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Abstract: This study investigates the impact of nanomaterials on different surfactant solutions. By
measuring the parameters (including emulsification property, zeta potential, DLS, CA, IFT, etc.) of
imbibition liquid system with nanoparticles and without nanoparticles, combining with imbibition
experiments, the law and mechanism of improving the imbibition recovery of nanomaterials were
obtained. The findings demonstrate that the nano-silica sol enhances the emulsification and disper-
sion of crude oil in the surfactant system, resulting in smaller and more uniform particle sizes for
emulsified oil droplets. Non-ionic surfactant AEO-7 has the best effect under the synergistic action
of nanomaterials. Zeta potential and DLS tests also showed that AEO-7 exhibits smaller particle
sizes due to their insignificant electrostatic interaction with nanoparticles. Furthermore, the addition
of nanomaterials enhances the hydrophilicity of core and reduces the interfacial tension. Under
the synergistic action of nanoparticles, AEO-7 still showed the best enhanced core hydrophilicity
(CA 0.61◦ after imbibition) and the lowest interfacial tension (0.1750 mN·m−1). In the imbibition
experiment, the imbibition recovery of the system with nanomaterials is higher than that of the
non-nanomaterials. The mixed system of AEO-7 and nano-silica sol ZZ-1 has the highest imbibition
recovery (49.27%). Combined with the experiments above, it shows that nanomaterials have a good
effect on enhancing the recovery rate of tight core, and the synergistic effect of non-ionic surfactant
AEO-7 with nanomaterials is the best. Moreover, nanomaterials reduce adhesion work within the sys-
tem while improving spontaneous imbibition recovery. These findings provide theoretical guidance
for better understanding the mechanism behind nanomaterial-induced imbibition enhancement as
well as improving tight oil’s imbibition recovery.

Keywords: tight oil; spontaneous imbibition; nanomaterials; surfactants

1. Introduction

Tight oil reservoirs exhibit unfavorable physical properties, complex pore-throat struc-
ture, low permeability, and significant heterogeneity. In the process of exploration and
development, there are problems of low effective utilization rate and primary recovery [1],
which are proved by Wang Xuewu et al. [2–4], and the oil recovery is determined by
porosity, permeability, wettability, and other factors. The Chang 7 reservoir is located
in the Ordos Basin, with superior hydrocarbon source rock conditions, tight reservoir,
complex pore structure, and high oil saturation. Spontaneous imbibition is a good method
to improve the recovery of tight oil reservoirs [5,6] because of a high capillary force which is
the main driving force of spontaneous imbibition. The study by Li Chuanliang et al. [7–13]
proves that surfactants have a positive effect on improving recovery due to their excellent
performance in reducing the contact angle and reducing the interfacial tension between
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oil and water. The imbibition experiments and imbibition mechanisms of different types
of surfactant systems have been extensively studied [14–16]. The most widely accepted
mechanisms are reduced contact angle, reduced interfacial tension, emulsification, etc.
Nanofluids, considered a “new star material” in the petroleum field, are increasingly
favored by researchers. At present, the nanoparticles commonly used to enhance oil re-
covery are SiO2, Al2O3, MgO, TiO2, and so on [17–22]. Some scholars [23] have studied
the application of MoS2 nanosheets in enhanced oil recovery. Gong et al. [24] developed
a novel nanocomposite polymer fracturing fluid system, which has good temperature
resistance and shear resistance, strong sand carrying capacity, and low residue content
after rubber breaking. Many scholars have also conducted research on the mechanism of
the enhanced oil recovery of nanomaterials [17–22,25]. Suleimanov et al. [18] conducted
nano-dispersion experiments and pointed out that nanomaterials can effectively reduce
the interfacial tension (IFT) between oil and water phases, which increases the recovery of
crude oil by 35%. Some scholars propose that nanofluids possess a higher potential for en-
hancing recovery compared to single surfactant solutions because nanofluids have a unique
“structure separation pressure” characteristic compared with ordinary inhalants, which
makes it easier to displace oil droplets from the rock surface, and has better performance
on enhanced oil recovery [26]. The important mechanism of nanomaterials in the process of
oil–water displacement—wedge extrusion effect—was first proposed by Chaudhury [27].
Many scholars in the world have revealed the excellent performance of nanomaterials in
enhancing oil recovery [20,21]. Although nanomaterials hold vast application prospects
in oilfield development, further theoretical support is required to integrate them with
field practice. Based on the above investigation, we experimentally studied the perfor-
mance and imbibition of the surfactant system with nanoparticles and non-nanoparticles,
aiming to conduct a more in-depth study on the imbibition of nanoparticles on the surfac-
tant system and provide a theoretical foundation for applying nanomaterials in tight oil
reservoir exploitation.

