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Abstract: Polymers can increase the viscosity of water, reduce the relative permeability of the water
phase, and enhance the flowability of the oil phase; surfactants can form molecular films at the oil–
water interface boundaries, thereby reducing interfacial tension. Surfactant/polymer (S/P) flooding
technology for enhancing oil recovery has become a major way to increase crude oil production. This
study used dissipative particle dynamics (DPD) technology to simulate the emulsification process of a
four-component composite system consisting of oil, water, sodium dodecylbenzene sulfonate (SDBS),
and partially hydrolyzed polyacrylamide (HPAM). By changing the concentration of the S/P system,
the effect on emulsification behavior was analyzed. Combined with particle distribution diagrams
and interfacial tension parameters, the effect of the emulsification behavior on the performance of the
S/P binary system was analyzed. On this basis, the effect of different emulsion performances on the
recovery factor was evaluated using micro-experiments. The study found that the S/P system that
produced stable emulsification had a lower interfacial tension and relatively good effect on improving
the recovery factor. Increasing the concentration of the polymer and surfactant may cause changes in
the interfacial film of the emulsion, thereby affecting the ability of the S/P system to reduce interfacial
tension and may not improve the oil recovery factor. The research results help to better analyze and
screen the S/P system used for oil extraction and improve crude oil recovery.

Keywords: emulsification; microscopic experimental; dissipative particle dynamics; solubility
parameter; interfacial tension

1. Introduction

In primary and secondary oil recovery processes, a mere 20% to 40% of potential crude
oil reserves can be extracted [1,2]. Therefore, it is necessary to use tertiary oil recovery
methods to improve the oil recovery [3]. Common techniques for enhancing oil recov-
ery include steam injection, steam flooding, polymer flooding, immiscible flooding, and
nanoparticles [4–6]. Binary combination flooding technology has emerged as a vital means
of enhancing oil recovery, thereby increasing crude oil production [7,8]. Incorporating
polymers into the binary composite system augments the water’s viscosity, diminishes
the water phase’s relative permeability, and bolsters the oil phase’s flow capabilities [9,10].
Additionally, this approach reduces the likelihood of viscous fingering while enhancing
the sweep efficiency via the polymer solution’s viscoelastic properties [11]. The integration
of surfactants substantially elevates the water phase’s sweeping and displacement effi-
ciency [12–14]. As amphiphilic interfacial active substances, surfactants can form molecular
films at the oil–water interface boundaries, thereby reducing interfacial tension [15]. The
binary composite system generates ultra-low interfacial tension while utilizing the poly-
mer’s viscoelastic properties [16,17]. This system transports residual oil from various types
of water flooding in the microscopic model in the form of “oil wires” and “emulsions”,
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ultimately inducing emulsification [18]. In the binary system, the polymer’s synergis-
tic action results in complex oil–water interface characteristics, with varying conditions
leading to diverse effects [19]. Oil-in-water emulsions are advantageous for increasing
the viscosity of the water phase to improve the sweep efficiency while simultaneously
reducing the fluid’s flow resistance to enhance oil recovery [20,21]. Nevertheless, there
are potential drawbacks. Inappropriate emulsification may cause formation plugging in
low-permeability formations, leading to pressure surges [22]. Moreover, stable emulsions
can exacerbate the demulsification challenges associated with the subsequent produced
liquid [23,24]. An increasing number of studies are employing interfacial rheometers to
measure the properties of interfacial films during the oil–water emulsification processes.
Based on these findings, researchers have analyzed the stability of the oil–water interface
and investigated the emulsification mechanisms of polymers and surfactants in combi-
nation [25–27]. In addition, researchers have investigated changes in parameters such as
conductivity and interfacial tension in emulsion fluids during the oil–water emulsifica-
tion process with the aim to explore the influence of various surfactants and polymers on
emulsification [28,29]. In a binary system, the addition of surfactants helps enhance the per-
formance and stability of the emulsification interfacial films formed by polymers, thereby
improving the emulsification efficiency of the system [30,31]. A growing body of research
has focused on analyzing the emulsification mechanisms and predicting the emulsification
outcomes. Gaining insights into these processes and mechanisms is essential to optimize
the oil recovery techniques and tackle the challenges associated with emulsification in the
oil industry.

