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ABSTRACT: Surfactant oil drive is a crucially enhanced oil
recovery method that improves oil recovery rates. The aggregation
behavior of surfactant molecules at the oil−water interface
significantly influences oil repulsion. In this study, a molecular
dynamics simulation is used to investigate this repellent behavior
of single and binary surfactants of alkanolamides (6501) and fatty
alcohol polyoxyethylene ether sodium sulfate (AES). The oil−
water interface is characterized by density distribution, interfacial
thickness, radial distribution function, interfacial tension, and
interfacial generation energy. The results reveal that the
dodecanolamide surfactant (126501) and AES effectively reduce
interfacial tension. In the binary 126501/AES system, the
interfacial film thickness increases to 18.08 Å, and the diffusion coefficient increases to 0.186 Å2/ps. The radial distribution
function shows that oil molecules are located 4.2 Å from the anionic head of AES, which weakens the intermolecular forces within
the oil layer. In the 126501/AES system, the interfacial energy of −96.12 kJ/mol indicates a stable interface. Moreover, both the
126501/AES and tetradecanolamide surfactant (146501)/AES systems exhibit excellent resistance to metal ions. The molecular-
level mechanism provides useful guidance for designing the surfactant systems for enhanced oil recovery.

1. INTRODUCTION
Petroleum is an important nonrenewable resource. With
growing global energy demand, crude oil consumption is
projected to increase by 12.9% by 2035, reaching 109 million
barrels per day.1 However, the annual crude oil production
does not keep pace with this increasing demand.2 In fact, after
primary and secondary recovery, 67% of the crude oil remains
unrecovered in the reservoir,3,4 highlighting the importance of
tertiary recovery. In tertiary recovery, the injection of
chemicals into the reservoir to enhance the interactions
among oil, water, and rock can improve the mobility of the oil,
increasing the oil recovery rate to 80%.5,6 Chemical flooding, a
key method of tertiary recovery, relies on surfactants, which
have amphiphilic properties.7,8 These surfactants accumulate at
the oil/water interface, forming a directed arrangement of
surface layers that reduces the interfacial tension.9,10 This
reduction in tension enhances the mobility of residual oil in the
reservoir, making surfactants essential for improving oil
recovery efficiency.11 The structures of the surfactants affected
the oil recovery efficiency. Pal et al.12 investigated the oil
recovery behavior of the anionic surfactants from coconut oil
and found that they were stable in the presence of alkali and
salt. Nonionic surfactants were widely used due to their
excellent salt resistance but were limited by their poor
temperature resistance. However, anionic−nonionic surfactant

systems exhibited good salt resistance and excellent stabil-
ity,13,14 which could form the mixed adsorption layer at the oil
and water interface by the synergistic effect and benefit the low
interface tension.15

Currently, experimental methods for studying microscopic
mechanisms are limited by detection time and spatial scales,
making it challenging to directly observe molecular aggregation
and related processes. As a result, computer simulations have
emerged as an effective approach for investigating such issues,
providing dynamic and structural information at the molecular
level.16,17 Molecular dynamics (MD) simulations, in particular,
have been widely used to provide detailed visualizations of
molecular interactions, study the behavior of surfactants at the
oil−water interface, and investigate the phenomena of
aggregation and their effects on interfacial tension. These
studies contribute to the development of the microscopic
theories of oil recovery and provide a theoretical basis for the
application of surfactant molecules.18,19 Compared to tradi-
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tional experimental methods, MD simulations can capture
rapid dynamic processes under various temperature and
pressure conditions and predict the long-term behavior of
systems.20