2. Materials and Methods

In this paper, we use cores from the Chang 7 reservoir. The basic physical property
parameters, including mineral composition and content, porosity, permeability, wettability,
etc., are measured to illustrate the physical property of the core. The stability of the
different imbibition liquid systems with nanoparticles and non-nanoparticles was studied
by emulsification and dispersion experiments. The zeta potential and DSL tests were also
conducted to clarify the stability and particle size of the system. Finally, the imbibition
recovery was obtained by an imbibition experiment. Through the analysis of the correlation
between the imbibition recovery rate and the parameters of the imbibition liquid system
above, the mechanism of the nanomaterials in spontaneous imbibition to enhance the
recovery rate is obtained.

2.1. Materials and Instruments

The cores, imbibition fluids, and instruments used for the experiment are shown
below.

(1) Cores: The 6 cores selected for this study are all from the Chang 7 reservoir. Table 1
shows the petrophysical parameters which are obtained from laboratory measure-
ments. Following the oil and gas industry standard of the People’s Republic of China
“Oil and Gas Reservoir Evaluation Method” (SY/T 6285-2011), the rock porosity
and permeability values are extremely low, indicating that they belong to low-pore,
ultra-low permeability core.

(2) Imbibition liquid system: The imbibition solution system consisted of a combination
of surfactant and nan-silica sol. The surfactants used were anionic sodium dodecyl
sulfate (SDS), amphoteric lauric amide propyl betaine (LAB), and Fatty alcohol poly-
oxyethylene ether AEO-7 (AEO-7), all at a concentration of 0.2%. The nanomaterial
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used was silica sol with a mass fraction of 30%, particle size ranging from 10 to 20 nm,
and a concentration of 0.1%, which is numbered as ZZ-1.

Table 1. Physical property parameters of cores and imbibition fluids.

Core
Number Length/cm Diameter/cm Permeability/mD Porosity/% Initial Wetting

Angle/◦
Imbibition

Fluid System

1 4.326 2.527 0.7921 12.31 22.63 SDS
2 4.289 2.530 0.8304 12.34 10.94 LAB
3 4.276 2.516 0.9585 12.89 25.81 AEO-7
4 4.278 2.526 0.7694 12.08 11.71 SDS + ZZ-1
5 4.420 2.520 0.8315 12.38 15.30 LAB + ZZ-1
6 4.163 2.552 0.9435 12.21 11.80 AEO-7 + ZZ-1

(3) Simulated formation water: Referring to the field configuration of the Chang 7 reser-
voir, the water composition is NaCl-based with a total salinity of 25,000 mg/L. It
exhibits a density of 1.0108 g/cm3 and a viscosity of 3.60 mPa·s.

(4) Simulated formation oil: A mixture comprising kerosene and oil red has been utilized,
displaying a density of 0.8714 g/cm3, viscosity of 3.92 mPa·s, and exhibiting a distinct
red appearance.

(5) Instruments: The instruments used in this study is shown in Table 2.

Table 2. Instruments used in study.

