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Abstract: Clean fracturing fluid has the characteristics of being environmentally friendly and causing
little damage to reservoirs. Meanwhile, its backflow gel-breaking fluids (GBFs) can be reutilized
as an oil displacement agent. This paper systematically evaluates the feasibility and EOR mech-
anism of a GBF based on a polymer surfactant as an oil displacement system for reutilization. A
rotating interfacial tensiometer and contact angle measuring instrument were used to evaluate the
performance of reducing the oil–water interfacial tension (IFT) and to change the rock wettability,
respectively. Additionally, a homogeneous apparatus was used to prepare emulsions to evaluate
GBF’s emulsifying properties. Finally, core flooding experiments were used to evaluate the EOR
effect of GBFs, and the influence rules and main controlling effects of various properties on the
EOR were clarified. As the concentration of GBFs increases, the IFT first decreases to the lowest of
0.37 mN/m at 0.20 wt% and then increases and the contact angle of the rock wall decreases from
129◦ and stabilizes at 42◦. Meanwhile, the emulsion droplet size gradually decreases and stabilizes
with increases in GBF concentration, and the smallest particle size occurs when the concentration is
0.12–0.15 wt%. The limited adsorption area of the oil–water interface and the long molecular chain are
the main reasons that limit the continued IFT reduction and emulsion stability. The oil displacement
experiment shows that the concentration of GBF solution to obtain the best EOR effect is 0.15 wt%. At
this concentration, the IFT reduction and the emulsification performance are not optimal. This shows
that the IFT reduction performance, reservoir wettability change performance, and emulsification
performance jointly determine the EOR effect of GBFs. In contrast, the emulsifying performance of
GBFs is the main controlling factor for the EOR. Finally, the optimal application concentration of
GBFs is 0.15–0.20 wt%, and the optimal injection volume is 0.5 PV.

Keywords: shale oil; clean fracturing fluids; gel-breaking fluids; reutilization; emulsion; EOR

1. Introduction

As conventional oil and gas resources enter the middle and late development stages,
the development and utilization of unconventional oil and gas resources such as shale oil,
tight oil, and heavy oil have become the main topics of scientific research and engineering
construction [1–4]. The marine shale oil revolution in the United States has promoted the
rapid growth of shale oil and gas at an average annual rate of 25% in the past 10 years [5].
However, the development of continental shale oil in China has been more difficult and is
still in the development stage [6,7]. Continental shale is mainly formed in semi-deep-water
to deep-water lacustrine sedimentary environments. The distribution area of the shale
series is small, with diverse lithofacies types and poor structural environment stability [8,9].
Meanwhile, continental shale reservoirs are highly heterogeneous, with well-developed
micro- and nano-pores and low development of organic pores, which leads to a complex
distribution and small area of the “sweet areas” [10,11]. The above geological characteristics
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of continental shale oil have led to problems in shale oil development, such as the inability
to inject and produce, rapid reduction in natural production capacity, and high precision
requirements for production equipment. Hydraulic fracturing is a key production and
injection technology for efficient exploitation of shale reservoirs [12,13]. It can connect
organic pores through hydraulic fracturing fractures and use proppant to maintain the
opening of fractures, greatly improving reservoir permeability and fluid mobility [14–16].
Conventional water-based gel-fracturing fluids (slick water, etc.,) have been widely used
due to their low friction resistance and strong sand-carrying ability [17]. However, this
type of polymer-based gel fracturing fluid produces a large amount of residue, which
is an important source of pollution in oil field development as the flowback fluid is pro-
duced [18,19]. Developing a clean fracturing fluid system that is safe, environmentally
friendly, and reusable while ensuring the basic performance of the fracturing fluid is key to
promoting the efficient development of shale reservoirs.

The development and use of clean fracturing fluid originated at the end of the 20th
century [20]. It is based on surfactant polymerization to form a viscoelastic surfactant gel
as a thickened fracturing fluid system. This type of surfactant is generally a quaternary
ammonium salt fatty acid surfactant, which exists as a spherical micelle in water [21–23].
When a salt solution is added to the surfactant solution, the spherical micelles further
polymerize to form rod-shaped micelles (also called worm micelles), thereby significantly
increasing the viscosity of the solution. When the micellar solution encounters oil or gas, it
destroys the interaction between the surfactant and the salt and automatically breaks the
gel [24,25]. The viscosity of the solution is significantly reduced to facilitate the backflow
of the gel-breaking fluids. The cleaning fracturing fluid does not require the addition of
chemical agents to form and break the gel, and the residual rate of the flowback solution
is almost zero [26]. Therefore, clean fracturing fluid has the advantages of low reservoir
damage, low environmental pollution, and single composition of the flowback solution
and can be reutilized as an oil-displacement system [22]. Dantas et al. [27] conducted
stable shear and oscillatory shear experiments to evaluate the rheological properties of
anionic surfactant gel-breaking fluids. He pointed out that small changes in the surfactant
will seriously affect the polymerization effect of the micelles and reveal its microscopic
mechanisms. Legemah et al. [28] developed a new low-polymer-loaded fracturing fluid
containing a boron cross-linking agent, which can significantly improve the sand-carrying
capacity of the fracturing fluid while reducing the damage of polymer residues to reservoirs.
Chieng et al. [29] improved the traditional single-chain viscoelastic surfactant and proposed
a new type of high-temperature-resistant and shear-resistant thickening fracturing fluid.
Li et al. [30] pointed out that a large amount of active substances in clean fracturing fluid
will reduce the oil–water interfacial tension, change the wettability of the reservoir, and
weaken the capillary driving pressure. However, the experimental results found that clean
fracturing fluid has a good effect on improving oil recovery, which is attributed to the
contribution of osmotic pressure. Meanwhile, Dai et al. also pointed out that osmotic
pressure is an additional phenomenon that reduces interfacial tension and is the main
controlling factor for gel-breaking fluids to improve oil recovery through studies on the
adsorption rules of surfactants at the oil–water rock interface [31,32]. In addition, CO2-
responsive clean fracturing fluid also has good application prospects [33–35].

Additionally, a surfactant is an important chemical agent in tertiary oil recovery [36]. It
is usually used in combination with polymers and microspheres or the form of a polymeric
surfactant as an oil displacement agent [37–39]. It can improve oil recovery by reducing
the capillary number, changing reservoir wettability, emulsifying crude oil, and modifying
the reservoir profile [40–42]. The main component of gel-breaking fluids is the surfactant,
which not only plays the role of imbibition and oil recovery during the fracturing backflow
process but can also be reutilized as an oil displacement agent in the fracture and pore
throat. Wang et al. [43] considered the coupling effects of wettability changes and interfacial
tension reduction on surfactant adsorption and revealed the mechanism of wettability
changes in different surfactants in carbonate and sandstone reservoirs. The change in
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reservoir wettability caused by surfactants is considered an important EOR mechanism
when injecting liquid into low-permeability shale reservoirs [44–46]. Based on micro-
pore-scale visualization experimental research, Yekeen et al. [47] explored the synergistic
effect of nanoparticles and surfactants in reducing oil–water interfacial tension, changing
rock wettability, and stabilizing emulsion. He pointed out that nano-surfactants show
a good tendency to significantly reduce the oil–water interfacial tension and change the
rock-wetting properties [48–52].

