BN-LSW composite systems. Core samples were placed in
0.002 wt% modified BN-LSW and unmodified BN-LSW solutions
for imbibition under pressurized condition. The mass change of
core samples was recorded in real-time during imbibition. Oil re-
covery efficiency at different time points was calculated, and the
recovery efficiency vs. time curve was plotted, as shown in Fig. 7.

From Fig. 7, it can be observed that under pressurized condi-
tions, the oil recovery efficiency of oil-saturated core samples in
different imbibition systems shows an initial rapid increase fol-
lowed by gradual stabilization. In the early stage of imbibition,
both systems exhibit a high growth trend in recovery efficiency,

Inlet Outlet

(a) Oil saturation

(b) During imbibition

Petroleum Science 22 (2025) 5166-5175
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81— Modified BN-LSW composite system
—@— Unmodified BN-LSW composite system

20 40 60 80 100 120 140 160 180

Imbibition time, h

Fig. 7. Comparison of oil recovery after imbibition in different systems under pres-
surized condition.

followed by minor fluctuations. This indicates that, during initial
imbibition, pressurization effectively promotes the penetration of
the composite system solution into the core, displacing a signifi-
cant amount of crude oil. At the end of the imbibition experiment
under pressurized condition, the oil recovery efficiency in the
modified BN-LSW composite system reached 56.52%, while that in
the unmodified BN-LSW composite system was 45.05%. This
demonstrates that the modified BN-LSW composite system ach-
ieves better imbibition performance under pressurized condition.

3.3.2. NMR characteristics of BN-LSW composite systems during
imbibition under pressurized condition

The imbibition effects of modified and unmodified BN-LSW
composite systems on core samples under pressurized condition
were analyzed using NMR T, spectra. NMR technology was
employed to measure real-time dynamic changes in fluid satura-
tion within the core during imbibition. The resulting NMR T,
spectra are shown in Figs. 8 and 9.

From Fig. 8, it can be seen that during imbibition under pres-
surized condition, the T, spectrum of the core sample under
modified BN-LSW treatment first decreases and then increases. At
the initial stage of imbibition, the invasion of modified BN-LSW
solution into core pores causes massive oil displacement. The
rapid decrease of hydrogen proton concentration leads to signifi-
cant signal amplitude attenuation. As imbibition continues, the
modified BN-LSW solution keeps penetrating into core pores. The

Emulsification

(c) After imbibition

Fig. 6. Ambient-pressure imbibition mechanism diagram of core samples in modified BN-LSW composite system.
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Fig. 9. T, spectra of core after imbibition in an unmodified BN-LSW composite system
under pressurized condition.

gradual recovery of hydrogen proton concentration in pores results
in a certain degree of signal amplitude increase.

Fig. 9 shows that the T, spectrum of oil-saturated core samples
treated with unmodified BN-LSW also exhibits a decreasing-then-
increasing trend. Comparing Figs. 8 and 9 reveals that the signal
amplitude variation range of the T, spectrum envelope for modi-
fied BN-LSW is significantly greater than that of unmodified BN-
LSW. This indicates that core samples achieve optimal imbibition
performance when treated with modified BN-LSW under pres-
surized condition.

To quantitatively evaluate the imbibition performance differ-
ence between modified and unmodified BN-LSW under pressur-
ized condition, we plotted the T, spectrum peak area changes of
core samples in both solutions at different time points, as shown in
Fig. 10.

Fig. 10 shows that the peak areas of both core samples showed a
continuous decreasing trend during pressurized imbibition pro-
cess. After 6 h of imbibition, the small pore peak areas decreased
by 61.34 a.u. (modified BN-LSW) and 61.25 a.u. (unmodified BN-
LSW), while the large pore peak areas decreased by 2488.50 a.u.
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Fig. 10. T, peak area evolution during pressurized imbibition in the modified and
unmodified BN-LSW composite systems.

(modified BN-LSW) and 2359.70 a.u. (unmodified BN-LSW). After
22 h of imbibition, the small pore peak areas decreased by 69.49 a.
u. (modified BN-LSW) and 58.34 a.u. (unmodified BN-LSW), while
the large pore peak areas decreased by 2631.30 a.u. (modified BN-
LSW) and 2432.70 a.u. (unmodified BN-LSW). The modified BN-
LSW composite system exhibited a more significant reduction in
peak area under pressurized conditions, indicating its superior
ability to displace crude oil from core pores and achieve better
imbibition effects.

3.3.3. Imbibition mechanism of modified BN-LSW composite
system under pressurized condition

The imbibition mechanism of the modified BN-LSW composite
system under pressurized condition was analyzed with NMR T,
spectrum measurements. Fig. 11 illustrates the imbibition mech-
anism of oil-saturated core samples under pressurized condition
and the action of the modified BN-LSW composite system.