Number Instrument Name Instrument Model

1 X-ray diffraction apparatus Ultima IV, Rigaku, Japan

2 Magnetic resonance imaging system Mecro MR23-060H-I, Suzhou Niumai
Electronic Technology Co., LTD, China

3 Scanning electron microscope JSM-5500LV, JEOL, Japan

4 Microscope OLYMPUS-CX33, Beijing Leibo Ruijie
Technology Co., LTD, China

5 Contact angle measuring
instrument HARKE-SPCA, China

6 Rotary drop interfacial tensiometer KRUSS site100, Germany
7 Zetasizer nano series Nano-ZS90, Malvern instruments, UK

2.2. Experimental Methods

(1) Test of rock mineral composition and analysis of pore structure

X-ray diffraction spectrum (XRD): The core is ground into a powder and is dried at a
low temperature. About 10 g of the samples is filled into the groove of the sample frame
for testing.

Nuclear magnetic resonance (NMR): The T2 spectrum of the standard core is tested,
and the pore size distribution curve of the core is calculated according to the relaxation rate
of the pore surface.

Scanning electron microscope (SEM): The core is made into a thin film of about
10 mm × 10 mm, and then polished by argon ion beam after mechanical polishing, and
observed by SEM.

(2) Emulsification and dispersion of crude oil in imbibition fluid systems

Equal volumes of the imbibition fluid and crude oil are added to the test tube, and the
oil and water are shaken up and down until they are fully mixed. After standing for 3 days,
the phase type, phase volume, and appearance of the aqueous phase in the test tube after
reaching equilibrium are recorded. An emulsion liquid in between oil and water layers is
taken out for observation under an optical microscope after being diluted with water at a
1:1 ratio.
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(3) Zeta potential measurement and dynamic light scattering (DLS)

Zeta potential and nanoparticle aggregate size were measured by electrophoretic
method and dynamic light scattering principle, respectively. The effect of different sur-
factants on the potential and particle size of the nano-solution was observed. Before the
measurement, the tube was equilibrated at the desired temperature (25 ◦C) and the average
was taken for three measurements.

(4) Contact Angle (CA) Measurement

The CA is a measure of the wetness of the core. During the measurement process, the
clean core slices, with a thickness ranging from 1 to 2 mm, were immersed in the sample
pool filled with kerosene. A syringe needle containing the test liquid was positioned
directly above the core slices and submerged in the kerosene. By rotating the micro-
injection device, small droplets of the test liquid (3~5 µL) were gradually released, and
images were captured at the moment when these droplets made initial contact with the
core slices. Three measurements were performed, and their average value was taken.

(5) Interfacial tension (IFT) measurement

The IFT can be regarded as the contractile force acting on the liquid interface per unit
length. The IFT between the imbibition fluids and simulated formation oil was measured
at room temperature under a speed of 5500 r/min. Three measurements were conducted,
and their average value was taken.

(6) Core imbibition experiment

The core imbibition experiment is used to test the final imbibition recovery degree
of the different imbibition liquid systems. The core sample underwent washing, drying,
weighing, vacuum treatment, saturation with formation water, and displacement method
saturation with simulated oil. The weight change during each step was recorded to
determine the saturated simulated oil quality. The saturated core was then placed into
the imbibition bottle containing the imbibition liquid, and the change in oil volume was
recorded over time. The imbibition recovery is calculated as the ratio of the volume of the
displaced crude oil to the volume of the saturated crude oil, and expressed as a percentage.

3. Results and Discussion
3.1. Core Pore Structure and Major Mineral Composition

The T2 spectrum of the core NMR and its corresponding porosity components are
illustrated in Figure 1. The predominant pore type within the core samples is micro-nano
pores, exhibiting a pore radius distribution ranging from 2 nm to 640 nm, which accounts
for over 98% of the total pore volume and can be classified as ultra-small pores. Specifically,
pores with a radius below 10 nm constitute approximately 19.23%, while those with a
radius between 10 nm and 640 nm contribute to around 79.60%. This means that the core
pore radius of the Chang 7 reservoir is small and the capillary force is large. In theory, it is
suitable for spontaneous imbibition.