The above-mentioned research found that surfactant-based clean fracturing fluid
systems are beneficial to replace traditional thickened gel fracturing fluids and can be
reutilized as oil displacement systems after the fracturing fluids flow back. The current
research has the following three problems: (1) the current clean fracturing fluid systems are
all based on low-molecular surfactants, and there is a lack of research on clean fracturing
fluid systems based on long-chain polymer surfactants; (2) at present, the synthesis of clean
fracturing fluids only pursues the properties of ultra-low interfacial tension and ignores
the main control effect of the emulsification performance of the gel-breaking fluid on the
EOR; (3) most research on the EOR mechanisms of gel-breaking fluids are aimed at the
imbibition process, lacking the EOR potential of reducing interfacial tension, wettability
modification, and emulsification in its reutilized process.

Therefore, based on the above problems, this paper conducts experimental research
on a clean fracturing fluid and its gel-breaking fluid based on polymer surfactants. The
interfacial tension reduction performance, wettability improvement performance, and
emulsification performance were evaluated, and the influence of concentration on the above
properties was clarified. Finally, the relationship between the EOR and corresponding
properties under different gel-breaking fluid concentrations is compared, and the EOR
mechanism and the main control role of each property in its reutilized process are explained.
Finally, the gel formation, gel breaking, and interfacial adsorption processes of cleaning
fracture fluids are illustrated through illustrations. This paper highlights that under non-
ultra-low interfacial tension, gel-breaking fluids can give full play to the main control role
of emulsification in improving oil recovery and have good potential for oil displacement
and reutilization.

2. Material and Method
2.1. Materials

Raw materials: Dichloromethane and ethanol used for core oil washing were pur-
chased from KeLong Chemical Co., Ltd. (Chengdu, China); Inorganic salts such as NaCl,
KCl, CaCl2, etc., were purchased from Aladdin Biochemical Technology Co., Ltd. (Shang-
hai, China); Ethylene glycol monobutyl ether used for preparing the breaking fluids was
purchased from Winson New Material Technology Co., Ltd. (Shanghai, China). Deion-
ized water (DI water) was prepared by our lab using one comprehensive deionized water
ultrapure water machine (WPL-EDI-DI-UP-10-UVF, Shanghai, China).

Clean fracturing fluids (CFF): CFF is mainly composed of a cationic viscoelastic
polymer surfactant (VEPS), whose main component is long-chain tertiary amine (LCTA).
By configuring aqueous solutions with LCTA and KCl at a mass ratio of 3 wt% and 4 wt%,
respectively, the clean fracturing fluid CFF with good suspension properties was obtained,
with a viscosity of approximately 120 cP at 70 ◦C.

Gel-breaking clean fracturing fluids (GBFs): For the GBFs, 1% kerosene was added to
the CFF solution, which was stirred evenly at 25 ◦C for about 90 min until the gel broke.
After the system was fully stable, we used a centrifuge to separate the kerosene to obtain
the required gel-breaking fluid. The quality of the solution remained unchanged during
the preparation process of the CFF and GBF, so the effective concentration of LCTA in the
GBF solution was 3 wt%.

Solution: The degassed and dehydrated crude oil came from the Changqing Oilfield
in China, and its viscosity and density at 70 ◦C were 1.34 cP and 0.734 g/cm3, respectively.
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The simulated formation water was prepared by sequentially adding inorganic salts to DI
water according to the formula in Table 1 (the total salinity was 37,683 mg/L).

Table 1. The composition of the simulated formation water.

Iron K+, Na+ Ca2+ Mg2+ CO32− HCO3− SO42− Cl− Total

Concentration, mg/L 12,429.68 1110.17 637.88 57.12 1252.12 342.86 21,853.51 37,683

Cores: The cores were natural cylindrical cores obtained in the laboratory from the
Changqing Oilfield (diameter was 2.5 cm, length was 5–10 cm, and permeability was within
5 mD). There was crude oil in the natural cores, which needed to be removed using ethanol
and dichloromethane (DY-4 core rapid oil washing instrument, Yangzhou, China). The
natural cores were placed in an oven to dry after oil washing for 3 days, and then the dry
weight was recorded as m1. The detailed parameters of the cores used in Section 2.2.4 are
shown in Table 2.

Table 2. Basic core parameters.

Core Pore Volume, mL Diameter, cm Length, cm Permeability, mD Volume of Oil, mL Oil Saturation, %

C1 6.8 2.5 7.1 7.5 4.9 72.06

C2 7.1 2.5 7.2 8.3 5.2 73.24

C3 6.3 2.5 6.8 7.2 4.5 71.43

C4 6.5 2.5 6.9 7.5 4.7 72.31

C5 6.7 2.5 7.0 7.7 4.9 73.13

C6 6.7 2.5 7.1 7.8 4.7 70.15

C7 6.9 2.5 7.1 7.9 4.9 71.01

2.2. Methods
2.2.1. Evaluation of Interfacial Tension

Reducing the oil–water interfacial tension is a basic property of clean fracturing fluid,
which can increase oil recovery by imbibition of the fracturing fluid matrix, making the
crude oil easier to remove. A rotating interfacial tensiometer (Texas-500-C, 102–10−5 mN/m,
Kono, Seattle, WA, USA) was used to measure the interfacial tension between CFF solution
with different concentrations and dehydrated crude oil under 80 ◦C. To ensure the accuracy
of the experimental results, a parallel control experiment was conducted for each group of
IFT test experiments.

The specific test steps are: (1) Take the GBF solution prepared in the Materials section
and dilute it with simulated formation water to concentrations of 0.02 wt%, 0.05 wt%,
0.08 wt%, 0.12 wt%, 0.15 wt%, and 0.20 wt%, 0.25 wt%, 0.30 wt%. (2) Use a needle to take
a GBF solution and fill it into the interfacial tension meter test tube, being careful not to
retain bubbles. (3) Use another special needle to absorb the crude oil and squeeze it into the
solution in the tube. The main oil droplets (about 0.1 mL) should be of moderate size and
should not be in contact with the wall of the test tube. (4) Turn on the temperature control
system of the interfacial tension meter and wait for 2 h of constant temperature before
testing. (5) Turn on the rotating interfacial tension meter, rotate the test tube at 3000 rpm,
and use the image acquisition system to record the shape of the oil droplet in real time.
(6) When the shape of the oil droplet does not change, take a photo to record the shape of
the oil droplet and use the software analysis system to calculate the oil–water interfacial
tension. (7) Stop rotating the interfacial tension meter, take out, clean, and dry the test
tube. (8) Use GBF solutions of other concentrations and repeat steps (2) to (7) to obtain the
oil–water interfacial tension under different GBF solution concentrations.
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2.2.2. Evaluation of Wettability

The pore throats of shale reservoirs are small, and the lipophilic characteristics of
the rock surface cause an oil film to be adsorbed on the surface, which not only reduces
the oil-washing efficiency but also reduces the effective flow radius of the pore throats,
exacerbating the difficulty of oil development. When the reservoir is oil wet, the contact
angle of the solution is greater than 90◦. Here, a static-contact goniometer (DSA100, Kruss,
Hasvink, Germany) is used to test the effect of different concentrations of GBF solutions
on rock wettability. The contact angle test software is equipped with an analysis system.
Here, considering the contact angle range, the goniometric method is used to automatically
measure and calculate the contact angle.