Researchers have extensively studied the impact of hydro-
philic groups on the interfacial and adsorption properties of
surfactants.21 Wu et al.22 investigated the effect of hydrophilic
groups of surfactants on the interfacial properties of oil/water.
By comparing the experimental data with the results of the MD
simulation, they demonstrated that the MD simulation could
effectively describe the ability of surfactants to reduce the
interfacial tension at the oil/water interface at the microscopic
level. Xu et al.23 found that the capability of four surfactants
reducing interfacial tension followed the order of fatty alcohol
polyoxyethylene ether sodium sulfate (AES) > SDBS > SDS >
SDSn. Moreover, the addition of oxygen, benzene ring, and
oxyethyl in head groups enhanced the interaction between
headgroup and water molecules. Shi et al.7 examined the
microscopic behaviors of the anionic, nonionic, zwitterion, and
gemini surfactants at the oil/water interface through MD
simulations. The results showed that these surfactants formed
stable adsorption membranes at the interface, with the gemini
surfactant exhibiting the most powerful ability to reduce the
interfacial tension than others. Jang et al.24 explored the effect
of molecular architecture of a surfactant, particularly the
attachment position of benzenesulfonate on the hexadecane
backbone at the decane−water interface. When benzenesulfo-
nate in surfactant was in position of the fourth carbon (4-C16),
it could form the most stable interface with the lowest interface
formation energy, which was attributed to the fact that the
effective length of the 4-C16 alkyl tail (9.53 ± 1.36 Å) was
closest to that of decane (9.97 ± 1.03 Å).
The combined use of surfactants offers enhanced reduction

of oil−water interfacial tension due to their superior stability
and physicochemical properties.25 Xian et al.26 reported that
increasing the content of sodium lauryl polyether carboxylate
(anionic surfactant) between it and alkyl glycoside (APG-10)
improved the interfacial activity and the interfacial stability of
the composite system. Zhou et al.27 found that the sulfate
group in AES molecules attracted dodecyltrimethylammonium
chloride molecules in the mixed surfactants, which reduced the
repulsion between molecules and facilitated the formation of
stable interfacial films at the interface. The zwitterionic/anionic
surfactants also showed efficient improvement in interfacial
stability. However, the appropriate hydrophilic−lipophilic
balance and suitable structure of zwitterionic compounds are
essential for anionic surfactants to achieve optimal lipophilic
and hydrophilic groups when cooperating with betaine.28

At present, the description of the interaction between the
surfactant and oil molecules is still at the empirical level. It is
difficult to determine the strength of the interaction between
the hydrophilic groups of surfactants and oil molecules, which
may be caused by dispersion effects.29 This would greatly limit
the understanding of structure−function correlations and
hinder the design of surfactant molecules in the oil drive
process. In this paper, we used an anionic nonionic surfactant
AES with low manufacturing cost and high surface activity and
nonionic surfactants with alkanolamides (6501) of different
alkyl chain lengths. The MD simulation was used to study the
effects of both pure and mixed surfactants on the interfacial
behavior at the oil−water interface and elucidate the interfacial
aggregation structures and the microscopic mechanisms of oil
repulsion. A detailed analysis was conducted on how the

number of alkyl chains in the mixed surfactant system
influences the interfacial performance. Additionally, the salt
resistance of the mixed surfactants was examined.

2. SIMULATION AND EXPERIMENT
2.1. Simulation Setup. MD simulations were performed

using Materials Studio (MS) (2020).30 The structures of
anionic and nonionic surfactants (AES and 6501 with different
straight alkyl chains (10−18 carbons)) were constructed and
optimized geometrically using the Forcite module31 under the
Compass II force field.32,33 The geometry-optimized molecular
models are shown in Table 1.

MD simulations were performed using the Amorphous Cell
package, which is a part of MS (2020). The n-dodecane
molecules were used as the crude oil model, and inorganic salts
of CaCl2, MgCl2, and NaCl molecules were used as the brine
model. The simulation system included oil, water, and
surfactants. The oil box had a size of 30 × 30 × 30 nm3 and
contained 100 oil molecules, while the water box was 30 × 30
× 40 nm3 and comprised 1000 water molecules. In the salt
resistance process, inorganic salts of CaCl2 (1 molecule),
MgCl2 (1 molecule), and NaCl (10 molecules) were added
into water. All surfactant layers were located in the water layer.
The MD model was constructed by stacking the surfactant
aqueous solution/oil/surfactant aqueous solution from top to
bottom using the Build Layer tool in MS.
2.2. Simulation Methods. MD simulations were carried

out in the Forcite module in MS software. Due to high energy
of the optimized box, the system was cooled down five times
using Anneal10,26 (Anneal is a package within Materials Studio,
specifically designed for optimizing material structures and
understanding their thermal properties.) to obtain a low-
energy oil/water/surfactant system at room temperature.