Emulsification occurs at the microscopic level, and conventional methods can only
observe the phenomenon. With the rapid advancement of computer technology, molecular
simulation has emerged as an increasingly important research tool [32]. A growing number
of scholars are turning their attention to molecular simulation methods as they enable the
calculation of various molecular properties through computer technology [33]. Molecular
simulation is an important research method for studying the structure and properties of
molecules or a molecular system through computer simulations. This approach includes
techniques such as Monte Carlo (MC), molecular dynamics (MD), and dissipative particle
dynamics (DPD). An increasing number of scholars are adopting molecular simulation
techniques to investigate the emulsification behavior of a binary system consisting of poly-
mers and surfactants at the oil–water interface. Leveraging the analytical tools provided
by computer technology, parameter changes throughout the entire reaction process can
be accurately and efficiently analyzed. The DPD method was first introduced by Hooger-
brugge and Koelman [34]. This method utilizes Newtonian mechanics, coarse-grained
atoms, [35] and forces to reduce computational demands, and has been widely employed
in the simulation of mesoscale systems [36]. In traditional molecular dynamics simulations,
computational limitations often restrict the spatial scale to around 100 Å and the molecular
simulation model to tens of thousands of atoms within the system [37]. In mesoscopic sim-
ulations, the conversion of numerous coarse-grained atoms into a single bead significantly
improves the simulation scale, while the reasonable integration of the action field in DPD
also enables the realization of larger simulation scales [38]. DPD allows for the exploration
of properties at a much lower computational cost compared to molecular dynamics. Con-
sequently, DPD is well-suited for simulating the emulsification behavior of polymers and
surfactants. DPD has established a complete set of research methods from real parameter
transformation, performance simulation, and results analysis, and has been widely used
in the research of emulsification and other behaviors: Mayoral and Nahmad-Achar [39]
studied the effect of temperature on the oil–water interface by calculating the solubility pa-
rameters at different temperatures; Fernando Alvarez [40] constructed a crude oil emulsion
based on the crude oil four-component coarse-grained model.

In the present study, DPD was employed to investigate the emulsification behavior of
a surfactant/polymer system in contact with oil and water. The evaluation of emulsifica-
tion in the binary system was conducted by examining the interface morphology of the
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emulsion, the interfacial film integrity, and alterations in interfacial tension and density
distribution. Microscopic experiments were performed to assess enhanced oil recovery in a
S/P system, encompassing various emulsification and interfacial tension characteristics.
Subsequently, a comprehensive analysis was carried out to establish the correlation between
the emulsification behavior and enhanced oil recovery.

2. Materials and Methods
2.1. Materials

The surfactant and polymer were dissolved in formation water with a salinity of
1000 mg/L at 25 ◦C. Partially hydrolyzed polyacrylamide (HPAM, Mn ≈ 180 × 105 KDa)
and sodium dodecyl benzene sulfonate (SBDS) was purchased from a company in Daqing,
China. The oil sample was diesel (#0, η25 ◦C = 5.43 mPa·s; ρ25 ◦C = 0.825 g·cm−3) and
only contained light components corresponding to the short-chain light components in
the simulation. The diesel oil was stained with Sudan red to improve its microscopic
visual effect.

2.2. Microscopic Experiment

As shown in Figure 1, a microscopic displacement experiment was conducted utilizing
a triple-layered heterogeneous micromodel. This approach enabled the analysis of the
recovery efficiency for various emulsion S/P systems. Within the micromodel, the pore
radii of the low-permeability, medium-permeability, and high-permeability layers were
20 µm, 50 µm, and 100 µm, respectively.
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Figure 1. Triple-layer microscopic displacement model.

The main research object of the micro simulation model is the pore network. According
to the different production process, this can be divided into the designated pore network
model and rock etching model. This model is not the real pore of the core, but is based on
the research needs to make the designated pore network model or according to the pore
structure characteristics of the reservoir under a microscope [41,42]. The microscopic visual
system was used to conduct the displacement, as shown in Figure 2.
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The experimental process was as follows. 1© After the airtightness of the model
was tested, the water bath was turned on and set to 25 ◦C to prepare for displacement.

2© The micropump was used to inject oil at a speed of 0.001 mL/min into the microscopic
model until the model was fully saturated with crude oil. 3© Brine was injected into the
micromodel at a speed of 0.001 mL/min until there was no more oil recovery, recording the
data. 4© The S/P solution was injected at a speed of 0.001 mL/min until the oil production
ceased. 5© Image processing [43] was used to calculate the recovery efficiency.

2.3. Molecular Simulation Method
2.3.1. Dissipative Particle Dynamics Parametrization Method

The main parametrization strategies including the Flory–Huggins parameters and
matching infinite dilution activity coefficients [44,45] and the Flory–Huggins theory can
be used to simulate multicomponent systems such as binary liquid mixtures. Based on
statistical mechanics, DPD can simulate complex fluid motions for large spaces and long
timescales on a mesoscopic scale. In the DPD simulation, the molecular structure of the
complex were coarse-grained into discrete beads, ignoring the details of the molecular
structure and degree of freedom. Each bead is a carrier with mass attributes, reflecting the
motion change of the fluid.

