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a b s t r a c t

Nanofluids are considered promising agents for enhanced oil recovery in low-permeability reservoirs, 
but their application is often restricted by poor thermal and saline resistance and high costs. More-
over, limited studies have addressed the imbibition depth and oil migration processes during nano-
fluid imbibition in low-permeability reservoirs. In this work, a magnetic core–shell structured 
nanoparticle Fe 3 O 4 –TiO 2 was synthesized using inexpensive Fe 3 O 4 nanoparticles and tetrabutyl tita-
nate. The synthesized nanoparticles exhibited excellent thermal and saline resistance as well as 
recyclability. Their structure and functional properties were characterized. The nuclear magnetic 
resonance technology was applied to investigate the imbibition depth and the oil migration process 
during magnetic nanofluid imbibition. Results showed that the magnetic nanofluid possessed inter-
facial activity, wettability alteration capability, and strong thermal and saline resistance. At 80 ◦ C, the 
imbibition recovery of magnetic nanofluid reached 32.19%, 3.59% higher than that of SiO 2 nanofluid. 
The recycle rate of magnetic nanofluid was 81.31%, effectively reducing operational costs. The final 
imbibition depth of magnetic nanofluid reached 18.82 mm, with an average imbibition rate of 
3.14 mm/d, which is 21.97% higher than that of the SiO 2 nanofluid and 39.10% higher than that of the 
simulated formation water. The imbibition process of magnetic nanofluid was dominated by capillary 
forces, with oil in micropores displaced into macropores. We expect that this study can contribute to 
the effective development of low-permeability reservoirs and provide theoretical guidance for field 
applications.
© 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 license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

In recent years, unconventional reservoirs, particularly low-
permeability reservoirs, have demonstrated significant exploita-
tion potential (Kang et al., 2022; Mahdaviara et al., 2022; Xie et al., 
2022). However, due to the small pore throat sizes, poor

permeability, and high heterogeneity of low-permeability reser-
voirs, crude oil extraction faces considerable challenges (Chen 
et al., 2022; Wang et al., 2023b). Imbibition refers to the process 
in which the wetting phase displaces the non-wetting phase under 
the influence of capillary forces within a porous medium (Liu et al., 
2023; Xie et al., 2024). Depending on the experimental method, 
imbibition can be classified into static imbibition (Zhao et al., 
2023) and dynamic imbibition (Wang et al., 2023a). Static imbi-
bition occurs when the external fluid remains stationary, while 
dynamic imbibition takes place when the external fluid is flowing. 
Nanomaterials, with their small particle size and large specific 
surface area, can penetrate porous media and adsorb effectively at 
interfaces, thereby improving interfacial properties, which has
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attracted significant attention (Tavakkoli et al., 2022; Tohidi et al., 
2022; Wu et al., 2024). Numerous studies have confirmed their 
effectiveness in accelerating the spontaneous imbibition process 
(Cao et al., 2024; Zhao et al., 2024).
Nanomaterials commonly used to enhance oil recovery face the 

issue of high operational costs. As a result, some researchers have 
begun investigating Fe 3 O 4 nanoparticles, which can be recycled 
using magnetic fields or magnets, thus reducing operational costs. 
Paryoto et al. (2023) prepared a magnetic nanofluid using Fe 3 O 4 
nanoparticles and surfactants, achieving a total oil recovery of 
76.50% of original oil in place (OOIP). Pereira et al. (2020) devel-
oped a functionalized Fe 3 O 4 -based magnetic nanofluid, with a 
recovery exceeding 60% in oil displacement experiment. They 
found that Fe 3 O 4 nanoparticles could selectively remove smaller 
and more disordered asphaltene molecules. Surface modification 
of Fe 3 O 4 nanoparticles has been a common strategy in previous 
studies to effectively overcome their poor dispersion stability and 
susceptibility to oxidation (Li et al., 2022; Liu et al., 2022). Some 
researchers have proposed the idea of preparing magnetic core–- 
shell structured nanoparticles, which involve coating Fe 3 O 4 
nanoparticles with other materials. Betancur et al. (2019) syn-
thesized a magnetic iron core–carbon shell nanoparticle via a one-
pot hydrothermal method and carbonization at 900 ◦ C. After the 
oil displacement experiment, the recycle rate reached 98% using 
an external magnetic field. TiO 2 , with its abundant hydroxyl 
groups, exhibits good hydrophilicity and dispersion stability 
(Caselli et al., 2024; Li et al., 2025). When used to modify Fe 3 O 4 
nanoparticles, TiO 2 significantly improves their dispersion in 
aqueous solutions (Li et al., 2021). Additionally, TiO 2 has a larger 
specific surface area, providing more active sites for reactions, 
making it a highly promising modification material for Fe 3 O 4 
nanoparticles.
Nuclear magnetic resonance technology, due to its low sample 

requirements, non-destructive analysis capabilities, large mea-
surement scale and high precision, has attracted increasing 
attention from researchers. Gholinezhad et al. (2022) utilized 
nuclear magnetic resonance technology to study the one-
dimensional imaging and relaxation time measurements of SiO 2 
nanofluids. The results indicated that the presence of SiO 2 nano-
particles increased the imaging signal intensity and affected the 
relaxation time by shifting the curve toward faster time. Zhang 
et al. (2022) used nuclear magnetic resonance technology to 
monitor the distribution of oil in rock pores during the imbibition 
process with nanofluids. The results showed that medium pores 
were the dominant pore type in the rock, contributing the most to 
the imbibition recovery. Although nuclear magnetic resonance 
technology is well-developed, there is limited research on the 
imbibition depth and the oil migration process during nanofluid 
imbibition in low-permeability reservoirs using nuclear magnetic 
resonance technology. Therefore, more in-depth research is 
necessary to evaluate the potential of nanofluids for enhancing oil 
recovery through imbibition and their application prospects at the 
field scale.
In this work, a magnetic core–shell structured nanoparticle, 

Fe 3 O 4 –TiO 2 , with excellent dispersion stability and recyclability, 
was synthesized via the sol-gel method and subsequently char-
acterized. The dispersion stability, interfacial activity, wettability 
alteration capability and spontaneous imbibition performance of 
the magnetic nanofluid were systematically investigated. Finally, 
nuclear magnetic resonance technology was employed to explore 
the imbibition depth and the oil migration process during mag-
netic nanofluid imbibition, providing theoretical insights and 
technical support for the efficient development of low-
permeability reservoirs.