The main mineral composition and clay mineral analysis results of the core are shown
in Figure 2 and Table 3. The main mineral is quartz (accounting for 47%), followed by
plagioclase (accounting for 29.4%); the total amount of clay minerals is 8.5%, mainly chlorite
and chlorite/Smectite mixed layer.

Table 3. XRD results of core mineral composition.

Quartz Albite Calcite White Mica Dolomite Clay Minerals Clay Mineral Content (%)

(%) (%) (%) (%) (%) (%) K C I I/S C/S

47.0 29.4 11.6 3.3 0.2 8.5 13.3 32.1 17.1 9.4 28.1

K: Kaolinite; C: chlorite; I: Illite; I/S: Illite/Smectite mixed layer; C/S: chlorite/Smectite mixed layer.
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In order to further analyze the pore structure of the core, SEM was employed
to obtain the microscopic images of the core surface. As depicted in Figure 3, the
mineral composition of the core is intricate and encompasses quartz, feldspar, calcite,
and clay minerals, among others. The pore structure exhibits diversity with intergranular
pores and intercrystalline pores being present. The overall intergranular pores of the
core are well developed. Usually, such pores have good connectivity and can form an
effective pore network. Figure 3A shows that the albite and honeycomb I/S mixed layer
aggregates have pillow-like cemented interparticle pores; Figure 3B shows that the I/S
mixed layer, quartz, and albite have cemented interparticle pores; Figure 3C shows that
the plagioclase is dissolved into a residual form and the I/S mixed layer aggregates
have cemented intergranular pores. Intergranular pores are often found in the interior
of the particles. As shown in Figure 3D, the honeycomb I/S mixed layer aggregates



Processes 2024, 12, 890 6 of 15

develop intercrystal pores, which are much smaller than interparticle pores and are
usually blocked by organic matter or authigenic clay flakes, resulting in a lower effective
porosity and poor connectivity [28].
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3.2. Crude Oil Emulsification and Dispersion Experiment in an Imbibition System

The fully mixed oil–water system was left for three days and the changes in the
oil–water phases are shown in Figure 4. The formation water and simulated oil were
completely stratified and had a clear interface. The imbibition system with surfactants or
nanomaterials had an intermediate emulsion layer, indicating that the imbibition solution
and simulated oil had emulsified to different degrees. The emulsion stabilization effect
after the addition of the nanomaterials was better than that without the nanoparticles, and
the LAB + ZZ-1 emulsion layer was the thickest. The water phase of the LAB + ZZ-1 and
AEO-7 + ZZ-1 systems became turbid, indicating that these two systems could disperse
simulated oil into the water phase and have a better effect of the solubilizing emulsified
crude oil.

The droplet morphology of the six imbibition fluid systems and the emulsified inter-
mediate phase of the simulated oil diluted at 100× magnification is shown in Figure 5.
The oil droplet diameter of the single surfactant system is about 10 µm. After the addition
of the nanomaterials, the overall particle size of the oil droplets is smaller and more uni-
form. Among them, the AEO-7 + ZZ-1 system has the smallest oil droplet diameter with
an average of about 1 µm, indicating that the system has the best effect in breaking and
dispersing crude oil, followed by LAB + ZZ-1 with an average of about 5 µm. According to
Figure 1, the pore throat radius of the experimental core is concentrated in 2 nm~5.12 µm,
indicating that a large amount of the crude oil is contained in the tiny nanopore throat.
After emulsification, the oil droplet diameter of the single surfactant system is large, the
resistance through the pore throat is large, and the crude oil is difficult to recover. With
the addition of the nanomaterials, the oil droplets are smaller in diameter and easier to
pass through tiny pores and throats, resulting in a higher recovery rate. The AEO-7 + ZZ-1
system has good dispersing and emulsifying ability of crude oil, and the particle size of the
emulsified crude oil is smaller, which is easier to be recovered through the pore throat.
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3.3. Zeta Potential Measurement and Dynamic Light Scattering (DLS)