In a DPD system, coarse-grained beads follow the Newtonian Equation (1) of motion:

d
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The superposition of the three forces and their subsequent motions is the force equation

on the mesoscopic level for the coarse-grained model [37]. There are mutual forces between
the coarse-grained beads, as shown in the Equation (2) [34,46]:
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Brownian random motion at ambient temperatures.

The dispersive and random forces act as a heat sink and source, respectively, con-
sequently, their combined effect is a thermostat. The conservative forces are in the form
of [47]:
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aij
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)
; r ≤ Rc
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(3)

where r is the distance between the bead i and j. Rc is the interaction radius on the
dimensions of the simulation system. The parameter aij is the hydrodynamic interaction
parameter that contains the physical-chemical information relevant to the atomic group.

We can use the Flory–Huggins model to calculate the aij parameter in DPD.

k−1 = 1 + 2αaiiρ (4)
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where k−1 is the dimensionless isothermal compressibility; aii is the self-repulsive con-
servative parameter; α is the correction coefficient; ρ is the density of system. Groot and
Warren [48] established a link between the aij and the Flory–Huggins parameter χij.

aij = 25 + 3.5χij (5)

In this emulsification simulation system, χij is the Flory–Huggins parameter, so the
obtained χij can establish that the force field is under dissipative particle dynamics [49].

χij =
vb

kbT
(
δi − δj

)2 (6)

where δi and δj are the solubility parameters of the coarse grained beads i and j, respectively.
kbT is the environment value of the system.

2.3.2. Coarse-Grained Model Construction

Each system was modeled using the Materials Visualizer modeling tool, and coarse-
grained division was carried out according to different structures [50]. As shown in Table 1,
referring to the method of Yosadara Ruiz-Morales [35], three water molecules were coarse-
grained into one mesoscopic bead. Four acrylamide monomers of a polyacrylamide long
chain were grained into a mesoscopic polymer bead, and the parameter χ was calculated.
Thirty polymer beads were connected to form a mesoscopic polymer long chain. The crude
oil of heptane (short chain of seven carbons) was coursed into an oil bead, and the light
crude oil component involved in emulsification was simulated in the system. Due to the
different lipophilic and hydrophobic properties of the structure of SDBS, the hydrophobic
chain was divided into oil-wet beads, and the hydrophilic benzene ring and functional
group were divided into hydrophilic beads [51]. By calculating the parameter χ of the
two types of beads and connecting it, it is possible to show the amphiphilic properties of
surfactant molecules.

Table 1. Chemical structures and coarse-grained model.

Molecule Bead Type Molecule Structure Molecule Dynamics
Model Coarse-Grained Model

H2O W
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2.3.3. Calculation of Solubility Parameters 
The Flory–Huggins parameter 𝜒  for conventional polymer structures can be ob-

tained through the solubility handbook [52]. However, the solubility parameters of the 
system can be obtained by using molecular dynamics to a high level of numerical accuracy 
and computational efficiency [53]. All of the simulation processes were completed by Ma-
terials Studio, and the selected force field was COMPASS III [54]. An annealing simulation 
was used to optimize the design, with a temperature range between 300 K and 600 K, and 
the structure was analyzed every 50 K to eliminate any unreasonable forms. The specific 
procedures were as follows: (1) 100 ps NVT-MD simulation at 298.15 K; (2) 100 ps NPT-
MD simulation at 1 bar and 298.15 K; (3) 100 ps NVT-MD simulation; (4) using cohesive 
energy density (CED) [55], task calculation was carried out to obtain the coarse-graining 
structure of the solubility parameters [56]. 

2.3.4. System Details 
The conservative force parameters of the coarse-grained beads for each system were 

put into a DPD field file, building a force field of the S/P system. This is shown in Table 2. 

Table 2. The DPD simulation field parameters. 

Field Parameters (Reduce Type) O W H Q S 
O 25.45     
W 161.6 25.82    
H 102.4 78.24 27.62   
Q 26.15 151.72 32.54 25  
S 148.73 25.93 26.56 177.3 25 

The dimensions of the simulation box were (35 × 35 × 60) 𝑟 . The simulation was 
carried out at ambient temperature, T = 1.0(298.15 K); The density of the system was ρ = 3. 
The number of beads in a simulated system was 4.8 × 105. In the system, the water content 
or concentration is the change of the proportion in the system, so this will only change the 
number of different beads in the system, but not the total number of beads in the system. 
Periodic boundaries were used to eliminate the impact of the box boundary on the results 
[57]. 