The specific test steps are: (1) Place several natural core sample slices and crude oil in
a Petri dish at a volume ratio of 1:4 and age them for 1 day to obtain strongly lipophilic
core slices. (2) Take the GBF solution prepared in the Materials section and dilute it with
simulated formation water to concentrations ranging from 0.05 and 0.3 wt%. (3) Turn on
the contact angle tester, and use a needle to absorb the GBF solution and drop it on the
core slice (about 0.1 mL). (4) Place the core slice on the test bench, take pictures and record
the images when the droplet shape does not change, and use the processing system to
calculate the contact angle. (5) Replace the core slices and GBF solution and repeat step (3)
and step (4) to obtain the contact angles of solutions with different GBF concentrations. As
a baseline, the contact angle of DI water is 129.47◦.

2.2.3. Evaluation of Emulsion Ability

The emulsifying property of GBF is key to its role in improving oil recovery. The
evaluation of emulsifying properties usually includes emulsification strength and emulsion
stability. The emulsion strength is evaluated by the emulsion droplet size distribution curve.
The smaller the emulsion droplet size and the more uniform the distribution, the higher the
emulsification strength. The stability of the emulsion is evaluated by the change curve of
the liquid separation rate of the emulsion after standing. The faster and more complete the
delamination, the worse stability. Here, a dispersion homogenizer (FJ300-S digital, Youyi,
Shanghai, China) was used to prepare an emulsion of GBF solution and crude oil, and
the particle size distribution was observed using a stereomicroscope (XTL-7000C, Caikon,
Shanghai, China).

The specific experimental steps are: (1) Prepare 20 mL of GBF solution with a concen-
tration of 0.05 wt%, 0.08 wt%, 0.12 wt%, 0.15 wt%, and 0.20 wt%. (2) Weigh 10 mL GBF
solution and 10 mL crude oil, respectively, into a 30 mL beaker. (3) Use a homogenizer to
mix the solution at a speed of 2000 rpm for 1 min and then pour it into a 25 mL test tube.
(4) Place the test tube in an 80 ◦C incubator and record the amount of water precipitated
in the test tube at certain intervals. We defined the ratio of the volume of precipitated
water in the test tube recorded each time to the volume of added water (i.e., 10 mL) as the
liquid drainage rate. Drawing the curve of the liquid drainage rate over time can clarify
the stability of the emulsion. (5) Repeat step (3) to obtain the mixed emulsion, and draw a
sample from the middle of the solution and drop it on a glass slide to observe its particle
size using a stereomicroscope. (6) Replace the GBF solution and repeat steps (2) to (5) to
evaluate the emulsion properties of solutions with different GBF concentrations.

2.2.4. Core Displacement Experiments

The reduction in interfacial tension, change in wettability, and emulsification ability of
the GBF solution directly affect its final EOR effect. Meanwhile, the injection amount of
the GBF solution will also affect its efficiency. Here, the influence of various parameters
on the EOR effect of GBFs is evaluated through core flooding experiments. The specific
experimental plan is shown in Table 3. The EOR effect of GBF flooding is the difference
between the final oil recovery and the water flooding oil recovery. In order to ensure the
accuracy of the experimental results, a parallel control experiment was conducted for each
displacement experiment.
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Table 3. Oil displacement experimental plan.

Number Core GBF Concentration, wt% GBF Volume, PV Injection Process Note

1 C1 0.05 0.3

Water flooding to the water
cut reaches 90%—GBF

flooding to designed volume

Compare the influence of
GBF concentration

2 C2 0.08 0.3

3 C3 0.12 0.3

4 C4 0.15 0.3

5 C5 0.20 0.3

6 C6 0.30 0.3

7 C7 0.15 1.2 Compare the influence of
GBF volume

The specific experimental steps are: (1) Put the core into the core holder and use a
vacuum pump to evacuate the core end 1 for 4 h. (2) Saturate the simulated formation
water. Connect end 2 of the core holder into a beaker containing simulated formation water
and open the valve to self-absorb saturated water for 2 h. Record the volume change in the
simulated formation water in the beaker before and after self-priming, which is the core
pore volume V1. Additionally, take out the saturated core and remove the surface water
stains to weigh the wet weight m2. Then, calculate the saturated water mass as m1-m2 and
calculate the pore volume V2 based on the simulated formation water density. Use V1 and
V2 to correct the pore volume as V = (V1 + V2)/2 and calculate the porosity. (3) Absolute
permeability test. Connect the experimental process according to Figure 1; use a constant
speed pump to inject simulated formation water at a constant rate of 0.1 mL/min, and
record the injection pressure. After recording the stable injection pressure, Darcy’s law
is used to calculate the core permeability. (4) Saturated crude oil. Use a constant speed
pump to inject crude oil at a constant rate of 0.05 mL/min until no water is produced at
the production end. Increase the injection rate to 0.2 mL/min and continue to inject 1 PV
of crude oil. Stop the injection and place it in an 80 ◦C oven for aging for 3 days. Record
the volume of produced water as the saturated oil volume and calculate the oil saturation
So. (5) Carry out the oil displacement experiment according to the plan in Table 3 and
record the injection pressure and liquid production throughout the process. Then, you
calculate water cut (percentage of produced water volume to produced liquid volume)
and oil recovery factor (percentage of produced oil volume to saturated oil volume) to
compare their changes overtime. Keep the experimental temperature kept at 80 ◦C using
one thermostat, and carry out the displacement experiments at a constant injection rate of
0.1 mL/min.

Figure 1. The flowchart of the displacement process.
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3. Results and Discussion
3.1. IFT Reduction Ability of GBF

After fracturing in shale reservoirs, the clean fracturing fluid will break through
contact with crude oil and become a GBF. The GBF can fully contact the crude oil and wall
surface in the reservoir, and the decrease in IFT can lead to the decrease in the adhesion
energy, making the crude oil more easily peeled off from the rock surface. The curve of IFT
response to the GBF concentration is shown in Figure 2.

Figure 2. The steady-state IFT between crude oil and GBF with different concentration (the IFT
between crude oil and DI water is 25.42 mN/m).

The steady-state IFT between crude oil and the GBF first decreases rapidly with
the increase in GBF concentration, reaching the lowest value of 0.37 mN/m when the
concentration is 0.2 wt%. Then, as the GBF concentration continues to increase, the IFT
increases slowly. The CFF system used in this paper is a polymeric surfactant gel. The
molecular chain of this surfactant is significantly larger than that of conventional surfactants,
so its ability to reduce IFT is limited. This type of surfactant has a similar EOR mechanism
to the polymeric surfactant and can achieve a good oil-washing effect at a relatively low IFT
(the oil–water IFT test result is 34.26 mN/m). As the GBF concentration increases, there are
two main reasons for the upward trend of IFT: (1) The oil–water interface area is limited,
and continuing to increase the concentration of active agent molecules cannot increase the
effective adsorption capacity. Meanwhile, the GBF is a long-chain molecule, which will
reduce the adsorption area of active groups after adsorption at the interface. (2) GBF is a
gel-breaking solution of CFF. When the concentration of the GBF gradually increases, it is
easy to form a micelle gel again, thereby reducing the interfacial adsorption of the GBF.