Zeta potential is a measure of the strength of the mutual repulsion or attraction
between particles, and is an important indicator to characterize the stability of dispersions.
The smaller the molecule or dispersed particle is, the higher the absolute value of zeta
potential (positive or negative) is, and the more stable the system is. Dynamic light
scattering is one of the most common analytical methods used to determine the size and
radius distribution of particles in suspensions or polymers in solution samples, and is
commonly used to measure the size of nanoaggregates. Poly dispersity index (PDI) is a
parameter that describes the uniformity of particle size distribution. The smaller the value
of PDI, the more uniform the particle size distribution. Conversely, the larger the value of
PDI is, the more uneven the particle size distribution is.

In general, the adsorption of surfactants on the surface of nanoparticles affects the
electrostatic and steric interactions between nanoparticles and surfactant molecules. The
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zeta potential, size, and poly dispersity index (PDI) of the nanoaggregates of the individual
nanoparticles and the different surfactants and nanoparticle composite systems were
measured, and the results are shown in Table 4.

Table 4. Zeta potential of different systems and sizes of nanoaggregates.

Zeta Potential (mV) Sizes
(Z-Average) (nm) PDI

After Preparation After 7 Days After Preparation After 7 Days After Preparation After 7 Days

ZZ-1 −32.3 −22.6 15.3 29.8 0.198 0.285
SDS + ZZ-1 −59.5 −55.1 58.3 125.6 0.483 0.650
LAB + ZZ-1 −28.5 −15.3 103.8 362.9 0.202 0.267

AEO-7 + ZZ-1 −31.5 −29.8 25.7 33.06 0.187 0.237

As can be seen from the zeta potential, the surface of the nanoparticles is negatively
charged (−32.3 mV), and after the addition of the surfactant, the zeta potential value of
the solution changes, but the potential is still negative (SDS + ZZ-1 −59.5 mV, LAB + ZZ-1
−28.5 mV, and AEO-7 + ZZ-1 −31.5 mV). After 7 days, the absolute value of the zeta
potential of the solution decreased, indicating that the solution was unstable and there was
a formation of nanoaggregates, but the absolute value was greater than 15 mV. From the
perspective of electrostatic, the nano-dispersion was in a relatively stable state [29].

The addition of anions increases the absolute value of zeta potential, which indicates
that the electrostatic repulsion is high and the solution is stable under the action of anionic
surfactants. The adsorption of the anionic surfactants on the surface of the nanoparticles
resulted in the increase in the total negative charge and zeta potential of the aggregate
surface. At the same time, it is observed that the particle size increases after the anionic sur-
factant is added, which may be due to the electrostatic repulsion leading to the desorption
of the nanoparticles from the interface of the nanoparticles and surfactants and adsorption
to the aggregates, which increases the size of the nanoaggregate in the bulk solution [30].

The addition of the zwitterionic surfactant LAB reduced the absolute zeta potential
of the system and increased the particle size of the nanoaggregate. This is because the
positive charge formed by LAB in the solution and the negative charge on the surface of
the nanoparticles are prone to electrostatic attraction, and the adsorption of the surfactant
molecules on the surface of the nanoparticles increases, so the stability of the system is
poor, and the particle size of the nanoparticles increases.

Compared with other types of surfactants, the aggregate size of the non-ionic surfac-
tants with the nanoparticles was significantly reduced, and fewer nanoaggregates were
formed in the solution. This result is consistent with the above experimental results of
oil dispersibility. However, the lower zeta potential value of the mixture of the nanopar-
ticles and AEO-7 is due to the insignificant interaction between the non-ionic surfactant
and the charged surface of the nanoparticles [30]. The stability of nanoparticle–non-ionic
surfactant mixtures is mainly achieved by steric stabilization rather than electrostatic inter-
actions [29]. The DLS measurement results show that the non-ionic surfactant has better
dispersion stability.