2.3.5. Interfacial Tension Measurement 
In our present work, we utilized interfacial tension data to evaluate the emulsification 

of the S/P system. Interfacial tension was used to evaluate the oil and water emulsification 
performance [58]. The oil–water interfacial tension in each model was calculated by the 
Mesocite calculation script [49]. The principle of the calculation can be obtained from 
Equation (7). 𝛾 = 〈𝑃 〉 − 0.5(〈𝑃 〉 − 〈𝑃 〉) 𝑑 ̅   (7)

Processes 2023, 11, x FOR PEER REVIEW 6 of 14 
 

 

(Pro-oil 
base 

group) 

 
 

Surfactant 

(Hydro-
philic 
group) 

S 

 

2.3.3. Calculation of Solubility Parameters 
The Flory–Huggins parameter 𝜒  for conventional polymer structures can be ob-

tained through the solubility handbook [52]. However, the solubility parameters of the 
system can be obtained by using molecular dynamics to a high level of numerical accuracy 
and computational efficiency [53]. All of the simulation processes were completed by Ma-
terials Studio, and the selected force field was COMPASS III [54]. An annealing simulation 
was used to optimize the design, with a temperature range between 300 K and 600 K, and 
the structure was analyzed every 50 K to eliminate any unreasonable forms. The specific 
procedures were as follows: (1) 100 ps NVT-MD simulation at 298.15 K; (2) 100 ps NPT-
MD simulation at 1 bar and 298.15 K; (3) 100 ps NVT-MD simulation; (4) using cohesive 
energy density (CED) [55], task calculation was carried out to obtain the coarse-graining 
structure of the solubility parameters [56]. 

2.3.4. System Details 
The conservative force parameters of the coarse-grained beads for each system were 

put into a DPD field file, building a force field of the S/P system. This is shown in Table 2. 

Table 2. The DPD simulation field parameters. 

Field Parameters (Reduce Type) O W H Q S 
O 25.45     
W 161.6 25.82    
H 102.4 78.24 27.62   
Q 26.15 151.72 32.54 25  
S 148.73 25.93 26.56 177.3 25 

The dimensions of the simulation box were (35 × 35 × 60) 𝑟 . The simulation was 
carried out at ambient temperature, T = 1.0(298.15 K); The density of the system was ρ = 3. 
The number of beads in a simulated system was 4.8 × 105. In the system, the water content 
or concentration is the change of the proportion in the system, so this will only change the 
number of different beads in the system, but not the total number of beads in the system. 
Periodic boundaries were used to eliminate the impact of the box boundary on the results 
[57]. 

2.3.5. Interfacial Tension Measurement 
In our present work, we utilized interfacial tension data to evaluate the emulsification 

of the S/P system. Interfacial tension was used to evaluate the oil and water emulsification 
performance [58]. The oil–water interfacial tension in each model was calculated by the 
Mesocite calculation script [49]. The principle of the calculation can be obtained from 
Equation (7). 𝛾 = 〈𝑃 〉 − 0.5(〈𝑃 〉 − 〈𝑃 〉) 𝑑 ̅   (7)

Surfactant
(Hydrophilic group) S

Processes 2023, 11, x FOR PEER REVIEW 6 of 14 
 

 

(Pro-oil 
base 

group) 

 
 

Surfactant 

(Hydro-
philic 
group) 

S 

 

2.3.3. Calculation of Solubility Parameters 
The Flory–Huggins parameter 𝜒  for conventional polymer structures can be ob-

tained through the solubility handbook [52]. However, the solubility parameters of the 
system can be obtained by using molecular dynamics to a high level of numerical accuracy 
and computational efficiency [53]. All of the simulation processes were completed by Ma-
terials Studio, and the selected force field was COMPASS III [54]. An annealing simulation 
was used to optimize the design, with a temperature range between 300 K and 600 K, and 
the structure was analyzed every 50 K to eliminate any unreasonable forms. The specific 
procedures were as follows: (1) 100 ps NVT-MD simulation at 298.15 K; (2) 100 ps NPT-
MD simulation at 1 bar and 298.15 K; (3) 100 ps NVT-MD simulation; (4) using cohesive 
energy density (CED) [55], task calculation was carried out to obtain the coarse-graining 
structure of the solubility parameters [56]. 

2.3.4. System Details 
The conservative force parameters of the coarse-grained beads for each system were 

put into a DPD field file, building a force field of the S/P system. This is shown in Table 2. 

Table 2. The DPD simulation field parameters. 

Field Parameters (Reduce Type) O W H Q S 
O 25.45     
W 161.6 25.82    
H 102.4 78.24 27.62   
Q 26.15 151.72 32.54 25  
S 148.73 25.93 26.56 177.3 25 

The dimensions of the simulation box were (35 × 35 × 60) 𝑟 . The simulation was 
carried out at ambient temperature, T = 1.0(298.15 K); The density of the system was ρ = 3. 
The number of beads in a simulated system was 4.8 × 105. In the system, the water content 
or concentration is the change of the proportion in the system, so this will only change the 
number of different beads in the system, but not the total number of beads in the system. 
Periodic boundaries were used to eliminate the impact of the box boundary on the results 
[57]. 