In addition, it can be found that as the GBF concentration increases, the error of IFT
first gradually decreases and then increases again. This is also related to the interface
adsorption of GBF molecules. When the GBF concentration is low or high, the adsorption
number of molecules at the interface will be affected by the solution preparation process,
resulting in fluctuations in IFT test results.

3.2. Wettability Alteration Ability of GBF

The GBF solution can strip crude oil by reducing the oil–water IFT; in addition, the oil
displacement efficiency is closely related to the wettability of the rock. The oil-wet surface
causes the oil displacement efficiency to deteriorate, but the water-wet surface can increase
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the oil displacement efficiency. Therefore, the change in reservoir wettability is another
main EOR mechanism of the GBF solution. The change curve of contact angle with the GBF
solution concentration is shown in Figure 3.

Figure 3. Variation curve of contact angle of oil-wet core thin sections with GBF concentration (the
contact angle of DI water is 129.47◦).

It can be seen from Figure 3 that the wetting angle decreases sharply with the increase
in the GBF concentration within 0.1 wt% and then stays stable with the further increase in
concentration. The reason is that GBF molecules are adsorbed on the oil-wet quartz surface
through electrostatic attraction, Van Der Waals force, hydrogen bond, and hydrophobic
action. The surfactant molecule hydrophobic group assembles directly with a solid surface
and the hydrophilic group makes contact with an aqueous solution, which reduces the
interfacial energy, and adhesion tension increases, s o the contact angle steeply falls, leading
to enhanced water wettability on the surface of the quartz plate.

As the GBF concentration further increases, the adsorption capacity of the surfactant
molecules increases, and the adsorption of surfactant molecules on the surface of quartz
can cause a decrease in electronegativity. When the GBF concentration reaches a certain
value, the interfacial energy and adhesion tension basically remain the same, so the contact
angle tends to be stable at 42◦. This suggests that the GBF solution can change the quartz
surface from oil-wet to water-wet, which, combined with the reduction in oil–water IFT,
greatly improves the oil-washing efficiency of shale reservoirs.

3.3. Emulsification Property of GBF

The GBF solution strips crude oil by reducing the IFT and changing rock wettability,
which is the first step in improving oil recovery. The second step is to emulsify the stripped
crude oil into an interfacial energy minimization system in which oil and water are evenly
dispersed so that it can be easily carried and extracted in the form of emulsion droplets.

Figure 4 is the microscopic morphology of the droplet size distribution after crude
oil is emulsified with GBF solutions of different concentrations. It can be found that as
the concentration of the GBF solution increases, the emulsion droplet size first gradually
decreases and then remains stable. It can be clearly observed that the granularity of the
emulsion droplets has become weaker, which is the result of the high dispersion of the
emulsion droplets. When the GBF solution concentration is 0.2 wt%, although the particle
size of the emulsion droplets does not increase significantly, there are some large oil lumps,
which have a serious impact on its stability.
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Figure 4. The droplet size of GBF emulsion with different concentrations. (a) GBF concentration is
0.05 wt%; (b) GBF concentration is 0.08 wt%; (c) GBF concentration is 0.12 wt%; (d) GBF concentration
is 0.15 wt%; (e) GBF concentration is 0.20 wt%.

The liquid separation processes of the GBF emulsion with different concentrations are
shown in Figure 5. It can be seen that the water drainage rate of the emulsion increases with
the aging time and then stays stable. The liquid separation process of the GBF emulsion can
last for 10–15 h, which is enough to illustrate its good stability. The changing trend of the
final liquid drainage rate is that it first decreases and then increases with the increase in GBF
concentration (as shown in the cyan dotted line in Figure 5). When the GBF concentration
is 0.12 wt%, the liquid drainage rate is the lowest at 32%, and there is still a large amount
of emulsion in the upper solution. When the GBF solution concentration is 0.20 wt%, the
liquid drainage rate reaches a maximum of 85%. The change law of liquid drainage rate
with the GBF concentration is consistent with its IFT reduction rule, and their mechanism
of action is also the same. The decisive factor of the emulsion stability is the strength
of the interface membrane. When the GBF concentration is small, fewer molecules are
irregularly adsorbed on the interface and the membrane strength is weakening. So, the
emulsion system is easy to demulsify and dehydrate with poor emulsion stability. When the
GBF concentration is extremely large, the formation of micelles will damage the interface
membrane, resulting in an increase in the water drainage rate.

Figure 5. The water drainage rate of GBF change curves.
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GBF strips crude oil and emulsifies it for extraction, which increases its oil-washing
efficiency. Meanwhile, the emulsion can coalesce to form an oil band, and the oil band
continues to encounter dispersed crude oil as it moves forward. The oil band formed by
emulsified crude oil in the high permeability zone can modify the injection profile because
of the Jamin effect. Thus, the GBF solution can also expand the swept volume until the oil
band is taken out.

GBF is a potential EOR technology which has two EOR mechanisms: expanding the
swept volume and improving the oil washing efficiency. Through the evaluation of the IFT
reduction performance, wettability change performance, and emulsification performance,
it can be determined that the optimal application concentration of GBF is 0.15 wt%. Its EOR
efficiency will be evaluated in Section 3.4.

3.4. EOR Effect of GBF

Seven sets of GBF oil displacement experiments were carried out according to Table 3.
The first six experiments of fixed injection volume were 0.3 PV to evaluate the impact
of GBF concentration on the EOR effect. Meanwhile, the impact of IFT-reducing ability,
wettability-changing ability, and emulsifying ability on the EOR at the corresponding
concentration was evaluated. The seventh experiment fixed the GBF concentration at
0.15 wt% and performed a continuous GBF injection of 1.2 PV. During the period, the EOR
at different injection volumes was intercepted to evaluate the impact of the GBF injection
amount on the EOR effect.

The EOR and corresponding IFT, contact angle, and emulsion drainage stabilization
time curves under six GBF concentrations are shown in Figure 6. The error bar of the
EOR shows that the results of each experiment fluctuate within a certain range, but it
can be found that this does not affect the change rule of EOR with GBF concentration.
The main reasons for the error are the influence of experimental operations and the small
differences in core parameters. The existence of the error bars proves the reliability of the
experimental results and the objectivity of the rules. The EOR first increased significantly
with the increase in GBF concentration and then showed a downward trend. The best
EOR effect occurs when the GBF concentration is 0.15 wt%. Figure 6a shows that the
concentration of the GBF solution with the lowest IFT is 0.20 wt%, and the EOR effect
at this time begins to decrease. This is mainly because the stability of the GBF emulsion
decreased significantly at this time, as shown in Figure 6c. Figure 6b shows that within the
test concentration range, the contact angle is at a low value and tends to be stable, and its
change pattern does not directly correspond to the EOR change rule. Figure 6c shows that
the GBF concentration that obtains the best EOR is 0.15 wt%, which is inconsistent with the
concentration corresponding to the lowest IFT and the lowest liquid drainage rate. This
illustrates that the interfacial tension reduction performance and emulsification stability
jointly determine the EOR effect of the GBF. However, the EOR when the liquid drainage
rate is the lowest is closest to the optimal EOR. Overall, the increase and decrease in the
EOR curve corresponds to the decrease and increase trend of the liquid drainage rate curve,
which shows that among the three properties, the stability of the GBF emulsion is the main
decisive factor controlling its EOR effect. Therefore, pursuing only ultra-low levels of IFT is
not the correct direction for future oil displacement system construction.