The PDI of the four systems after 7 days of configuration was greater than that at
the beginning of the configuration, indicating that the size of the nanoparticles changed
after agglomeration, and the particle size distribution became uneven. However, the PDI
value of all the nanoparticle dispersions was less than 0.7, indicating that the particle size
uniformity of the system was relatively good.

3.4. CA and IFT of Imbibition Fluid System

(1) Contact Angle

Wettability is an important factor in imbibition. If the core is more hydrophilic, the
imbibition solution system is more likely to enter the micropores and replace the crude oil
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under capillary force. The initial wettability of the six cores is highly hydrophilic. After the
imbibition experiment, the wettability angle between the imbibition solution and the core
is measured again and the results are shown in Figure 6.
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Figure 6. Changes in contact angle before and after imbibition.

It can be seen that after imbibition, the wettability of the core is improved to varying
degrees under the action of the imbibition fluid and the CA becomes smaller, indicating
that the hydrophilicity of the core increases. The greatest change in wettability is found
in cores No. 3 and No. 6, which correspond to the surfactant system of AEO-7 (non-ionic),
CA decreased from 25.81 to 11.26 and from 11.80 to 0.61; followed by SDS (anionic),
CA decreased from 22.63 to 15.25 and from 11.71 to 2.50; and LAB (amphoteric ionic)
has the worst effect in improving wettability with CA decreased from 10.94 to 9.64 and
from 15.30 to 9.88. For anionic surfactants, the change in wettability is mainly based
on the theory of “ion pair formation” [31]. The negatively charged hydrophilic groups
in the surfactants can form “ion pairs” with the oil film and polar substances adsorbed
on the rock surface through the action of the electric field force, and strip these oil-wet
substances from the rock surface to achieve the purpose of improving wettability [32,33].
For surfactants with emulsifying ability, by reducing the IFT between oil and water, the
oil film tends to roll slowly and finally detach from the surface to form an emulsion,
showing a strong ability to dissolve and start oil droplets, and achieve the effect of
improving wettability in another way [34].

After the addition of nanomaterials, due to the adsorption and structural separation
pressure of nanoparticles, the imbibition fluid system has a certain degree of improvement
in improving wettability compared to the single surfactant system. The theory of “struc-
tural separation pressure” was proposed by Darsh Wasan [35,36]. The principle is that
nanoparticles form an ordered structural layer in the wedge region of a three-phase contact
due to Brownian motion and electrostatic repulsion. This wedge structure can produce
forward thrust, namely structural separation pressure, which increases with decreasing
film thickness and thus drives the nanofluids to flow towards the wedge tip, reinforcing
the dynamic expansion of the nanoparticles on the rock surface and promoting the peeling
of the oil droplets from the rock.

(2) Interfacial tension

The IFT of the surfactant system before and after the addition of the nanomateri-
als is shown in Figure 7. After the addition of the nanomaterials, the IFT of the solu-
tion is reduced and the largest reduction is for AEO-7 with the IFT value reduced from
0.9190 mN·m−1 to 0.1750 mN·m−1, a reduction of 81%; followed by SDS with a reduction of
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15.9%; and the smallest reduction is for LAB with a reduction of 6.2%. The lower interfacial
tension means that the oil droplets have a better deformation ability and can pass through
the tiny pore throat more easily. This is consistent with the research of Yekeen et al. [30],
Kumar [37], and Kuang [38], which showed that there is competitive adsorption between
nanomaterials and surfactants at the interface. In the process of competitive adsorption, the
nanoparticle–non-ionic surfactant mixture can be better adsorbed and aggregated at the
oil–water interface of the nanoparticle–surfactant aqueous solution, thereby reducing the
oil–water IFT. Therefore, compared to other fluids, the nanoparticle–non-ionic surfactant
fluid is an ideal colloidal solution for reducing the oil–water IFT.
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3.5. Spontaneous Core Imbibition Experiment

(1) Imbibition Recovery

Six cores were placed in the prepared imbibition solution system of the single surfac-
tant and the imbibition solution system of the surfactant + nanomaterials, respectively, and
the changes in oil volume over time were recorded. The results are shown in Figure 8.