2. Experimental method

2.1. Materials

In this work, Fe 3 O 4 nanoparticles (99.5 wt%), tetrabutyl titanate 
(TBT, AR) and ammonia (28.0 wt%) were procured from Shanghai 
Macklin Biochemical Co., Ltd. Ethanol (AR), acetonitrile (99.8 wt%) 
and deuterium oxide (99.9 wt%) were sourced from Shanghai 
Aladdin Biochemical Technology Co., Ltd. Petroleum ether (AR) 
was acquired from Tianjin Fuyu Fine Chemical Co., Ltd. Commer-
cially available SiO 2 nanofluid (SC-101, 0.1 wt%) was obtained from 

Shandong Yinfeng Nano New Material Co., Ltd. All chemicals were 
used as received without further purification. Deionized water and 
simulated formation water (3 wt% NaCl + 0.05 wt% CaCl 2 ) were 
prepared in the laboratory. Crude oil was obtained from the 
Shengli Oilfield. The experimental oil phase was simulated oil, 
prepared by mixing crude oil and kerosene in a mass ratio of 1:3, 
with a density of 0.85 g/cm 3 . The artificial sandstone core samples, 
measuring 10 cm in length and 2.5 cm in diameter, were procured 
from Haian Oil Scientific Research Instruments Co., Ltd.

2.2. Synthesis of the Fe 3 O 4 –TiO 2 nanoparticles

The synthesis of Fe 3 O 4 –TiO 2 was based on the sol-gel method 
reported in the literature (Li et al., 2021). TBT was used as the ti-
tanium source to coat TiO 2 onto the surface of Fe 3 O 4 nanoparticles 
via this method, with the synthesis steps and principles illustrated 
in Fig. 1. Initially, 2 g of Fe 3 O 4 nanoparticles, 80 g of ethanol and 
40 g of acetonitrile were sequentially added to a three-necked flask 
and sonicated until the Fe 3 O 4 nanoparticles were stably dispersed. 
Subsequently, under continuous stirring, 4 g of TBT and 4 g of 
ammonia were slowly added dropwise. After the addition was 
complete, stirring was continued for an additional 5 h. The reac-
tion product was then left to stand at room temperature for 24 h, 
followed by magnetic separation, washing three times with ul-
trapure water, and vacuum drying at 50 ◦ C for 12 h.
The sol-gel method primarily involves hydrolysis, dehydration, 

and alcoholysis polymerization reactions. During hydrolysis, 
alkoxide groups are replaced by nucleophilic attack from oxygen 
atoms in water molecules, releasing alcohol and forming hydrox-
ylated titanium. The hydroxylated titanium undergoes dehydra-
tion polymerization to form Ti–O–Ti bonds and water, while 
alcoholysis polymerization results in the formation of Ti–O–Ti 
bonds and alcohol (Behzadnia et al., 2014).

2.3. Characterization of the Fe 3 O 4 –TiO 2 nanoparticles

The dispersion, microstructure, and shell thickness of 
Fe 3 O 4 –TiO 2 were characterized using a multi-angle particle size 
and high-sensitivity zeta potential analyzer (Brookhaven, Omni), 
as well as a transmission electron microscope (Thermo Fisher, 
Tecnai G2 20). The chemical structure and composition of the 
surfaces of Fe 3 O 4 and Fe 3 O 4 –TiO 2 were analyzed using a Fourier 
transform infrared spectrometer (Thermo Fisher, Nicolet 6700). To 
further analyze the surface functional groups of Fe 3 O 4 –TiO 2 , an X-
ray photoelectron spectrometer (Thermo Fisher, K-Alpha) was 
employed. The magnetic properties of Fe 3 O 4 and Fe 3 O 4 –TiO 2 were 
characterized using a vibrating sample magnetometer (Lake Shore, 
7404).

2.4. Preparation and stability of the magnetic nanofluid

The magnetic nanofluid was prepared by adding 0.1 wt% 
Fe 3 O 4 –TiO 2 to ultrapure water and ultrasonically dispersing the
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mixture at room temperature for 10 min using an ultrasonic 
dispersion machine (Xinzhi, JY92-IIN). Based on the conditions of a 
well in the Shengli Oilfield, 3 wt% NaCl and 0.05 wt% CaCl 2 were 
added to the magnetic nanofluid, which was then placed in an 
oven at 120 ◦ C. The particle size and zeta potential of the magnetic 
nanofluid were periodically measured to evaluate its stability.