The injection pressure will increase significantly after the GBF solution is injected.
Although GBF can reduce the oil–water IFT to reduce pressure and increase injection, the
emulsion formed at the same time will produce a Jamin effect at the pore throat and increase
the injection pressure. The GBF injection pressure curves and corresponding EOR effects
under different injection volumes are shown in Figure 7.
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Figure 6. EOR and corresponding interface characteristic curves of GBF solutions at different
concentrations. (a) IFT; (b) contact angle; (c) drainage stable time.

Figure 7. The relationship between the injection of slug and the growth rate of recovery.

Figure 7 shows that the injection pressure of the GBF stabilizes when the injection
volume reaches 0.2 PV. At this time, the oil wall corresponding to the emulsion aggregation
is produced. The EOR effect is significantly improved at this stage. After that, the injection
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pressure decreases rapidly and eventually levels off. It can be found that the moment
when the EOR and the injection pressure become stable is when the injection volume is
0.5 PV, which shows that the increase in injection pressure is the main contribution to the
improvement of the EOR effect. The experimental results also illustrate once again that the
emulsifying performance of the GBF is the main controlling factor of its EOR efficiency.

Taking into account the various static properties and EOR effects of GBF, the optimal
application concentration is 0.12–0.20 wt%, and the optimal injection volume is 0.5 PV. As
an oil displacement agent for fracturing fluid reutilization, GBF is compared with a separate
oil displacement system and other gel-breaking fluid, as shown in Table 4. It can be found
that the ability of GBF to reduce interfacial tension is equivalent to that of a polymeric
surfactant, but its viscosity is much lower, so the EOR effect is poor. Additionally, although
the compound surfactant can achieve ultra-low interfacial tension and its EOR is higher
than that of GBFs, its individual application is rare and the cost increases significantly.
Although GBF does not have the advantages of ultra-low interfacial tension and high
viscosity of surfactants and a polymeric surfactant, it takes into account the advantages of
both. Compared with the EOR of about 10% of ordinary polymers, GBF has considerable
EOR capabilities when reutilized as an oil displacement agent and has obvious economic
advantages over surfactants.

Table 4. EOR comparison between GBF and other displacement agents.

Number Agent Concentration, wt% IFT,
mN/m

Volume,
PV

Recovery,
% EOR, %

0 Gel-breaking fluid 0.15 0.46 0.5 58.32 13.00

1 [30] Gel-breaking fluid 0.70 0.369 Imbibition 33.20 /

2 [31] Gel-breaking fluid 2.00 0.14 Imbibition 40.00 /

3 [39] Polymeric surfactant 1.50 ~0.90 0.8 / 17.49

4 [53] Compound surfactant / 10−2 3 / 13.65

5 [53] Compound surfactant / 10−3 3 / 16.28

6 [54] ASP (Alkali +
Surfactant + Polymer) S is 0.1–0.3 ~10−2 0.5–0.8 / 18–28

3.5. Mechanism of GBF Formed Process and EOR Effect

Gel-fracturing fluid processes such as CO2 response [55], temperature response [56],
ion response [29], etc., have the advantages of low viscosity during injection and easy gel
breakage and are the development trend of clean fracturing fluid in the future. The clean
gel fracturing fluid used in this paper is an ion-responsive polymer micelle gel. Current
research has clarified its gel formation, gel breaking, and oil-displacement mechanisms, but
there is a lack of comprehensive revelation and description of the above mechanisms. Based
on the above experimental results and previous research experience, this paper summarizes
the entire process mechanism of clean fracturing fluid, from gel formation to gel breaking
and interface action to improve oil recovery.

A schematic diagram of the gel formation process of CFF, the gel breaking process to
form GBF, and the adsorption mechanism of GBF at the interface, are shown in Figure 8.
CFF is composed of a viscoelastic surfactant. In aqueous solutions, the nonpolar groups
of these molecules tend to aggregate to avoid contact with water, eventually forming
self-assembled spherical micelles. When the concentration of water anions increases, a
large number of surfactant molecules further aggregate to form polymeric rod-like micelles,
and the mutual entanglement between micelles greatly increases the viscoelasticity of
the system. The viscoelasticity of the CFF solution is the basis for its significant sand-
carrying performance. When organic matter or other hydrophobic substances (oil or gas)
are dissolved in micelles, these rod-shaped micelles will be expanded and dispersed into
smaller spherical micelles, resulting in reduced viscosity of the system. As the gel breaking
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has no breaking agent added, it will not cause any damage to the viscoelastic surfactant
molecule and will provide a solid foundation for its further re-utilization.

Figure 8. The process of clean fracturing fluid forming gels and breaking gels and the EOR mechanism.

In the application of the GBF flooding process, the surfactant molecules move toward
and adsorb the oil–water interface and rock surface, effectively reducing the oil–water IFT
and changing the wettability of the reservoir, which is of great significance to improving oil
recovery.

4. Conclusions

This paper studies the reuse effect of gel-breaking fluids (GBFs) of a clean fracturing
fluid system (CFF) based on polymer surfactants. The interfacial tension reduction per-
formance, wettability change performance, and emulsification performance of GBFs were
evaluated, and the main control effect of each factor on the EOR was clarified by comparing
the EOR effect under various static properties, and the optimal application parameters
were formed. Finally, the gelation and gel-breaking processes of CFF and the interfacial
adsorption mechanism of the GBF solution were explained. The specific conclusions are
as follows:

(1) GBFs can reduce the oil–water IFT to 10−1 mN/m. As the concentration of GBF
increases, the oil–water IFT first decreases and then increases. The lowest IFT of
0.37 mN/m occurs when the GBF concentration is 0.20 wt%. The limited adsorption
area of the oil–water interface and the long molecular chain are the main reasons that
limit the continued IFT reduction.

(2) GBFs can effectively improve reservoir wettability. As the concentration of GBF
solution increases, the contact angle of the rock wall decreases from 129◦ and stabilizes
at 42◦. Reducing the oil–water IFT and changing the wettability of the reservoir are the
fundamental reasons why GBFs can effectively strip crude oil from shale reservoirs.