It can be seen that with the increase in time, the volume of the produced oil and
imbibition recovery are increasing. Furthermore, the recovery of the imbibition systems
with the nanoparticles is higher than that of the non-nanoparticles, which indicates that
the nanoparticles have a positive effect on improving oil recovery with the synergistic
effect of the surfactants. But the imbibition speed is lower, and the imbibition equilibrium
time is also prolonged accordingly when the nanoparticles are added. Before the addition
of the nanomaterials, the imbibition recovery from high to low is LAB (31.54%) > SDS
(30.21%) > AEO-7 (25.29%); after the addition of the nanomaterials, the imbibition
recovery from high to low is as follows: AEO-7 + ZZ-1 (49.27%) > SDS + ZZ-1 (43.07%) >
LAB + ZZ-1 (39.68%). Therefore, the nanomaterials have the best synergistic effect with
the anionic surfactant on improving the imbibition recovery, and next are the anionic
and zwitterionic surfactants.

According to the above experimental results, it may be that the nanoparticles and
anionic surfactant system have smaller particle size, lower CA and IFT, and are easier to
enter into the tiny pore throat to replace the crude oil.
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Figure 8. Curves of variation in imbibition recovery over time.

(2) Increasing times of imbibition recovery

To quantify the extent of the influence of the nanomaterials on the sorption recovery
of the surfactant system, the following definition is made:

Increasing times of imbibition = (Recovery of fluids with nanomaterials − Recovery
of fluids without nanomaterials)/Recovery of fluids with nanomaterials

The larger the increasing times of the imbibition recovery, the better the effect of the
nanomaterials on enhancing the imbibition of the surfactant. The imbibition recovery and
the increasing times of the imbibition recovery of each system are shown in Figure 9. After
adding nano-silica sol, the imbibition recovery of the non-ionic surfactant system AEO-7
increased the most, with an increase of 0.948; followed by the anionic surfactant system
SDS, with an increase of 0.425; and the lowest was the amphoteric ionic surfactant system
LAB, with an increase of 0.258. It also shows that the effect of the nanoparticle and anionic
surfactant system is the best, and the ability to improve the oil recovery is the strongest.

Processes 2024, 12, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 9. Imbibition recovery and increasing times of imbibition recovery. 

(3) Adhesion work 
Adhesion work refers to the work required to remove crude oil adsorbed on the core 

pore surface. In the process of imbibition oil displacement, under the same oil displace-
ment power, the smaller the required adhesion work is, the better the oil displacement 
effect is. The adhesion work is related to the interface tension and CA as follows: 

Wa = σow 1 − cosθ   (1)

Wa—the adhesive work required for the detachment of crude oil from a rock surface, 
J; 

θ—contact angle, °; 
σow—oil–water interfacial tension, mN·m−1. 
As can be seen from Equation (1), the smaller the oil–water IFT and CA, the smaller 

the required adhesive work, the easier the oil droplets are to be stripped off from the rock 
surface, and the higher the oil washing efficiency is. The adhesive work and the final im-
bibition recovery of the six imbibition systems are shown in Figure 10. 

 
Figure 10. Adhesion work and imbibition recovery of different systems. 

0.425

0.258

0.948

0.0

0.2

0.4

0.6

0.8

1.0

0

10

20

30

40

50

60

SDS LAB AEO-7

M
ul

tip
le

 In
cr

ea
se

 in
 R

ec
ov

er
y

Im
bi

bi
tio

n 
Re

co
ve

ry
/%

No Nanomaterias
With Nanomaterials
Multiple Increase in Recovery

30.21 31.54 

25.29 

43.07 
39.68 

49.27 

0

10

20

30

40

50

60

0.000

0.005

0.010

0.015

0.020

1 2 3 4 5 6

Im
bi

bi
tio

n 
Re

co
ve

ry
/%

A
dh

es
io

n 
W

or
k/

J

Core Number

Adhension Power

Imbibition Recovery

Figure 9. Imbibition recovery and increasing times of imbibition recovery.