2.5. Interfacial tension and contact angle measurements

The interfacial tension between various systems and the 
simulated oil was measured using a full-range rotational interfa-
cial tensiometer (Shengwei, TX-500C) by employing the spinning 
drop method (Esfandiarian et al., 2022; Song et al., 2025). First, the 
quartz sample tube was cleaned with petroleum ether to remove 
residual oil, followed by ethanol to remove the petroleum ether. 
The sample tube was then rinsed three times with the test liquid. 
Once the instrument temperature reached 80 ◦ C, the sample tube 
containing the test liquid and a simulated oil drop was placed into 
the instrument, and the rotational speed was set to 8000 rpm. 
After the oil drop shape was stable, a snapshot of the oil drop shape 
was taken, and the interfacial tension was calculated.
The effect of the magnetic nanofluid on the contact angle was 

studied using a contact angle meter (Zhongchen, JC2000D). To 
obtain oil-wet surfaces, the dried core slices were saturated with 
simulated oil and then aged at 80 ◦ C for two weeks. The oil-wet 
core slice was then mounted on a holder inside a quartz 
container, and a drop of water was placed on the surface to capture 
an initial snapshot of the droplet profile. Afterward, the core slice 
was immersed in the magnetic nanofluid for 24 h, removed, and 
another water droplet was placed on its surface for a second 
snapshot. The wettability alteration capability of the magnetic 
nanofluid was evaluated by comparing the initial and final contact 
angles.

2.6. Spontaneous imbibition performance

To investigate the spontaneous imbibition performance of the 
magnetic nanofluid, a static spontaneous imbibition apparatus 
was used to compare and evaluate the imbibition recovery of the 
magnetic nanofluid, SiO 2 nanofluid and simulated formation wa-
ter. The detailed experimental procedure is as follows:

(1) The core samples were cut into blocks of approximately 
2.5 cm in length, and the end faces were polished with 
sandpaper. The core samples were then repeatedly washed 
with ultrapure water, followed by ultrasonic cleaning for 1 h 
to remove surface impurities. Afterward, the core samples 
were dried in a constant-temperature oven at 110 ◦ C for 
24 h. After cooling, the length, diameter, mass, permeability 
and porosity of core samples were measured, with the re-
sults shown in Table 1.

(2) The core samples and simulated oil were placed in a vacuum 

high-pressure saturation apparatus. Both the core samples 
and the simulated oil were simultaneously vacuumed for 
12 h. Then, the valve between them was opened, allowing 
the pressure difference to saturate the core samples with 
simulated oil. Vacuuming was continued for another 12 h. 
After saturation, the core samples and simulated oil were 
placed in an oven at 80 ◦ C for 48 h for aging.

(3) The mass of the core samples saturated with simulated oil 
was measured, and then the core samples and solutions 
were sequentially placed in a static spontaneous imbibition 
apparatus. The experiment was conducted at 80 ◦ C, and the 
volume of simulated oil in the glass tube at the top of the 
apparatus was recorded at regular intervals. The imbibition 
recovery can be calculated as follows:

E R = 
V 0 ρ 0 

m 1 − m0 
× 100% (1)

where E R represents the oil recovery during spontaneous imbibi-
tion; V 0 is the volume of the recovered oil phase, mL; ρ 0 denotes 
the density of the simulated oil, g/cm 3 ; m 0 and m 1 represent the 
mass of the core samples before and after saturation, g.

Fig. 1. Synthesis steps and principles of Fe 3 O 4 –TiO 2 .

Table 1
Specific core sample parameters of spontaneous imbibition test.

Number Length, cm Diameter, cm Permeability, mD Porosity, %

1 2.30 2.52 2.16 18.69
2 2.39 2.51 2.28 16.44
3 2.36 2.52 2.12 18.01
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2.7. Recyclability of the magnetic nanofluid

Based on the aforementioned spontaneous imbibition experi-
ments, the recyclability of the magnetic nanofluid was evaluated 
using a magnet. The magnet was placed into the produced fluid 
from the magnetic nanofluid spontaneous imbibition experiment. 
After standing for 30 min, the magnet was slowly removed from 

the produced fluid and dried. The mass of the adsorbed magnetic 
nanoparticles was measured. The recycle rate of the magnetic 
nanofluid was then calculated by comparing this mass with the 
mass of magnetic nanoparticles used in the preparation of the 
nanofluid prior to the imbibition experiment. To ensure the ac-
curacy of the results, the recycle rate was tested three times and 
taken the average value. The recycled magnetic nanoparticles were 
re-dispersed to prepare magnetic nanofluid, which was then used 
in a subsequent spontaneous imbibition experiment to evaluate 
the recyclability of the magnetic nanofluid.

2.8. Nuclear magnetic resonance measurement

2.8.1. Imbibition depth
To investigate the spontaneous imbibition depth of magnetic 

nanofluid, a simulated core was placed on one side of the core 
sample, and a fluorinated ethylene propylene transparent heat-
shrink tube (FEPT) was tightly wrapped around their surface us-
ing a heat gun (Niumag, ZY-866), leaving only one side exposed for 
unilateral imbibition, as shown in Fig. 2. The diameters of the 
simulated core and the experimental core sample were identical, 
with the simulated core used to seal one side of the experimental 
core sample. Both the simulated core and the FEPT are primarily 
composed of polytetrafluoroethylene, a non-paramagnetic sub-
stance that minimally interferes with the magnetic field (Yan et al., 
2024). Before wrapping the FEPT around the surface, the core 
sample was saturated with simulated oil and aged, with specific 
parameters provided in Table 2.
During the experiment, magnetic nanofluid, SiO 2 nanofluid and 

simulated formation water were prepared using deuterium oxide. 
Deuterium oxide is a substance that does not produce nuclear 
magnetic resonance signals in a magnetic field and has the same 
physicochemical properties as regular water (Liu et al., 2024). 
Thus, interference from water signals is eliminated, allowing the 
frequency-encoded Q-HSE sequence of a core NMR and MRI 
analyzer (Niumag, MacroMR12-150H-I) to detect the nuclear 
magnetic resonance signals of a specific profile within the core 
sample during the unilateral imbibition process, which are then 
converted into one-dimensional profile signals. The signals were 
scanned every 24 h, and the water saturation along the imbibition 
direction can be calculated as follows:

S wx= 
Q xi − Q xt
Q xi − Q b

(2)

where S wx represents the water saturation at a distance of x from 

the imbibition surface; Q xi is the initial signal amplitude at posi-
tion x; Q xt denotes the signal amplitude at time t at position x; and 
Q b represents the baseline signal amplitude at position x.