(3) GBFs have good emulsifying properties. As the concentration of GBF solution in-
creases, the emulsion droplet size gradually decreases and stabilizes, with the smallest
particle size at a concentration of 0.12–0.15 wt%. At a concentration of 0.20 wt%, a
larger area of oil block will appear, which also corresponds to a significant reduction
in emulsion stability.
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(4) The optimal application concentration of GBFs is 0.12–0.20 wt%, and the optimal
injection volume is 0.5 PV. The oil displacement experiment shows that the concentra-
tion of GBF solution to obtain the best EOR effect is 0.15 wt%. At this concentration,
the IFT reduction and the emulsification performance are not optimal. This shows
that the IFT reduction performance, reservoir wettability change performance, and
emulsification performance jointly determine the EOR effect of GBFs. In contrast, the
emulsifying performance of GBFs is the main controlling factor for the EOR.

(5) The experimental results of this paper prove that the BGF after breaking the CFF with
a polymer surfactant as the main body has good EOR potential. It can effectively
improve the oil washing efficiency and expand the swept volume at a lower dosage.
Additionally, its main mechanism of action is emulsification rather than ultra-low
interfacial tension, which also provides new thinking for the synthesis direction of
oilfield chemicals.

Author Contributions: Y.L. conceived the presented idea. Y.L. completed the experiment and wrote
the manuscript. Q.L. supervised this research and revised the manuscript. J.J., S.D. and Y.R. checked
the experimental data. Q.L. supervised the findings of this work. All authors discussed the results
and contributed to the final manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was funded by National Key R&D Projects (2019YFA0705501 and 2019YFA0705502)
and the Science and Technology Innovation Team of Jilin University (2017TD-13).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: Author Jicheng Jin, Shenglin Du, and Yufei Ren were employed by the
PetroChina Qinghai Oilfield Company. The remaining authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

References
1. Burrows, L.C.; Haeri, F.; Cvetic, P.; Sanguinito, S.; Shi, F.; Tapriyal, D.; Goodman, A.; Enick, R.M. A literature review of CO2,

natural gas, and water-based fluids for enhanced oil recovery in unconventional reservoirs. Energy Fuels 2020, 34, 5331–5380.
[CrossRef]

2. Malozyomov, B.V.; Martyushev, N.V.; Kukartsev, V.V.; Tynchenko, V.S.; Bukhtoyarov, V.V.; Wu, X.; Tyncheko, Y.A.; Kukartsev, V.A.
Overview of Methods for Enhanced Oil Recovery from Conventional and Unconventional Reservoirs. Energies 2023, 16, 4907.
[CrossRef]

3. Yang, H.; Lv, Z.; Zhang, M.; Jiang, J.; Xu, B.; Shen, J.; Jiang, H.; Kang, W. A novel active amphiphilic polymer for enhancing heavy
oil recovery: Synthesis, characterization and mechanism. J. Mol. Liq. 2023, 391, 123210. [CrossRef]

4. Wang, W.; Xie, Q.; An, S.; Bakhshian, S.; Kang, Q.; Wang, H.; Xu, X.; Su, Y.; Cai, J.; Yuan, B. Pore-scale simulation of multiphase
flow and reactive transport processes involved in geologic carbon sequestration. Earth-Sci. Rev. 2023, 247, 104602. [CrossRef]

5. Zou, C.; Ma, F.; Pan, S.; Zhang, X.; Wu, S.; Fu, G.; Wang, H.; Yang, Z. Formation and distribution potential of global shale oil and
the developments of continental shale oil theory and technology in China. Earth Sci. Front. 2023, 30, 128.

6. Li, M.; Chen, X.; Wang, X. A Comparison of Geological Characteristics of the Main Continental Shale Oil in China and the US.
Lithosphere 2021, 2021, 3377705. [CrossRef]

7. Wang, X.; Li, J.; Jiang, W.; Zhang, H.; Feng, Y.; Yang, Z. Characteristics, current exploration practices, and prospects of continental
shale oil in China. Adv. Geo-Energy Res. 2022, 6, 454–459. [CrossRef]

8. He, W.; Zhu, R.; Cui, B.; Zhang, S.; Meng, Q.; Bai, B.; Feng, Z.; Lei, Z.; Wu, S.; He, K. The Geoscience Frontier of Gulong Shale Oil:
Revealing the Role of Continental Shale from Oil Generation to Production. Engineering 2023, 28, 79–92. [CrossRef]

9. Sun, L.; He, W.; Feng, Z.; Zeng, H.; Jiang, H.; Pan, Z. Shale oil and gas generation process and pore fracture system evolution
mechanisms of the Continental Gulong Shale, Songliao Basin, China. Energy Fuels 2022, 36, 6893–6905. [CrossRef]

10. Yang, Z.; Zou, C.; Wu, S.; Pan, S.; Wang, X.; Liu, H.; Jiang, W.; Li, J.; Li, Q.; Niu, X. Characteristics, types, and prospects of
geological sweet sections in giant continental shale oil provinces in China. J. Earth Sci. 2022, 33, 1260–1277. [CrossRef]

11. Zou, C.-N.; Yang, Z.; Hou, L.-H.; Zhu, R.-K.; Cui, J.-W.; Wu, S.-T.; Lin, S.-H.; Guo, Q.-L.; Wang, S.-J.; Li, D.-H. Geological
characteristics and “sweet area” evaluation for tight oil. Pet. Sci. 2015, 12, 606–617. [CrossRef]

12. Guo, T.; Zhang, S.; Qu, Z.; Zhou, T.; Xiao, Y.; Gao, J. Experimental study of hydraulic fracturing for shale by stimulated reservoir
volume. Fuel 2014, 128, 373–380. [CrossRef]

https://doi.org/10.1021/acs.energyfuels.9b03658
https://doi.org/10.3390/en16134907
https://doi.org/10.1016/j.molliq.2023.123210
https://doi.org/10.1016/j.earscirev.2023.104602
https://doi.org/10.2113/2021/3377705
https://doi.org/10.46690/ager.2022.06.02
https://doi.org/10.1016/j.eng.2022.08.018
https://doi.org/10.1021/acs.energyfuels.2c01407
https://doi.org/10.1007/s12583-022-1735-9
https://doi.org/10.1007/s12182-015-0058-1
https://doi.org/10.1016/j.fuel.2014.03.029


Polymers 2024, 16, 397 15 of 16

13. Tan, P.; Jin, Y.; Han, K.; Hou, B.; Chen, M.; Guo, X.; Gao, J. Analysis of hydraulic fracture initiation and vertical propagation
behavior in laminated shale formation. Fuel 2017, 206, 482–493. [CrossRef]

14. Cao, R.; Fang, S.; Jia, P.; Cheng, L.; Rao, X. An efficient embedded discrete-fracture model for 2D anisotropic reservoir simulation.
J. Pet. Sci. Eng. 2019, 174, 115–130. [CrossRef]

15. Rao, X.; Cheng, L.; Cao, R.; Jia, P.; Liu, H.; Du, X. A modified projection-based embedded discrete fracture model (pEDFM) for
practical and accurate numerical simulation of fractured reservoir. J. Pet. Sci. Eng. 2020, 187, 106852. [CrossRef]

16. Zhang, H.; Chen, J.; Zhao, Z.; Qiang, J. Hydraulic fracture network propagation in a naturally fractured shale reservoir based on
the “well factory” model. Comput. Geotech. 2023, 153, 105103. [CrossRef]

17. Montgomery, C. Fracturing Fluids. In Proceedings of the ISRM International Conference for Effective and Sustainable Hydraulic
Fracturing, ISRM, Brisbane, Australia, 20–22 May 2013; p. ISRM-ICHF-2013-035.