2.3.5. Interfacial Tension Measurement 
In our present work, we utilized interfacial tension data to evaluate the emulsification 

of the S/P system. Interfacial tension was used to evaluate the oil and water emulsification 
performance [58]. The oil–water interfacial tension in each model was calculated by the 
Mesocite calculation script [49]. The principle of the calculation can be obtained from 
Equation (7). 𝛾 = 〈𝑃 〉 − 0.5(〈𝑃 〉 − 〈𝑃 〉) 𝑑 ̅   (7)

2.3.3. Calculation of Solubility Parameters

The Flory–Huggins parameter χ for conventional polymer structures can be obtained
through the solubility handbook [52]. However, the solubility parameters of the system
can be obtained by using molecular dynamics to a high level of numerical accuracy and
computational efficiency [53]. All of the simulation processes were completed by Materials
Studio, and the selected force field was COMPASS III [54]. An annealing simulation was
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used to optimize the design, with a temperature range between 300 K and 600 K, and
the structure was analyzed every 50 K to eliminate any unreasonable forms. The specific
procedures were as follows: (1) 100 ps NVT-MD simulation at 298.15 K; (2) 100 ps NPT-MD
simulation at 1 bar and 298.15 K; (3) 100 ps NVT-MD simulation; (4) using cohesive energy
density (CED) [55], task calculation was carried out to obtain the coarse-graining structure
of the solubility parameters [56].

2.3.4. System Details

The conservative force parameters of the coarse-grained beads for each system were
put into a DPD field file, building a force field of the S/P system. This is shown in Table 2.

Table 2. The DPD simulation field parameters.

Field Parameters (Reduce Type) O W H Q S

O 25.45

W 161.6 25.82

H 102.4 78.24 27.62

Q 26.15 151.72 32.54 25

S 148.73 25.93 26.56 177.3 25

The dimensions of the simulation box were (35 × 35 × 60) r3
c . The simulation was

carried out at ambient temperature, T = 1.0(298.15 K); The density of the system was ρ = 3.
The number of beads in a simulated system was 4.8 × 105. In the system, the water content
or concentration is the change of the proportion in the system, so this will only change
the number of different beads in the system, but not the total number of beads in the
system. Periodic boundaries were used to eliminate the impact of the box boundary on the
results [57].

2.3.5. Interfacial Tension Measurement

In our present work, we utilized interfacial tension data to evaluate the emulsification
of the S/P system. Interfacial tension was used to evaluate the oil and water emulsification
performance [58]. The oil–water interfacial tension in each model was calculated by the
Mesocite calculation script [49]. The principle of the calculation can be obtained from
Equation (7).

γDPD =
∫ [
〈PXX〉 − 0.5

(
〈PYY〉 − 〈PZZ〉

)]
dx (7)

where γDPD is the interfacial tension in the DPD model; PXX is the pressure perpendicular
to the interface direction; PZZ and PYY are parallel to the interface direction; x is the length
of the box along the perpendicular of the interface.

3. Results and Discussion
3.1. Analysis of Emulsification Behavior

When water is dispersed as phases, the system generates an oil-in-water emulsion.
Figure 3 shows the different morphologies of the oil–water emulsions formed by the poly-
mer and the surfactant. Water and oil are continuous and dispersed phases are surrounded
by an interfacial film of polymers and surfactants. Surfactants are attached to the polymer
to stabilize the emulsion and prevent oil–water separation. As can be seen from the particle
interface distribution plots, polymer beads were clustered at the oil–water boundary, while
lipophilic and hydrophilic beads of the surfactant were clustered in the direction of the oil
and water phases, respectively, and uniformly distributed over the interface film.
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Changes in the surfactant and polymer concentrations result in changes in the emulsion
interfacial film morphology. As shown in Figure 4, the different proportions of the polymer
and surfactant resulted in different morphology, integrity degree, and thickness of the
interfacial film. Combined with interfacial film integrity, the emulsion can be divided into
the following three types, as shown in Figure 4:
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Figure 4. Particle distribution diagram of the emulsion interface and interfacial films with different
integrity. In order, three system with a 30% water content, the emulsification in picture (a) was
generated by the binary system under the conditions of polymer 0.05%, surfactant 0.05%; in (b), emul-
sification was generated by a binary system at polymer 0.05%, surfactant 0.07%; in (c), emulsification
was generated by a binary system under polymer 0.05%, surfactant 0.1%. In the picture, red is the O
bead, dark blue is the W bead, light blue is the H bead, yellow is the Q bead and green is the S bead.