2.8.2. Imaging and T 2 spectra
To investigate the oil migration process in core samples during 

magnetic nanofluid imbibition, nuclear magnetic resonance im-
aging and T 2 spectrum analysis were conducted during sponta-
neous imbibition experiments. The specific parameters of the core 
samples used in the experiments are listed in Table 3. Both the 
magnetic nanofluid and the simulated formation water were 
prepared using deuterium oxide. Measurements were taken every 
48 h.

3. Results and discussion

3.1. Characterization of Fe 3 O 4 and Fe 3 O 4 –TiO 2 nanoparticles

The particle sizes of Fe 3 O 4 and Fe 3 O 4 –TiO 2 were measured by 
dynamic light scattering, with the experimental results shown in 
Fig. 3(a). The particle size of Fe 3 O 4 is 15.96 nm, while that of 
Fe 3 O 4 –TiO 2 is 17.72 nm, suggesting that the thickness of the tita-
nium shell is approximately 2 nm. Additionally, the zeta potential 
of the magnetic nanofluid is − 44.58 mV. According to previous 
studies (Dembek et al., 2022; Kosmulski and Mą czka, 2022), 
nanofluids are considered stable when the absolute value of zeta 
potential exceeds 30 mV. Therefore, the magnetic nanofluid ex-
hibits good dispersion stability.
The microstructures of Fe 3 O 4 and Fe 3 O 4 –TiO 2 are shown in 

Fig. 3(b) and (c), respectively. Both Fe 3 O 4 and Fe 3 O 4 –TiO 2 exhibit 
quasi-spherical morphology with small particle sizes, primarily 
ranging from 10 to 20 nm, consistent with the particle size dis-
tribution measured by dynamic light scattering. Compared to 
Fe 3 O 4 , the dispersion of Fe 3 O 4 –TiO 2 is significantly improved, with 
no obvious large-scale aggregation and a more uniform particle 
size distribution. This indicates that the TiO 2 coating on the Fe 3 O 4 
surface effectively addresses the poor dispersion of Fe 3 O 4 .
The FT-IR spectra of Fe 3 O 4 and Fe 3 O 4 –TiO 2 within the range of 

4000–500 cm − 1 are presented in Fig. 3(d). The O–H stretching vi-
bration peaks are observed at 3409 cm − 1 for Fe 3 O 4 and 3208 cm − 1 

for Fe 3 O 4 –TiO 2 . The C=O stretching vibration peaks appear at 1631 
and 1639 cm − 1 . Fe–O stretching vibration peaks are detected at 
581 and 568 cm − 1 . Additionally, a Ti–O stretching vibration peak at 
1406 cm − 1 for Fe 3 O 4 –TiO 2 indicates the successful coating of TiO 2 
on the surface of Fe 3 O 4 nanoparticles, confirming the successful 
synthesis of Fe 3 O 4 –TiO 2 . The results demonstrate that the surface 
of Fe 3 O 4 –TiO 2 contains carbonyl, hydroxyl, and titanium-
containing functional groups with abundant active sites.

Fig. 2. Photograph of the unilateral imbibition experiment.

Table 2
Specific core sample parameters of unilateral imbibition experiment.

Number Length, cm Diameter, cm Permeability, mD Porosity, %

4 2.91 2.51 2.28 16.93
5 2.96 2.51 2.67 16.23
6 2.84 2.50 2.36 16.05

Table 3
Specific core sample parameters of imaging and T 2 spectra experiment.

Number Length, cm Diameter, cm Permeability, mD Porosity, %

7 2.28 2.50 2.46 14.73
8 2.32 2.50 2.17 14.78
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Moreover, the presence of numerous hydrophilic functional 
groups on the surface of Fe 3 O 4 –TiO 2 ensures its good dispersibility 
and stability in aqueous solutions.
The XPS results of Fe 3 O 4 –TiO 2 are shown in Fig. 3(e). The peak at 

530 eV represents the O 1s binding energy of the O element on the 
surface of Fe 3 O 4 –TiO 2 , the peak at 459 eV corresponds to the Ti 2p 
binding energy of the Ti element, and the peak at 285 eV corre-
sponds to the C 1s binding energy of the C element. These results 
indicate that the surface of Fe 3 O 4 –TiO 2 is primarily composed of O, 
Ti and C elements.
The peak deconvolution of the XPS spectra for Fe 3 O 4 –TiO 2 

provided the O 1s, C 1s and Ti 2p spectra. As shown in Fig. 3(g), the 
O 1s spectrum of Fe 3 O 4 –TiO 2 reveals three characteristic peaks 
corresponding to Fe–O (529.5 eV), Ti–O (530.2 eV) and OH 
(531.1 eV). In the C 1s spectrum (Fig. 3(h)), five characteristic peaks 
are observed, attributed to C− N (284.1 eV), C− C sp 2 (284.6 eV), 
C− C sp 3 (285.3 eV), C− OH (286.2 eV) and C− O− Ti (288.8 eV). The 
Ti 2p spectrum (Fig. 3(i)) exhibits four characteristic peaks,