18. Huang, Q.; Liu, S.; Cheng, W.; Wang, G. Fracture permeability damage and recovery behaviors with fracturing fluid treatment of
coal: An experimental study. Fuel 2020, 282, 118809. [CrossRef]

19. Wang, J.; Huang, Y.; Zhang, Y.; Zhou, F.; Yao, E.; Wang, R. Study of fracturing fluid on gel breaking performance and damage to
fracture conductivity. J. Pet. Sci. Eng. 2020, 193, 107443. [CrossRef]

20. Guangyu, Y.; Jirui, H.; Huan, L. Current situation and development trend with respect to research and application of clean
fracturing fluid. China Surfactant Deterg. Cosmet. 2012, 42, 288–292.

21. Wang, C.; Zhou, G.; Jiang, W.; Niu, C.; Xue, Y. Preparation and performance analysis of bisamido-based cationic surfactant
fracturing fluid for coal seam water injection. J. Mol. Liq. 2021, 332, 115806. [CrossRef]

22. Yang, X.; Mao, J.; Zhang, H.; Zhang, Z.; Zhao, J. Reutilization of thickener from fracturing flowback fluid based on Gemini cationic
surfactant. Fuel 2019, 235, 670–676. [CrossRef]

23. Zhao, G.; Yan, Z.; Qian, F.; Sun, H.; Lu, X.; Fan, H. Molecular simulation study on the rheological properties of a pH-responsive
clean fracturing fluid system. Fuel 2019, 253, 677–684. [CrossRef]

24. Kang, W.; Mushi, S.J.; Yang, H.; Wang, P.; Hou, X. Development of smart viscoelastic surfactants and its applications in fracturing
fluid: A review. J. Pet. Sci. Eng. 2020, 190, 107107. [CrossRef]

25. Yang, Y.; Zhang, H.; Wang, H.; Zhang, J.; Guo, Y.; Wei, B.; Wen, Y. Pseudo-interpenetrating network viscoelastic surfactant
fracturing fluid formed by surface-modified cellulose nanofibril and wormlike micelles. J. Pet. Sci. Eng. 2022, 208, 109608.
[CrossRef]

26. Huang, Q.; Liu, S.; Wu, B.; Wang, G.; Li, G.; Guo, Z. Role of VES-based fracturing fluid on gas sorption and diffusion of coal: An
experimental study of Illinois basin coal. Process Saf. Environ. Prot. 2021, 148, 1243–1253. [CrossRef]

27. Dantas, T.C.; Santanna, V.C.; Neto, A.D.; Neto, E.B.; Moura, M.A. Rheological properties of a new surfactant-based fracturing gel.
Colloids Surf. A: Physicochem. Eng. Asp. 2003, 225, 129–135. [CrossRef]

28. Legemah, M.; Guerin, M.; Sun, H.; Qu, Q. Novel high-efficiency boron crosslinkers for low-polymer-loading fracturing fluids.
SPE J. 2014, 19, 737–743. [CrossRef]

29. Chieng, Z.; Mohyaldinn, M.E.; Hassan, A.M.; Bruining, H. Experimental investigation and performance evaluation of modified
viscoelastic surfactant (VES) as a new thickening fracturing fluid. Polymers 2020, 12, 1470. [CrossRef] [PubMed]

30. Li, L.; Sun, Y.; Li, Y.; Wang, R.; Chen, J.; Wu, Y.; Dai, C. Interface properties evolution and imbibition mechanism of gel breaking
fluid of clean fracturing fluid. J. Mol. Liq. 2022, 359, 118952. [CrossRef]

31. Zhao, M.; Liu, S.; Gao, Z.; Wu, Y.; Dai, C. The spontaneous imbibition mechanisms for enhanced oil recovery by gel breaking fluid
of clean fracturing fluid. Colloids Surf. A: Physicochem. Eng. Asp. 2022, 650, 129568. [CrossRef]

32. Zhao, M.; Yan, X.; Cheng, Y.; Yan, R.; Dai, C. Study on the Imbibition Performance and Mechanism of a Fracturing Fluid and Its
Gel Breaking Liquid. Energy Fuels 2022, 36, 13028–13036. [CrossRef]

33. Chen, X.; Li, Y.; Sun, X.; Liu, Z.; Liu, J.; Liu, S. Investigation of Polymer-Assisted CO2 Flooding to Enhance Oil Recovery in
Low-Permeability Reservoirs. Polymers 2023, 15, 3886. [CrossRef]

34. Xie, Q.; Wang, W.; Su, Y.; Wang, H.; Zhang, Z.; Yan, W. Pore-scale study of calcite dissolution during CO2-saturated brine injection
for sequestration in carbonate aquifers. Gas Sci. Eng. 2023, 114, 204978. [CrossRef]

35. Du, M.; Sun, X.; Dai, C.; Li, H.; Wang, T.; Xu, Z.; Zhao, M.; Guan, B.; Liu, P. Laboratory experiment on a toluene-polydimethyl
silicone thickened supercritical carbon dioxide fracturing fluid. J. Pet. Sci. Eng. 2018, 166, 369–374. [CrossRef]

36. Isaac, O.T.; Pu, H.; Oni, B.A.; Samson, F.A. Surfactants employed in conventional and unconventional reservoirs for enhanced oil
recovery—A review. Energy Rep. 2022, 8, 2806–2830. [CrossRef]

37. Chen, X.; Li, Y.; Liu, Z.; Li, X.; Zhang, J.; Zhang, H. Core-and pore-scale investigation on the migration and plugging of polymer
microspheres in a heterogeneous porous media. J. Pet. Sci. Eng. 2020, 195, 107636. [CrossRef]

38. Chen, X.; Li, Y.; Liu, Z.; Tang, Y.; Sui, M. Visualized investigation of the immiscible displacement: Influencing factors, improved
method, and EOR effect. Fuel 2023, 331, 125841. [CrossRef]

39. Chen, X.; Li, Y.-Q.; Liu, Z.-Y.; Gao, W.-B.; Sui, M.-Y. Experimental investigation on the enhanced oil recovery efficiency of
polymeric surfactant: Matching relationship with core and emulsification ability. Pet. Sci. 2023, 20, 619–635. [CrossRef]

40. Chen, X.; Li, Y.; Liu, Z.; Zhang, J.; Chen, C.; Ma, M. Investigation on matching relationship and plugging mechanism of
self-adaptive micro-gel (SMG) as a profile control and oil displacement agent. Powder Technol. 2020, 364, 774–784. [CrossRef]