Figure 4 illustrates the different types of interfacial film emulsions formed by different
degrees of interfacial film integrity. The binary system at 0.05% polymer and 0.05% surfac-
tant produced an interfacial film that was completely intact, encapsulating the oil droplets
in water. This type of interfacial film had the highest stability. As shown in the particle
distribution diagram, the polymer and surfactant were uniformly distributed on both
sides of the oil–water interface, forming a uniform emulsion interfacial film. In Figure 4b,
with an increase in polymer concentration, the interfacial film was partially broken and
exposed some of the oil–water contact areas. This type of interfacial film had lower stability
and caused deformation of the oil droplets. The particle density diagram shows that the
polymer and surfactant had an uneven distribution on one side of the oil–water interface
due to the fracture. In Figure 4c, the interfacial film was mostly damaged and formed an
unstable interfacial film emulsion. This type of interfacial film occurs when the polymer
concentration is high (c ≥ 0.05%) and the surfactant concentration is low (c ≤ 0.03%). The
excess polymer cannot form a uniform layer around the water and migrates to the oil
region, increasing the oil–water relative motion and reducing the emulsion stability. The
particle density diagram shows that there was a cluster of polymer and surfactant particles
on one side of the oil–water interface, but none on the other side.
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Figure 5 shows the change in the emulsion morphology, where the water content of
the system was the same, and the proportion of the polymer and surfactant concentration
resulted in the change in the emulsion morphology: the system generates a stable oil
in water emulsion at low polymer and surfactant concentrations. The increase in the
polymer concentration led to the increase in the thickness of the interfacial film, which
diffused outward in some areas, extended into the water phase, and made contact with
other emulsified areas. The interaction of the polymer and surfactant concentration led
to the interfacial film fusion. With the increase in surfactant concentration, the oil phase
further dispersed under the influence of high-concentration surfactants, resulting in a
greater number of smaller emulsification cores. The reduced interfacial film size led to the
diffusion of a larger number of polymer long chains. Under the influence of surfactants,
interfacial films formed, which subsequently underwent mutual fusion. Upon further
increasing the concentrations of both the polymer and the surfactant, the interfacial film
fusion phenomenon intensified. Furthermore, multiple water-in-oil emulsions with their
interfacial films could merge, leading to the formation of water-in-oil emulsions with
multiple cores.
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Figure 5. Microemulsions formed in the S/P system under a 70% water content condition: (a) polymer
concentration at 0.03% and surfactant concentration at 0.03%; (b) polymer concentration at 0.03% and
surfactant concentration at 0.05%; (c) polymer concentration at 0.05% and surfactant concentration at
0.05%; (d) polymer concentration at 0.07% and surfactant concentration at 0.7%. In the picture, red is
the O bead, dark blue is the W bead, light blue is the H bead, yellow is the Q bead and green is the
S bead.

3.2. Interfacial Tension of Surfactant/Polymer Flooding

The influence of the surfactant concentration on the interfacial tension in the emulsion
system is contingent upon both the polymer concentration present within the system. As
depicted in Figure 6, at low surfactant concentrations ranging from 0.01% to 0.03%, the
interfacial tension exhibited a decrease, which is in line with the expectations. Conversely,
when the surfactant concentration surpassed 0.03%, the interfacial tension experienced an
increase. This particular phenomenon was more pronounced under conditions of high
polymer concentration. When the surfactant concentration exceeded the critical micelle
concentration (CMC), the surfactant molecules started to aggregate on the polymer chain,
leading to a reduction in the polymer’s interfacial activity. This aggregation resulted in the
formation of thicker interfacial films, which weakened the surfactant’s ability to reduce the
interfacial tension.

As shown in Figure 7, the morphology of the emulsions has a direct relationship
with changes in the interfacial tension in a binary system. Stable emulsions have a lower
interfacial tension, while unstable emulsions with higher polymer concentrations and the
same surfactant concentration can only reduce the interfacial tension between oil and water
to a level of 10−1 mN/m. As the concentrations of the surfactant and polymer increase, the
interfaces’ film of emulsions begin to fuse, leading to a further increase in the interfacial
tension between oil and water. However, high concentrations of polymer and surfactant
damage the ability of the binary system to reduce interfacial tension, which is higher than
that of unstable emulsions but lower than that of stable emulsions.
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Figure 7. Changes in the interfacial tension in different emulsions. In order, the emulsification
in picture (A) was under the conditions of polymer 0.03%, surfactant 0.03%; in (B), emulsification
was generated under polymer 0.05%, surfactant 0.03%; in (C), emulsification was generated under
polymer 0.05%, surfactant 0.07%; in (D), under polymer 0.07%, surfactant 0.07%. In the picture, red is
the O bead, dark blue is the W bead, light blue is the H bead, yellow is the Q bead and green is the
S bead.