Table 1. Optimized Structure of Surfactant Molecules
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Then, isothermal−isobaric NPT ensemble calculations with
500 ps were conducted to relax the system. The Coulomb and
van der Waals forces were calculated using Ewald’s method
with an intercept radius of 12.5 Å.34,35 The simulation
temperature was maintained at 335 K and controlled by an
Andersen thermostat and a Berendsen voltage regulator. The
decay constant was selected as 0.1 ps, and the initial velocity of
the molecules was randomly generated for 50,000 ps. The
detailed parameters are given in Table S1. Subsequently, MD
simulation systems were optimized with an NVT isothermal
ensemble to determine the energy, radial distribution, density
distribution, interfacial tension, and other parameters. The
interfacial and phase behaviors of the surfactants in the
presence of ions were then analyzed. Figure 1 shows the
equilibrium configurations of the oil−water reference system.
The number of molecules in the system is shown in Table S2.

2.3. Experimental Section. The experiment consists of
two main components: determination of the interfacial tension
at the oil−water interface and the water separation rate of
emulsions. The interfacial tension experiments were conducted
at a temperature of 60 °C with a total mineralization of 20,000
mg/L. The interfacial tension values between various
surfactant solutions and crude oil were measured using a
TX500C spinning drop tensiometer.

3. RESULTS AND DISCUSSION
3.1. Interfacial Characteristics of Single Surfactants.

To better understand the distribution of surfactants at the oil−
water interface, Figure 2 shows the density profiles of the
surfactants along the Z-axis. The 50 and 90 Å regions
corresponded to the interface of the oil−water layer. Figure 2a
illustrates that the interfacial layer was very thin in the system
without surfactants. Upon introducing surfactants, transition
regions formed, where water and oil molecules exhibited a
certain degree of mutual solubility due to the presence of
surfactants, leading to the formation of interfacial films
between water and oil layers. The relative density distributions
of interfacial films at the oil−water interface varied significantly
among five 6501 systems with different carbon chain lengths.
In Figure 2b, surfactant 106501 predominantly resided in the
aqueous phase, with minimal distribution at the interface.
Conversely, Figure 2c shows that the relative density
distribution at the interface was maximized in the 126501
system, indicating that 126501 was primarily concentrated in
the interfacial film. Figure 2b−f reveals that surfactants with
either too few or too many carbon atoms adversely affected the
retention of surfactants at the interfacial film, consequently

Figure 1. Surfactant/oil/water systems.

Figure 2. Density distribution of a single surfactant at the oil/water interface: (a) no surfactant, (b) 106501, (c) 126501, (d) 146501, (e) 166501,
(f) 186501, and (g) AES.
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impairing the development of a strong relative density
distribution. Figure 3 shows the experimental results of

interfacial tension and also indicates that surfactant 126501
was more effective in reducing the oil−water interfacial
tension. The reason may be that the carbon chain of the
126501 surfactant is close to that of crude oil. Therefore, the
simulation results aligned with the experimental surface
tension data are shown in Figure 3. Figure 2g presents the
distribution of AES in the oil−water phases, showing an
increase in the interfacial thickness and higher relative density
at the interface. Consequently, both 126501 and AES are
identified as the optimal surfactants for oil−water emulsifica-
tion.
Figure 4 presents the density distribution in the Z-direction

of the binary 6501/AES system, which was similar to that of
the single surfactant systems. Compared to the single-
component surfactant system, the density of surfactants in
the binary systems showed a slight increase, indicating a larger
interfacial thickness.36,37 The interfacial thickness (ttotal) can be
calculated according to the “90−90%” principle, as shown in
Figure 5a.25 ttotal is defined as the distance between the points
where the water/oil thickness curve reaches 90% of the
system’s average thickness.38 twater and toil represent the
thickness of the water layer and oil layer at the interface,
respectively, which is calculated according to the “10−90%”
principle. toil and twater are defined as the distance between the

points at which the density curve of water or oil reaches 90 and
10% of the system’s water or oil density. Figure 5 summarizes
the calculated interfacial thickness values for various systems
based on density distribution analyses. Generally, greater
interfacial thickness indicated a stronger capacity of surfactants
to reduce surface tension.37 In the single 6501 surfactant
system, the interfacial film thickness initially increased,
followed by a subsequent decrease, with the increment of
carbon atoms. For the 126501 system, the interfacial film
thickness reached a maximum value of 15.60 Å, while AES
demonstrated significant surface tension reduction with an
interfacial film thickness of 15.93 Å. In the binary 6501/AES
systems, the interfacial thickness improved further, suggesting
enhanced interactions between the anionic head groups of AES
and water molecules. In the 126501/AES system, the
interfacial film thickness increased to 18.08 Å, while both the
146501/AES and 166501/AES systems showed interfacial film
thicknesses exceeding 16.00 Å. The dual-component surfactant
systems facilitate the formation of a more stable oil repulsion
system.
3.2. Diffusion Behavior of Surfactants. The diffusion

behavior of surfactants at the oil−water interface can be
effectively demonstrated using the mean square displacement
(MSD) and the self-diffusion coefficient (D), which are
calculated according to eqs 1 and 2, respectively.