41. Chen, X.; Li, Y.; Liu, Z.; Zhang, J.; Li, X. Experimental and theoretical investigation of the migration and plugging of the particle
in porous media based on elastic properties. Fuel 2023, 332, 126224. [CrossRef]

https://doi.org/10.1016/j.fuel.2017.05.033
https://doi.org/10.1016/j.petrol.2018.11.004
https://doi.org/10.1016/j.petrol.2019.106852
https://doi.org/10.1016/j.compgeo.2022.105103
https://doi.org/10.1016/j.fuel.2020.118809
https://doi.org/10.1016/j.petrol.2020.107443
https://doi.org/10.1016/j.molliq.2021.115806
https://doi.org/10.1016/j.fuel.2018.08.059
https://doi.org/10.1016/j.fuel.2019.05.027
https://doi.org/10.1016/j.petrol.2020.107107
https://doi.org/10.1016/j.petrol.2021.109608
https://doi.org/10.1016/j.psep.2021.03.002
https://doi.org/10.1016/S0927-7757(03)00355-8
https://doi.org/10.2118/164118-PA
https://doi.org/10.3390/polym12071470
https://www.ncbi.nlm.nih.gov/pubmed/32629958
https://doi.org/10.1016/j.molliq.2022.118952
https://doi.org/10.1016/j.colsurfa.2022.129568
https://doi.org/10.1021/acs.energyfuels.2c02869
https://doi.org/10.3390/polym15193886
https://doi.org/10.1016/j.jgsce.2023.204978
https://doi.org/10.1016/j.petrol.2018.03.039
https://doi.org/10.1016/j.egyr.2022.01.187
https://doi.org/10.1016/j.petrol.2020.107636
https://doi.org/10.1016/j.fuel.2022.125841
https://doi.org/10.1016/j.petsci.2022.11.002
https://doi.org/10.1016/j.powtec.2020.02.027
https://doi.org/10.1016/j.fuel.2022.126224


Polymers 2024, 16, 397 16 of 16

42. Yang, H.; Lv, Z.; Li, Z.; Guo, B.; Zhao, J.; Xu, Y.; Xu, W.; Kang, W. Laboratory evaluation of a controllable self-degradable
temporary plugging agent in fractured reservoir. Phys. Fluids 2023, 35, 083314. [CrossRef]

43. Wang, Y.; Xu, H.; Yu, W.; Bai, B.; Song, X.; Zhang, J. Surfactant induced reservoir wettability alteration: Recent theoretical and
experimental advances in enhanced oil recovery. Pet. Sci. 2011, 8, 463–476. [CrossRef]

44. Giraldo, J.; Benjumea, P.; Lopera, S.; Cortés, F.B.; Ruiz, M.A. Wettability alteration of sandstone cores by alumina-based nanofluids.
Energy Fuels 2013, 27, 3659–3665. [CrossRef]

45. Hou, J.; Sun, L. Synergistic effect of nanofluids and surfactants on heavy oil recovery and oil-wet calcite wettability. Nanomaterials
2021, 11, 1849. [CrossRef]

46. Karimi, A.; Fakhroueian, Z.; Bahramian, A.; Pour Khiabani, N.; Darabad, J.B.; Azin, R.; Arya, S. Wettability alteration in carbonates
using zirconium oxide nanofluids: EOR implications. Energy Fuels 2012, 26, 1028–1036. [CrossRef]

47. Yekeen, N.; Padmanabhan, E.; Syed, A.H.; Sevoo, T.; Kanesen, K. Synergistic influence of nanoparticles and surfactants on
interfacial tension reduction, wettability alteration and stabilization of oil-in-water emulsion. J. Pet. Sci. Eng. 2020, 186, 106779.
[CrossRef]

48. Keykhosravi, A.; Simjoo, M. Enhancement of capillary imbibition by Gamma-Alumina nanoparticles in carbonate rocks: Underly-
ing mechanisms and scaling analysis. J. Pet. Sci. Eng. 2020, 187, 106802. [CrossRef]

49. Kuang, W.; Saraji, S.; Piri, M. A systematic experimental investigation on the synergistic effects of aqueous nanofluids on
interfacial properties and their implications for enhanced oil recovery. Fuel 2018, 220, 849–870. [CrossRef]

50. Sun, Y.-P.; Xin, Y.; Lyu, F.-T.; Dai, C.-L. Experimental study on the mechanism of adsorption-improved imbibition in oil-wet tight
sandstone by a nonionic surfactant for enhanced oil recovery. Pet. Sci. 2021, 18, 1115–1126. [CrossRef]

51. Tian, W.; Wu, K.; Gao, Y.; Chen, Z.; Gao, Y.; Li, J. A critical review of enhanced oil recovery by imbibition: Theory and practice.
Energy Fuels 2021, 35, 5643–5670. [CrossRef]

52. Xu, D.; Li, Z.; Bai, B.; Chen, X.; Wu, H.; Hou, J.; Kang, W. A systematic research on spontaneous imbibition of surfactant solutions
for low permeability sandstone reservoirs. J. Pet. Sci. Eng. 2021, 206, 109003. [CrossRef]

53. Yuan, C.; Pu, W.; Wang, X.; Sun, L.; Zhang, Y.; Cheng, S. Effects of interfacial tension, emulsification, and surfactant concentration
on oil recovery in surfactant flooding process for high temperature and high salinity reservoirs. Energy Fuels 2015, 29, 6165–6176.
[CrossRef]

54. Guo, H.; Li, Y.; Wang, F.; Gu, Y. Comparison of strong-alkali and weak-alkali ASP-flooding field tests in Daqing oil field. SPE Prod.
Oper. 2018, 33, 353–362. [CrossRef]

55. Musevic, I.; Skarabot, M.; Tkalec, U.; Ravnik, M.; Zumer, S. Two-dimensional nematic colloidal crystals self-assembled by
topological defects. Science 2006, 313, 954–958. [CrossRef]

56. Davies, T.; Ketner, A.; Raghavan, S. Self-assembly of surfactant vesicles that transform into viscoelastic wormlike micelles upon
heating. J. Am. Chem. Soc. 2006, 128, 6669–6675. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1063/5.0157272
https://doi.org/10.1007/s12182-011-0164-7
https://doi.org/10.1021/ef4002956
https://doi.org/10.3390/nano11071849
https://doi.org/10.1021/ef201475u
https://doi.org/10.1016/j.petrol.2019.106779
https://doi.org/10.1016/j.petrol.2019.106802
https://doi.org/10.1016/j.fuel.2018.01.102
https://doi.org/10.1016/j.petsci.2021.07.005
https://doi.org/10.1021/acs.energyfuels.1c00199
https://doi.org/10.1016/j.petrol.2021.109003
https://doi.org/10.1021/acs.energyfuels.5b01393
https://doi.org/10.2118/179661-PA
https://doi.org/10.1126/science.1129660
https://doi.org/10.1021/ja060021e

	Introduction 
	Material and Method 
	Materials 
	Methods 
	Evaluation of Interfacial Tension 
	Evaluation of Wettability 
	Evaluation of Emulsion Ability 
	Core Displacement Experiments 


	Results and Discussion 
	IFT Reduction Ability of GBF 
	Wettability Alteration Ability of GBF 
	Emulsification Property of GBF 
	EOR Effect of GBF 
	Mechanism of GBF Formed Process and EOR Effect 

	Conclusions 
	References