3.3. Emulsification and Oil Recovery in Microscale Experiments

Therefore, we conducted microscopic displacement experiments on the group with
the stable emulsified and interfacial tension in the simulation, the group with higher
concentration (generate interface film fusion), and a group of water flooding as a control
group. The experimental results are shown in Figure 8 below.

Processes 2023, 11, x FOR PEER REVIEW 10 of 14 
 

 

concentration (generate interface film fusion), and a group of water flooding as a control 
group. The experimental results are shown in Figure 8 below. 

 
Figure 8. Images from the microscopy experiment. (a) Water flooding until no oil recovery. (b) Stable 
emulsified S/P system with 0.03% polymer and 0.03% surfactant concentrations. (c) Interfacial film-
fusion S/P system with 0.07% polymer and 0.07% surfactant concentrations. The area circled in red 
is the main flow path. 

As illustrated in Figure 8, during the water flooding process, the water drive replace-
ment was utilized until no further crude oil was recovered from the model. It is evident 
that water penetrated the microscopic pore space, primarily flowing in the high permea-
bility layer and establishing the main flow channel in this layer. Due to water’s low vis-
cosity, it can only marginally infiltrate the medium permeability at the injection end be-
cause of the elevated injection pressure. However, it is fundamentally incapable of dis-
placing crude oil in the medium and low permeability layers, resulting in an insignificant 
increase in the water flooding recovery factor. 

Upon completing the water flooding process, further displacement experiments were 
conducted on microscopic pores using stable emulsion and high-concentration systems, 
respectively, until no oil was recovered. In contrast to water flooding, both surfactant/pol-
ymer systems established main flow channels in high permeability layers. The increased 
viscosity of the surfactant/polymer system expanded these dominant flow channels, en-
hancing the swept volume. 

The low interfacial tension induced by stable emulsions efficiently displaces the 
irreducible oil trapped within the pores. As illustrated in Figure 9, in both the low and 
medium permeability pores, the stable emulsion surfactant/polymer (S/P) system left 
significantly less residual oil after displacement compared to the high-concentration S/P 
system. This finding highlights the importance of optimizing the surfactant/polymer 
system for different permeability regions to maximize the oil recovery factor and mini-
mize the residual oil. 

 
Figure 9. Microscopic pore-scale images. (a) High-permeability image during the microscopy ex-
periment with a stable emulsified S/P system (0.03% polymer and 0.03% surfactant). (b) High-per-
meability image during the microscopy experiment with S/P system (0.07% polymer and 0.07% sur-
factant). (c) Low-permeability image during microscopic experiment with a stable emulsified S/P 
system (0.03% polymer and 0.03% surfactant). (d) Low-permeability image during the microscopy 
experiment with the interfacial film fusion S/P system (0.07% polymer and 0.07% surfactant). 

Figure 10 displays the recovery factor of the water flooding, stable emulsion system, 
and high-concentration system in models with varying permeabilities. 

Figure 8. Images from the microscopy experiment. (a) Water flooding until no oil recovery. (b) Stable
emulsified S/P system with 0.03% polymer and 0.03% surfactant concentrations. (c) Interfacial
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red is the main flow path.

As illustrated in Figure 8, during the water flooding process, the water drive replace-
ment was utilized until no further crude oil was recovered from the model. It is evident that
water penetrated the microscopic pore space, primarily flowing in the high permeability
layer and establishing the main flow channel in this layer. Due to water’s low viscosity, it
can only marginally infiltrate the medium permeability at the injection end because of the
elevated injection pressure. However, it is fundamentally incapable of displacing crude
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oil in the medium and low permeability layers, resulting in an insignificant increase in the
water flooding recovery factor.

Upon completing the water flooding process, further displacement experiments
were conducted on microscopic pores using stable emulsion and high-concentration sys-
tems, respectively, until no oil was recovered. In contrast to water flooding, both surfac-
tant/polymer systems established main flow channels in high permeability layers. The
increased viscosity of the surfactant/polymer system expanded these dominant flow chan-
nels, enhancing the swept volume.

The low interfacial tension induced by stable emulsions efficiently displaces the
irreducible oil trapped within the pores. As illustrated in Figure 9, in both the low and
medium permeability pores, the stable emulsion surfactant/polymer (S/P) system left
significantly less residual oil after displacement compared to the high-concentration S/P
system. This finding highlights the importance of optimizing the surfactant/polymer
system for different permeability regions to maximize the oil recovery factor and minimize
the residual oil.
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Figure 9. Microscopic pore-scale images. (a) High-permeability image during the microscopy
experiment with a stable emulsified S/P system (0.03% polymer and 0.03% surfactant). (b) High-
permeability image during the microscopy experiment with S/P system (0.07% polymer and 0.07%
surfactant). (c) Low-permeability image during microscopic experiment with a stable emulsified S/P
system (0.03% polymer and 0.03% surfactant). (d) Low-permeability image during the microscopy
experiment with the interfacial film fusion S/P system (0.07% polymer and 0.07% surfactant).