corresponding to Ti 3+ (458.3 eV), Ti 3+ (458.9 eV), Ti 3+ (464.9 eV), 
and Ti 4+ (464.9 eV). The XPS analysis results are consistent with 
the FT-IR spectrum findings, confirming the presence of a variety 
of functional groups and abundant active sites on the surface of 
Fe 3 O 4 –TiO 2 . This indicates that the method used for preparing 
Fe 3 O 4 –TiO 2 is effective and reliable.
Vibrating sample magnetometer is used to assess the magnetic 

strength by observing the magnetic moment (M), which indicates 
how the material reacts to an applied alternating magnetic field 
(H) (Rouhani et al., 2022; Zarandona et al., 2023). The data ob-
tained from these magnetic field variations form a loop known as 
the magnetic hysteresis loop (Li et al., 2023; Nguyen et al., 2024). 
The magnetic hysteresis loop for Fe 3 O 4 and Fe 3 O 4 –TiO 2 are shown 
in Fig. 3(f). Both of them exhibit S-shaped curves with no hyster-
esis, remanence or coercivity, indicating that two nanoparticles 
are superparamagnetic. After coating Fe 3 O 4 with TiO 2 , the satu-
ration magnetic intensity decreased from 52.38 to 36.09 emu⋅g − 1 ,
which still remains sufficient for the rapid magnetic separation.

Fig. 3. (a) Particle size distribution of Fe 3 O 4 and Fe 3 O 4 –TiO 2 . TEM images of Fe 3 O 4 (b) and Fe 3 O 4 –TiO 2 (c). (d) FT-IR spectra of Fe 3 O 4 and Fe 3 O 4 –TiO 2 . (e) XPS spectra of Fe 3 O 4 –TiO 2 . 
(f) Magnetic hysteresis loop of Fe 3 O 4 and Fe 3 O 4 –TiO 2 . O 1s (g), C 1s (h) and Ti 2p (i) spectra of Fe 3 O 4 –TiO 2 .
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When a magnet was placed into the Fe 3 O 4 –TiO 2 solution, a satis-
factory magnetic response was observed within 10 min, confirm-
ing that Fe 3 O 4 –TiO 2 can be efficiently and quickly recycled.

3.2. Stability of the magnetic nanofluid

Dispersion stability is a prerequisite for the application of 
nanofluids. Fig. 4 shows the variation trends of particle size and 
absolute value of zeta potential of the magnetic nanofluid over 
time under 120 ◦ C and reservoir salinity conditions. It can be 
observed that, during the experimental period, the particle size of 
the magnetic nanofluid remained stable, while the absolute value 
of zeta potential slightly decreased with time, remaining at 
37.97 mV after 192 h. Therefre, the magnetic nanofluid exhibits 
good dispersion stability as well as temperature and salinity 
resistance, making it suitable for further research.

3.3. Interfacial tension and contact angle

The interfacial tension between simulated oil droplets and 
magnetic nanofluids of different concentrations is shown in Fig. 5(a). 
As the concentration of the magnetic nanofluid increases, the 
interfacial tension decreases. The interfacial tension of simulated oil 
droplets in pure water is 21.58 mN/m, while in 0.1 wt% magnetic 
nanofluid, it is reduced to 6.63 mN/m, a decrease of 69.28%. This 
reduction is primarily attributed to the adsorption of Fe 3 O 4 –TiO 2 at 
the oil–water interface. The surface of these nanoparticles contains 
various functional groups, such as carbonyl, hydroxyl, and titanium-
containing groups, which interact with both the oil and water 
phases. By adsorbing at the interface, the nanoparticles reduce 
interfacial free energy, alter the interfacial molecular arrangement, 
and consequently decrease the interfacial tension.
The contact angle morphology of water droplets on the core 

sample surface before and after treatment with magnetic nano-
fluid is shown in Fig. 5(b) and (c). The magnetic nanofluid can 
change the wettability of the core sample surface from oil-wet 
(contact angle greater than 90 ◦ ) to water-wet (contact angle less 
than 90 ◦ ). Before treatment with the magnetic nanofluid, the 
contact angle of the water droplet was 100 ◦ . While after treatment, 
it decreased to 33 ◦ , showing a significant wettability alteration 
effect. After entering the reservoir, the magnetic nanoparticles 
adsorb onto the oleophilic rock surface and increase the hydro-
philicity of the rock, facilitating the detachment of oil droplets.

Additionally, once the rock surface wettability shifts from oil-wet 
to water-wet, the adhesion of crude oil on the formation surface 
during pore flowing is significantly reduced, which aids in the 
extraction of oil droplets (Elkhatib et al., 2024; Noruzi et al., 2024).

3.4. Spontaneous imbibition performance and recyclability

The spontaneous imbibition recovery curves for magnetic 
nanofluid, SiO 2 nanofluid, and simulated formation water are 
shown in Fig. 6(a). The recovery curves of the three systems exhibit 
similar trends, with a rapid increase during the initial phase. 
However, after 72 h of imbibition, the recovery increases at a 
slower pace and eventually stabilizes. Compared to the SiO 2 
nanofluid and simulated formation water, the magnetic nanofluid 
demonstrates better oil recovery performance, not only increasing 
the final recovery, but also shortening the initiation time. The final 
oil recovery for the magnetic nanofluid is 32.19%, while for the SiO 2 
nanofluid, the recovery is 28.60%, and for simulated formation 
water, it is only 6.81%. This improvement is attributed to the fact 
that magnetic nanoparticles can not only reduce interfacial ten-
sion, but also change the wettability of the core sample from oil-
wet to water-wet, facilitating the detachment of oil droplets.
The recycle results of the magnetic nanofluid are shown in 

Table 4. The average recycle rate of the magnetic nanofluid in 
the spontaneous imbibition experiment is 81.31%, which is 
attributed to some of the magnetic nanoparticles entering the 
interior of the core sample. Overall, the majority of magnetic 
nanoparticles can be recycled and reused after the experiment, 
significantly reducing the operational costs.
The magnetic nanoparticles recycled using a magnet were 

reconstituted into a magnetic nanofluid, and the imbibition per-
formance of the recycled nanofluid was evaluated. The experi-
mental results are shown in Fig. 6(b). The final imbibition recovery 
for the magnetic nanofluid and the recycled magnetic nanofluid 
was 32.19% and 31.21%, respectively. This indicates that the per-
formance of the recycled magnetic nanoparticles remains unaf-
fected and they can be reused, demonstrating their high potential 
for practical applications.