= [ ]
=N

r t rMSD
1

( ) (0)
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i i
a 1

2
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= [ ]
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N t

r t r1
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N

i i
a 1

2
a
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where Na is the number of surfactant molecules, and ri(t) is the
position vector of surfactant molecules i at time t.
The movement of surfactant in water within the distance of

6 Å from the polar atoms (S or N) in the surfactant head was
analyzed, as 6 Å represents the first hydration layer to the
headgroup. Figure 6 illustrates the MSD curves for the
surfactants, which show a strong linear relationship over a
simulation time of 100 ps, indicating that the system has

Figure 3. Effect of 6501 mass fractions on the interfacial tension of
oil/water.

Figure 4. Density distribution of binary surfactants at the oil/water interface: (a) 106501/AES, (b) 126501/AES, (c) 146501/AES, (d) 166501/
AES, and (e) 186501: AES.
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reached equilibrium.39 The slopes of these curves reflect the
diffusion capacities of the surfactants. In Figure 6a, 126501
demonstrated the highest diffusion capability. Figure 6b
compares the MSD values of individual surfactant systems
with their mixtures, revealing that 126501 displayed superior
diffusion performance than AES. For the binary surfactant
system of 126501/AES, the slope of the MSD increased,
indicating improved diffusion properties. The calculated
diffusion coefficients for various surfactants are summarized
in Table 2. The diffusion coefficient of 126501 was 0.166 Å2/

ps, which is significantly higher than that of the other 6501
surfactants. For the binary 126501/AES system, the diffusion
coefficient increased to 0.186 Å2/ps, surpassing the individual
diffusion coefficients of both the 126501 and AES systems.
3.3. Radial Distribution Function of Surfactants in the

Oil Layer. The radial distribution function (RDF) character-
izes the spatial distribution of oil molecules around a given
surfactant molecule. By analyzing g(r), the density of oil
molecules around the surfactant molecule was assessed, where
an increase in g(r) indicates a stronger interaction between the
surfactant and oil molecules. The RDF curves obtained from
the simulations are presented in Figure 7. Figure 7a illustrates
the RDF values for six individual surfactant systems. All six
surfactants exhibited a notable peak around 4.2 Å, which
reflected long-range interactions allowing oil molecules to
penetrate the surfactant molecules. This finding is consistent

with previous study.40 Comparing the g(r) values across these
systems revealed the following order of oil molecule presence
probability: 106501 < 146501 < 186501 < 166501 < 126501 <
AES. Notably, 126501 and AES exhibited the strongest
interactions with the oil molecules.
Figure 7b presents the RDF for the binary systems of

126501/AES. When the concentrations of both surfactants
were similar, their ability to attract oil molecules was weak.
However, when the mixing ratio of 126501 to AES was
adjusted to either 4:1 or 0.5:1, the g(r) values increased
significantly, indicating the strongest interaction between
surfactant molecules and oil molecules. In the high-
concentration 126501 nonionic system (4:1 of 126501 to
AES), strong hydrogen bonding was present. The addition of
AES, with its negatively charged groups, reduced the hydrogen-
bonding interactions, thereby facilitating oil molecules’ entry
into the surfactant layer. Similarly, in the high-concentration
AES system (0.5:1 of 126501 to AES), electrostatic repulsion
between the AES head groups hindered the entry of oil
molecules, and the inclusion of 126501 effectively reduced this
electrostatic repulsion, allowing for better penetration of the oil
phase.
3.4. Interfacial Characteristics of Binary Surfactants.