From Fig. 11, it can be observed that under pressure-driven
conditions, the modified BN-LSW composite system preferen-
tially entered large pores and displaced the crude oil inside. At this
stage, the driving force exceeded capillary pressure. Meanwhile,
the modified BN-LSW exhibited significant synergistic effects—not
only effectively improving rock wettability but also emulsifying
with crude oil in the pores, stripping oil films from rock surfaces.
Additionally, it significantly reduced crude oil viscosity, thereby
greatly enhancing imbibition recovery in large pores. During the
early stage of imbibition under pressurized condition, the com-
posite system preferentially entered large rock pores. As imbibi-
tion continues, the system reacted with crude oil in small pores,
gradually displacing it.

3.4. Imbibition adaptability of the modified BN-LSW composite
system in core samples with different permeabilities

3.4.1. Imbibition performance in core samples with different core
permeabilities

Oil-saturated core samples with varying permeabilities were
placed in a 0.002 wt% modified BN-LSW composite system.
Spontaneous imbibition experiments were conducted under
ambient pressure, with real-time recording of core mass changes
at each time point. After the experiment, the corresponding re-
covery efficiency vs. time curves were calculated based on mass
changes, as shown in Fig. 12.

Fig. 12 shows that for oil-saturated core samples with different
permeabilities, the recovery efficiency increased rapidly in the
early stage of imbibition, then gradually slowed down and
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Fig. 12. The imbibition effect of different permeability rock cores in a modified BN-
LSW composite system.

eventually stabilized. The final recovery efficiency after imbibition
first increased and then decreased with rising permeability. The
core sample with a permeability of 0.05 x 10~ pm? achieved the
highest recovery efficiency of 38.4%, while the sample with
0.01 x 1073 ym? had the lowest recovery efficiency of 25.2%. The
modified BN-LSW composite system improved recovery efficiency
for core samples of all permeabilities, with the best imbibition
effect observed at 0.05 x 10> pm?2.

3.4.2. NMR characteristics of the composite system in core samples
with different permeabilities

To systematically evaluate the imbibition recovery effects of the
modified BN-LSW composite system in core samples of varying
permeabilities, a grouped comparative analysis was conducted,
dividing the experimental data into three groups for comprehen-
sive assessment.

Core samples with permeabilities of 0.01 x 10~ and
0.05 x 10~3 pm? were firstly placed in a 0.002 wt% modified BN-
LSW composite system. NMR analysis was performed at different
time intervals to obtain T, spectrum, and the changes in T, spec-
trum peak area over imbibition time were plotted for both groups,
as shown in Fig. 13.

Fig. 13 shows that the small-pore peak area of both core sam-
ples first decreases and then increases. After 6 h of imbibition in
the modified BN-LSW composite system, the small-pore peak area
of the 0.01 x 10~3 pm? core decreases by 2.57 a.u., while the large-
pore peak area increases by 276.44 a.u. For the 0.05 x 103 ym?
core, the small-pore peak area decreases by 23.47 a.u., and the
large-pore peak area increases by 27.12 a.u. This indicates that in

5173

500 25000

[ 0.01x10¢ pm2 (0-10ms) [ 0.05x10= ym? (0-10 ms)
[ 0.01x10- um? (10-1000 ms) [ 0.05%10- pm? (10-1000 ms)

400 -
[ 20000

300 A
r 15000
200 A

10000
100 A

L L wlll

0 6

Cumulative signal for 0-10 ms, a.u.

F 5000

Cumulative signal for 10-1000 ms, a.u.

Imbibition time, h

Fig. 13. T, spectrum peak area evolution during modified BN-LSW spontaneous
imbibition at ambient pressure in core samples with permeabilities of 0.01 x 10~ and
0.05 x 103 ym?.

the early stage of imbibition, oil displacement in small pores is
more significant in higher-permeability cores. After 22 h of imbi-
bition, the small-pore peak area of the 0.01 x 10~ um? core in-
creases by 2.65 a.u.,, and the large-pore peak area increases by
138.49 a.u. For the 0.05 x 103 um? core, the small-pore peak area
decreases by 48.67 a.u., and the large-pore peak area increases by
500.11 a.u. This suggests that the 0.05 x 10~3 um? core has better
oil imbibition efficiency in the composite system. The BN-LSW
composite system can effectively promote continuous oil pro-
duction from small pores in low-permeability cores. However, if
permeability is too low, nanoparticle aggregation and pore
blockage may occur, inhibiting the imbibition process and
reducing efficiency.

500

25000
[ 0.5x102 pm2 (0-10ms) ~ [_] 1x10-2 pm2 (0-10 ms)
[ ©.5%10- um? (10-1000 ms) [ 1x10-¢ pm? (10-1000 ms)

400 - [ 24000

300 A

F 23000

200 A [ 22000

100 F 21000

Cumulative signal for 0—10 ms, a.u.

Cumulative signal for 10-1000 ms, a.u.