3.5. Imbibition depth

The magnetic nanofluid, upon entering the fracture of the 
reservoir, undergoes imbibition with the crude oil in the near-

Fig. 4. The variation of particle size (a) and absolute value of zeta potential (b) of magnetic nanofluid over time under high temperature and high salinity conditions.
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fracture matrix (Meng et al., 2024). It is crucial to determine the 
imbibition depth and effect. The nuclear magnetic resonance 
signals along the unilateral imbibition direction of the core 
sample for the magnetic nanofluid, SiO 2 nanofluid and simulated 
formation water are shown in Fig. 7(a)–(c), respectively. The 
curves are divided into three areas: effective signal, transition 
area, and noise signal (Yan et al., 2024). The intensity of the 
effective signal is significantly higher than the noise signal 
outside the core sample, indicating a high signal-to-noise ratio 
for this experimental method, and the results are reliable and 
valid. As the unilateral imbibition progresses, the effective

signals near the imbibition surface of the core sample in all three 
experiments gradually weaken, indicating that the fluids 
displace the oil from the imbibition surface upon entering the 
core sample. Oil far from the imbibition surface is more difficult 
to displace. Compared with SiO 2 nanofluid and simulated for-
mation water, the effective signal intensity of the magnetic 
nanofluid decreases more significantly, suggesting that the 
magnetic nanofluid not only penetrates deeper into the oleo-
philic core sample, but also enhances the efficiency of oil 
displacement in the penetrated region. Furthermore, this effect 
becomes more pronounced over time.

Fig. 5. (a) The interfacial tension between simulated oil and magnetic nanofluids of different concentrations. The static water contact angle on surface of the core sample before
(b) and after (c) treatment with magnetic nanofluid.

Fig. 6. (a) The imbibition recovery curves for different systems. (b) The imbibition recovery curves of the magnetic nanofluid before and after recycling.

Table 4
The results of the recycle experiments.

Experimental number Initial mass, g Recycle mass, g Recycle rate, % Average recycle rate, %

1 0.5032 0.4099 81.46 81.31
2 0.5016 0.4206 83.85
3 0.5008 0.3937 78.61
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To accurately describe the water saturation distribution within 
the core samples, the conversion of nuclear magnetic resonance 
signals to water saturation was based on the following three 
conversion criteria (Liu and Sheng, 2020): (1) The initial oil satu-
ration of the core sample was assumed to be 100%, the magnetic 
nanofluid, SiO 2 nanofluid, and simulated formation water all dis-
placed the simulated oil through reverse imbibition, and the in-
crease in core sample water saturation was equal to the imbibition 
recovery. (2) At the core sample imbibition surface, the signal did 
not directly transition from the noise signal to the effective signal, 
and a transition area was observed. This was due to the volatili-
zation of simulated oil near the imbibition surface or the non-
perpendicular orientation of the core sample cross-section to the 
magnetic field. The initial imbibition surface was defined as the 
vertical plane corresponding to the highest point of the slanted 
line at the end. (3) Along the imbibition direction extending into 
the rock, the nuclear magnetic resonance signal was gradually 
weakened, and the imbibition effect was diminished. Due to the 
presence of noise signals, the value was typically below 50, while 
effective signals were generally above 200. Therefore, the final 
imbibition surface was chosen as the vertical interface corre-
sponding to the first point where water saturation was below 5%. 
Based on the above principles, the water saturation along the x-

axis during unilateral imbibition experiments with magnetic 
nanofluid, SiO 2 nanofluid, and simulated formation water are 
presented in Fig. 7(d)–(f), respectively. As imbibition progresses, 
both the water saturation and imbibition depth increase, but the 
rate of increase gradually decreases with time until equilibrium is 
reached. The final imbibition depths of the core samples in mag-
netic nanofluid, SiO 2 nanofluid, and simulated formation water are 
18.82, 15.43, and 13.53 mm, respectively. The imbibition depth of 
magnetic nanofluid is 21.97% and 39.10% greater than that of SiO 2

nanofluid and simulated formation water, respectively, with 
consistently higher water saturation across all positions. This 
enhancement can be attributed to the ability of the magnetic 
nanofluid to partially reduce interfacial tension, coupled with its 
strong wettability alteration capability, thereby improving oil 
displacement efficiency. Additionally, the change in core sample 
wettability alters the direction of capillary forces, facilitating 
further penetration of the magnetic nanofluid into the core sample 
(Valiei et al., 2022; Wang et al., 2023c). The imbibition depth is an 
important parameter for evaluating imbibition efficiency, which 
remains independent of rock size and can be applied to real field 
scale.