Figure 10 displays the recovery factor of the water flooding, stable emulsion system,
and high-concentration system in models with varying permeabilities.

Processes 2023, 11, x FOR PEER REVIEW 11 of 14 
 

 

 
Figure 10. The oil recovery factor with different permeabilities. 

Figure 10 reveals that high concentrations of polymers and surfactants achieved the 
highest recovery factor in high permeability regions. The image demonstrates that the 
high-concentration surfactant/polymer system provided a substantially larger swept vol-
ume compared to the water flooding and stable emulsion systems. Nevertheless, a con-
siderable amount of residual oil remained within the pores, suggesting that the interfacial 
tension reduction capability of the high concentration system was weakened, resulting in 
a lower displacement efficiency than the stable emulsion S/P system. Therefore, the ad-
vantages of increasing the polymer and surfactant concentrations in high permeability are 
limited. 

In contrast, in low and medium permeability regions, the stable emulsion S/P system 
exhibited a higher recovery factor than the high-concentration S/P system. The low inter-
facial tension of the stable emulsion S/P system led to a more effective displacement effi-
ciency, enabling the establishment of stable dominant flow channels, even in medium per-
meability regions. 

4. Conclusions 
For the binary system composed of HPAM and SDBS, at chemical concentrations be-

low 0.7%, it is unwise to reduce the interfacial tension and increase the recovery factor by 
increasing the concentration of the S/P system. The increase in polymer and surfactant 
concentration will result in the change in the emulsion morphology. The increase in the 
concentration of the interface film fusion will lead to the decrease in interfacial activity, 
an increase in interfacial tension, and a decrease in the recovery efficiency of the low and 
medium permeability. Therefore, excessive increases to the polymer concentration does 
not enhance oil recovery. The change in the ratio of the polymer to surfactant will lead to 
the change in the interfacial membrane integrity. The decrease in the integrity of the in-
terfacial film will lead to the increase in the interfacial tension, thereby reducing the re-
covery efficiency of the binary system. The above analysis provides a theoretical basis for 
the design of a polymer and surfactant system. 

Author Contributions: Conceptualization, B.Z.; Investigation, B.Z.; Review and editing, B.G. and 
W.L.; Supervision, B.P. and S.C.; Funding acquisition, W.L. and B.P. All authors have read and 
agreed to the published version of the manuscript. 

Funding: This work was supported by the National Natural Science Foundation of China 
(22008263), and the PetroChina Scientific Research and Technology Development Project 
(2021DJ1602). 

Data Availability Statement: The data presented in this study are available on request from the 
corresponding author. 

Figure 10. The oil recovery factor with different permeabilities.

Figure 10 reveals that high concentrations of polymers and surfactants achieved the
highest recovery factor in high permeability regions. The image demonstrates that the high-
concentration surfactant/polymer system provided a substantially larger swept volume
compared to the water flooding and stable emulsion systems. Nevertheless, a considerable
amount of residual oil remained within the pores, suggesting that the interfacial tension
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reduction capability of the high concentration system was weakened, resulting in a lower
displacement efficiency than the stable emulsion S/P system. Therefore, the advantages of
increasing the polymer and surfactant concentrations in high permeability are limited.

In contrast, in low and medium permeability regions, the stable emulsion S/P system
exhibited a higher recovery factor than the high-concentration S/P system. The low
interfacial tension of the stable emulsion S/P system led to a more effective displacement
efficiency, enabling the establishment of stable dominant flow channels, even in medium
permeability regions.

4. Conclusions

For the binary system composed of HPAM and SDBS, at chemical concentrations
below 0.7%, it is unwise to reduce the interfacial tension and increase the recovery factor
by increasing the concentration of the S/P system. The increase in polymer and surfactant
concentration will result in the change in the emulsion morphology. The increase in the
concentration of the interface film fusion will lead to the decrease in interfacial activity,
an increase in interfacial tension, and a decrease in the recovery efficiency of the low and
medium permeability. Therefore, excessive increases to the polymer concentration does
not enhance oil recovery. The change in the ratio of the polymer to surfactant will lead
to the change in the interfacial membrane integrity. The decrease in the integrity of the
interfacial film will lead to the increase in the interfacial tension, thereby reducing the
recovery efficiency of the binary system. The above analysis provides a theoretical basis for
the design of a polymer and surfactant system.
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