20000
0 6

Imbibition time, h
Fig. 14. T, spectrum peak area evolution during modified BN-LSW spontaneous

imbibition at ambient pressure in core samples with permeabilities of 0.5 x 1073 and
1 x 1073 pm?.
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Fig. 15. T, spectrum peak area evolution during modified BN-LSW spontaneous
imbibition at ambient pressure in core samples with permeabilities of 5 x 10~3 and
50 x 1073 pm?.

Core samples with permeabilities of 0.5 x 10~2 and
1 x 103 ym? were then placed in a 0.002 wt% modified BN-LSW
composite system. The changes in T, spectrum peak area over
imbibition time were plotted for both groups, as shown in Fig. 14.

From Fig. 14, it can be seen that the small pore peak area of both
core samples continuously increased with imbibition time. For the
0.5 x 1073 pm? core, the small pore peak area increased by 55.44 a.
u. after 6 h of imbibition, while the large pore peak area increased
by 2772.20 a.u. In contrast, the 1 x 10~ pm? core showed a 47.18 a.
u. increase in small pores but an 806.80 a.u. decrease in large
pores. By 22 h, the 0.5 x 10~ yum? core exhibited a further 67.63 a.
u. increase in small pores and a continued 2846.70 a.u. increase in
large pores. Meanwhile, the 1 x 103 pm? core had a 56.30 a.u.
increase in small pores but a significant 1480.6 a.u. decrease in
large pores. Comparing the changes in peak area reveals that the
BN-LSW composite system demonstrates superior imbibition
performance in the 0.5 x 103 pm? core.

Core samples with permeabilities of 5 x 1073 and
50 x 107> pm? were finally placed in a 0.002 wt% modified BN-
LSW composite system. The changes in T, spectrum peak area
with imbibition time for both core samples in the composite sys-
tem are plotted in Fig. 15.

From Fig. 15, it can be seen that after 6 h of imbibition, the small
pore peak area of the 5 x 103 pm? core increased by 40.27 a.u.,
while the large pore peak area increased by 2783.60 a.u. For the
50 x 10~ pm? core, the small pore peak area decreased by 0.78 a.
u., and the large pore peak area increased by 463.60 a.u. By 22 h,
the 5 x 103 pm? core showed a 67.48 a.u. increase in small pores
and a 4404.40 a.u. increase in large pores. The 50 x 10~ pm? core
exhibited a 3.52 a.u. decrease in small pores and a 1019.40 a.u.
increase in large pores. These results indicated that the BN-LSW
composite system has better imbibition performance in the
5 x 1073 pm? core. However, as permeability further increases, the
imbibition effect weakens due to reduced capillary forces.

A comparative analysis of Figs. 13-15 shows that the modified
BN-LSW composite system enhances oil recovery efficiency in core
samples of different permeabilities. The effect of permeability on
the imbibition-recovery performance of the composite system had
a critical threshold. The best imbibition effect occurred when the
permeability was 0.05 x 10~3 pm?2.

4. Conclusions

Based on previous research of the modified BN-LSW composite
system's development and oil displacement experiments, this
study tested its imbibition performance in low-permeability cores
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under both ambient and pressurized conditions using NMR anal-
ysis. The following conclusions were drawn:

(1) Compared to the unmodified BN-LSW composite system,
the modified BN-LSW composite system exhibited better
imbibition-recovery performance under ambient pressure,
achieving a final recovery efficiency of 43.92%.

(2) Under ambient-pressure imbibition conditions, the modi-
fied BN-LSW composite system mainly used capillary forces.
It first entered small pores to push out crude oil, as shown by
NMR T signal changes. It effectively improved core wetta-
bility and emulsified oil in the pores, enhancing oil recovery
from small pores and significantly increasing the recovery
degree.

(3) The modified BN-LSW composite system demonstrated su-
perior imbibition performance under pressurized condi-
tions, reaching a final recovery efficiency of 56.52%.

(4) Under pressurized imbibition conditions, the modified BN-
LSW system's driving force overcame capillary forces,
causing preferential oil displacement in large pores as
shown by NMR T signal changes. With continued imbibi-
tion, the system then interacted with oil in small pores,
gradually drawing oil from these pores too.

(5) The modified BN-LSW system enhanced imbibition recovery
in cores with different permeabilities. It performed best at
0.05 x 107> um? permeability. When permeability was too
high, capillary forces weakened. When permeability was too
low, nanoparticles clumped and blocked pores, reducing oil
recovery.

(6) NMR technology enabled quantification of the BN-LSW
composite system's pore-scale mobilization efficiency dur-
ing imbibition, thereby elucidating its microscopic oil re-
covery mechanism across distinct pore sizes.

(7) In this study, the BN-LSW imbibition solution was prepared
using NMR-active formation water. The hydrogen nuclei
('H) in water generated background NMR signals that
partially interfered with experimental results. Future
studies can employ deuterated water (D,0) to prepare the
composite  system, eliminating 'H-related  signal
interference.
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