3.6. Nuclear magnetic resonance imaging and T 2 spectrum analysis

To visualize the distribution of simulated oil in the core samples 
during the imbibition process using magnetic nanofluid and 
simulated formation water, two-dimensional nuclear magnetic 
resonance images of core samples were obtained using imaging 
technology, as shown in Fig. 8. The green color represents the 
variation in simulated oil content within the core samples. In the 
initial images, the entire core sample appears bright green, indi-
cating strong nuclear magnetic resonance signals and the core 
sample pores were fully filled with simulated oil. As the imbibition 
process progresses, the brightness of the green region in the core 
sample treated with magnetic nanofluid gradually decreases, 
suggesting that simulated oil was progressively displaced from the 
core sample pores. Additionally, the decrease in signal intensity is 
uniform, with no formation of distinct preferential flow channels, 
indicating that this is the result of spontaneous imbibition. As the 
imbibition time increases, the distribution of simulated oil in the 
core sample treated with simulated formation water shows little

Fig. 7. The nuclear magnetic resonance spectra of the experimental core samples during unilateral imbibition in magnetic nanofluid (a), SiO 2 nanofluid (b), and simulated 
formation water (c). The water saturation distribution of the experimental core samples during unilateral imbibition in magnetic nanofluid (d), SiO 2 nanofluid (e) and simulated 
formation water (f).
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change, with the signal intensity inside the core sample remaining 
relatively strong. Only the peripheral regions show some degree of 
reduction, indicating that the simulated oil did not migrate within 
the core sample pores.
Based on the method described in the literature (Wang et al., 

2018), the conversion coefficient C in Eq. (3) can be determined 
using the T 2 spectra and mercury intrusion results. This allows for 
the identification of the corresponding relaxation time and pore 
diameter ranges for the micropores, mesopores, and macropores 
in experimental core samples.

d = CT 2 (3)

where d represents the pore diameter, μm; C is the conversion 
coefficient, μm⋅ms − 1 ; and T 2 denotes the relaxation time, ms.
To determine the value of C, the core sample mercury intrusion 

curve and the initial T 2 spectrum were compared, as shown in 
Fig. 9. Five points corresponding to relaxation time and pore 
diameter were selected and the average conversion coefficient was 
calculated. The specific results are shown in Table 5, the average

conversion coefficient for the experimental core sample was 
determined to be 1.78 μm⋅ms − 1 , which allowed for the identifi-
cation of the corresponding relaxation time and pore diameter 
ranges for micropores, mesopores, and macropores in the core 
sample. Pores with a diameter smaller than 1.39 μm and relaxation 
time smaller than 0.78 ms were classified as micropores, pores 
with diameters ranging from 1.39 to 62.10 μm and relaxation time 
from 0.78 to 34.89 ms as mesopores, and pores with diameters 
larger than 62.10 μm and relaxation time greater than 34.89 ms as 
macropores.
The nuclear magnetic resonance T 2 spectra of the experimental 

core samples in magnetic nanofluid and simulated formation 
water at different imbibition time are shown in Fig. 10(a) and (d), 
respectively. The T 2 distribution exhibits a bimodal pattern. In the 
early stages of imbibition, the signal intensity of the T 2 spectrum in 
magnetic nanofluid decreases significantly, with varying degrees 
of mobilization in micropores, mesopores and macropores. After 
96 h, the signal intensity remains almost unchanged, indicating 
that the volume of simulated oil within the experimental core 
sample no longer decreases. In the case of simulated formation 
water, the spectrum shows that the mobilization of simulated oil 
in the core sample pores is minimal, with only a small amount of 
oil being mobilized from mesopores and macropores, indicating 
that the effect of simulated formation water on core sample 
imbibition is limited.
To further investigate the mobilization of simulated oil in 

different pore types during various imbibition stages, the area 
under the curves for different pore sizes in Fig. 10(a) and (d) was 
calculated through integration. The mobilization of simulated oil 
in micropores, mesopores, and macropores at different imbibition 
stages is shown in Fig. 10(b) and (e).
In the early stage of imbibition with magnetic nanofluid, the 

mobilization of simulated oil in micropores and mesopores was

Fig. 8. Nuclear magnetic resonance images of the core sample in magnetic nanofluid at imbibition time of 0 h (initial state) (a), 48 h (b), 96 h (c) and 144 h (d). Nuclear magnetic 
resonance images of the core sample in simulated formation water at imbibition time of 0 h (initial state) (e), 48 h (f), 96 h (g) and 144 h (h).

Fig. 9. The core sample mercury intrusion curve and the initial nuclear magnetic 
resonance T 2 spectrum.

Table 5
Calculation of the average conversion coefficient.

Number T 2 , ms d, μm C, μm⋅ms − 1

1 0.21 0.43 2.05
2 0.71 1.31 1.85
3 4.15 7.24 1.74
4 34.89 60.68 1.74
5 96.59 144.68 1.50
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higher than that in macropores. During the 0–48 h period, the 
mobilization in micropores, mesopores, and macropores was 
28.08%, 31.49%, and 23.06%, respectively. This is because the 
smaller pore size results in higher capillary forces, as derived from 

the capillary force equation. Under constant interfacial tension and 
contact angle conditions, a smaller capillary radiu leads to greater 
capillary force. Consequently, the higher capillary force in micro-
pores caused water to be absorbed, while macropores expel oil. As 
a result, magnetic nanofluid first enters micropores and meso-
pores to displace the simulated oil, which is then expelled into 
macropores.
In the middle stage of imbibition, the mobilization of simulated 

oil in mesopores and macropores was higher. During the 48–96 h 
period, the mobilization in micropores, mesopores, and macro-
pores was 11.41%, 17.73%, and 19.28%, respectively. This is because 
micropores, with diameters less than 1.39 μm, have a more com-
plex pore structure, and a greater proportion of non-accessible 
pores. In contrast, mesopores and macropores have relatively 
simpler structures, leading to higher mobilization in the later 
stages.
In the late stage of imbibition, large pores exhibited the highest 