Processes 2024, 12, 890 12 of 15

(3) Adhesion work

Adhesion work refers to the work required to remove crude oil adsorbed on the core
pore surface. In the process of imbibition oil displacement, under the same oil displacement
power, the smaller the required adhesion work is, the better the oil displacement effect is.
The adhesion work is related to the interface tension and CA as follows:

Wa = σow(1 − cosθ) (1)

Wa—the adhesive work required for the detachment of crude oil from a rock surface, J;
θ—contact angle, ◦;
σow—oil–water interfacial tension, mN·m−1.
As can be seen from Equation (1), the smaller the oil–water IFT and CA, the smaller

the required adhesive work, the easier the oil droplets are to be stripped off from the rock
surface, and the higher the oil washing efficiency is. The adhesive work and the final
imbibition recovery of the six imbibition systems are shown in Figure 10.
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It can be seen that the adhesion work of the imbibition solution system with the
nanomaterials is lower than that of the single surfactant system. The adhesion work of
the SDS, LAB, and AEO-7 were 1.5 × 10−2 J, 2.7 × 10−3 J, and 1.8 × 10−2 J, respectively,
before the nanomaterials were added. After adding the nanomaterials, the adhesion work
is 3.5 × 10−4 J, 2.7 × 10−3 J, and 9.9 × 10−6 J, respectively. The adhesive work is negatively
correlated with the final imbibition recovery. The lower the adhesive work is, the higher
the final imbibition recovery is. The system of the surfactant with the nanoparticles has the
lowest adhesion work and the highest recovery.

4. Conclusions

The composite system of nanomaterial and surfactant shows excellent performance in
spontaneous imbibition recovery. The specific conclusions are as follows:

(1) Nanomaterials can promote the dispersion and emulsification of crude oil in surfactant
system. After the addition of nanomaterials, the dispersion effect of crude oil is better
and the particle size of crude oil is smaller. The nano-silica sol has the best dispersion
effect on non-ionic surfactant AEO-7.

(2) The results of zeta potential and DLS test show that different surfactants have great
influence on the stability and particle size of nano-silica sol. The anionic surfactants
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increase the repulsive force and makes the system more stable with the zeta potential
increasing from −32.3 mV to −59.5 mV, but the size of the nanoaggregates increases
from 15.3 nm to 58.3 nm due to the nanoparticles’ adsorption to the aggregates which
is desorption from the interface. The positive charge of zwitterionic surfactant attracts
the negative charge of nanoparticle surface, which causes particle size to increase
from 15.3 nm to 103.8 nm. Non-ionic surfactants exhibit better stability and smaller
particle size because of the insignificant interaction between the non-ionic surfactant
and the charged surfaces of the particles.

(3) Nanomaterials can enhance the ability of surfactant system to improve wettability
and reduce IFT, and the non-ionic surfactant AEO-7 has the best property with the
synergism of nanoparticles which has the smallest CA with 0.61◦ and the lowest IFT
with 0.1750 mN·m−1.

(4) Nanomaterials can improve the spontaneous imbibition recovery of surfactant system.
The increase of imbibition recovery from high to low is AEO-7 (0.948 times) > SDS
(0.425 times) > LAB (0.258 times). It is found that the imbibition recovery rate is closely
related to the emulsification, dispersibility, particle size, contact angle, and interfacial
tension of imbibition liquid system.

(5) The addition of nanomaterials can reduce the adhesion work of the system, which is
negatively correlated with the final imbibition recovery.

(6) The composite system of nanoparticles and surfactants has great application potential
in tight oil development. However, during the imbibition process, a large number of
nanoparticles remain underground and cannot be discharged, so reservoir damage is
a serious problem. In the future, more research should be focused on the compatibility
of nano-systems and reservoirs, so as to reduce reservoir damage and develop lower-
cost nano-systems.
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