mobilization of simulated oil. During the 96–144 h period, the 
mobilization of simulated oil in macropores was 18.16%, while in 
micropores and mesopores, it was 2.82% and 4.27%, respectively. 
At this stage, the mobilization of simulated oil in micropores and 
mesopores approached equilibrium, and magnetic nanofluid 
continued to enter macropores, further displacing simulated oil. As 
a result, the mobilization in macropores continued to increase. 
In contrast, the mobilization of simulated oil by simulated 

formation water in micropores was very low, with only a small 
amount of oil being mobilized from mesopores and macropores. 
The final mobilization degrees of different pore types with 

magnetic nanofluid and simulated formation water are shown in

Fig. 10(c) and (f). In the magnetic nanofluid, the mobilization de-
grees of simulated oil in micropores, mesopores, and macropores 
were 42.31%, 53.49%, and 60.50%, respectively. In the simulated 
formation water, the mobilization degrees in mesopores and 
macropores were 32.63% and 32.88%, while the mobilization de-
gree in micropores was only 8.43%. The comparison reveals that 
the addition of magnetic nanoparticles improved the simulated oil 
mobilization degree in all pore types, with the most significant 
effect observed in micropores. This is attributed to the excellent 
interfacial activity and wettability alteration capability of the 
magnetic nanoparticles, which allow them to penetrate micro-
pores and displace simulated oil, thereby enhancing the mobili-
zation degree.

3.7. Oil migration mechanism analysis

In the initial stage of imbibition, the magnetic nanofluid con-
tacts the oil phase and the core sample matrix. The magnetic 
nanoparticles migrate to the oil–water interface and solid–liquid 
interface through diffusion and convection, which reduces the 
interfacial tension, enhances the hydrophilicity of the core sample 
surface, and lowers the adhesion work required for oil detachment 
from the core sample surface (Lu and Wang, 2023). Under the 
influence of capillary forces, the magnetic nanofluid continues to 
enter the core sample. As the magnetic nanofluid further pene-
trates into the pore space through the throats, the interfacial en-
ergy increases, causing oil to be displaced from the core sample. 
During the imbibition process, capillary force is the primary 

driving force, and it increases with decreasing pore diameter. 
Therefore, the magnetic nanofluid is first drawn into micropores, 
and the oil stored in these micropores is then displaced into 
mesopores and macropores. As the magnetic nanofluid continues 
to penetrate deeper into the core sample, the oil displacement in

Fig. 10. The T 2 spectrum (a), pore mobilization behavior (b), and final pore mobilization degree (c) during the imbibition process of the experimental core sample with magnetic 
nanofluid. The T 2 spectrum (d), pore mobilization behavior (e), and final pore mobilization degree (f) during the imbibition process of the experimental core sample with 
simulated formation water.
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the micropores and mesopores approaches equilibrium, with the 
largest contribution to oil displacement coming from the macro-
pores. Due to the heterogeneity and connectivity of the pores, the 
magnetic nanofluid enters through the micropores while oil is 
displaced from the macropores. In the final stage of imbibition, 
when the magnetic nanofluid has fully entered the pores, the ef-
fect of capillary force on oil displacement decreases, making it 
difficult for the remaining oil to be displaced, leading to the for-
mation of residual oil.

3.8. Prospects

The application of nanomaterials is considered an indispens-
able pathway for future enhanced oil recovery. Owing to their 
small particle size and large specific surface area, nanomaterials 
can penetrate porous media and effectively adsorb at interfaces, 
thereby improving interfacial properties. The magnetic nanofluid 
developed in this work exhibits interfacial activity, strong wetta-
bility alteration capability, and excellent thermal and saline 
resistance. In addition, it can be magnetically recycled and reused, 
substantially reducing operational costs. These advantages endow 
it with great application potential, particularly for field imple-
mentation in low-permeability and ultra-low-permeability reser-
voirs as well as high-temperature and high-salinity reservoirs. 
Nevertheless, it should be noted that due to the nanoscale size 

of the Fe 3 O 4 –TiO 2 , achieving complete recycle during the current 
magnetic separation process is challenging. The recyclability 
experiment presented in this work therefore serves only as a 
preliminary demonstration of the recycle potential of the mag-
netic nanofluid rather than a comprehensive evaluation. Future 
research will focus on optimizing surface modifications of the 
nanoparticles to meet the performance requirements of specific 
reservoir conditions, while simultaneously improving magnetic 
separation methods, such as high-gradient magnetic separation or 
magnetic filtration, to enhance nanoparticle recycle efficiency and 
strengthen the practical applicability of the technology in field 
operations.

4. Conclusions

In this work, magnetic core–shell structured nanoparticles, 
Fe 3 O 4 –TiO 2 , were synthesized using inexpensive and readily avail-
able Fe 3 O 4 nanoparticles and tetrabutyl titanate as base materials. 
The magnetic nanofluid exhibited significant interfacial activity, 
excellent wettability alteration capacity, and superior temperature 
and salt resistance. At 80 ◦ C, the spontaneous imbibition recovery of 
the magnetic nanofluid reached 32.19%, which is 3.59% higher than 
that of SiO 2 nanofluid. Moreover, the magnetic nanofluid demon-
strated a recycle rate of 81.31% using a magnet, significantly 
reducing operational costs. Nuclear magnetic resonance experi-
ments revealed that the final imbibition depth of the magnetic 
nanofluid was 18.82 mm, representing an increase of 21.97% 
compared with the SiO 2 nanofluid and 39.10% compared with the 
simulated formation water. The imbibition process of the magnetic 
nanofluid was governed by capillary forces, with the fluid first 
entering micropores and displacing the oil into macropores. This 
study can provide theoretical insights and technical support for the 
efficient development of low-permeability reservoirs.
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