Figure 8 shows the interfacial distribution patterns of
surfactant mixtures comprising 6501 and AES in a 4:1 ratio
after the system reached equilibrium over an extended period
(the initial states and NPT optimization results are shown in
Figures S1 and S2). The results showed that surfactant
molecules can penetrate both the aqueous and oil phases,
resulting in a blurred oil−water interface, as previously
observed in interfacial science.41 Furthermore, surfactants
that migrated into the oil phase disrupted its ordered structure,
which aligned with the literature findings on surfactant-induced
structural changes.
Figure 9 illustrates the molecular stretching states of

surfactants at the oil−water interface. The surfactants displayed
an ordered, tilted distribution at the interface, with the
hydrophilic head groups (S and O) oriented toward the water

Figure 5. Interfacial thickness of surfactants: (a) schematic diagram, (b) single surfactant, and (c) binary systems.

Figure 6. MSD curves of water molecules around surfactant head
groups: (a) single surfactant and (b) 126501/AES.

Table 2. Diffusion Coefficients of Surface Activity in
Simulated Systems

surfactant system diffusion coefficient (Å2/ps)

106501 0.144
126501 0.166
146501 0.082
166501 0.0493
186501 0.0409
AES 0.125
126501: AES 0.186

Figure 7. RDF curves of oil molecules around surfactants: (a) single
surfactant and (b) 126501/AES with different ratios.
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phase and their alkyl chains extending into the oil phase. The
ionization of ionic surfactants led to charged molecules at the
interface, generating repulsive forces that prevented coales-
cence as molecules approached each other. Consequently,
binary surfactants can effectively and stably distribute at the
interface. In Figure 9a, the 126501/AES surfactant system
demonstrated a uniform distribution in the interfacial layer,
with a substantial number of alkyl chains penetrating the oil
phase. This penetration weakened the intermolecular forces
within the oil layer, loosening its structure and enhancing its
fluidity. In contrast, Figure 9b depicts the 186501/AES system,
where surfactants partially remained in the water layer,
resulting in a reduced concentration of surfactants at the
interface. The limited number of alkyl chains was insufficient
to disrupt the intermolecular forces within the oil layer, leading
to only slight improvement in its fluidity. These observations
underscored the dependence of interfacial dynamics on the
surfactant composition and conditions.
3.5. Interfacial Tension and Interfacial Formation

Energy of Complex Surfactant Systems. Surface tension is
a key indicator for evaluating the effectiveness of enhanced oil
recovery. The oil/water interfacial tension of the optimized
binary surfactant system was calculated. As shown in Figure
10a, the dual-component system comprising 6501 with a chain
length of 12−16 and AES effectively reduced the interfacial
tension. Notably, the interfacial tension of the 126501/AES
system was reduced to 0.012 mN/m, which was consistent
with previous experimental results and met the criteria for
effective oil recovery surfactant systems.42

Interfacial energy (IFE) is a direct factor in assessing the
stability of interfaces, which can be calculated using the
following equation:

=
E nE E

n
IFE

( )total surfactant decane water
(3)

where Etotal is the total energy of the system when the
surfactant system reaches equilibrium at the oil−water
interface, Esurfactant is the energy of a single surface-active
molecule, Edecane‑water indicates the total energy of the system at
the oil−water interface when there is no surfactant system, and
n is the number of surfactant molecules adsorbed on the oil−
water interface.
The introduction of surfactants disrupted the original oil−

water interface, resulting in a negative value of IFE. A lower
IFE generally indicates a stronger thermodynamic tendency for
surfactant adsorption, which is favorable for the formation of a

Figure 8. NVT optimization results for a complex surfactant/oil/water system: (a) 106501/AES, (b) 126501/AES, (c) 146501/AES, (d) 166501/
AES, and (e) 186501/AES.

Figure 9. Surfactant adsorption at the oil/water interface: (a) 126501/AES and (b) 186501/AES.

Figure 10. (a) Interfacial tension and (b) interfacial formation energy
in the 6501/AES binary systems.
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stable interface. Figure 10b displays the IFE values for various
surfactant systems, demonstrating that systems with lower
surface tension yield reduced IFE values. Notably, the 126501/
AES system exhibited the most stable interface with an IFE of
−96.12 kJ/mol, while the 186501/AES system with an IFE of
−67.03 kJ/mol showed the least stability. These results
highlighted the importance of surfactant molecular character-
istics in modulating interfacial stability.
3.6. Salt Resistance Tests of Surfactant Compound-

ing Systems. The presence of metal ions in the reservoir can
affect the charge distribution and interactions at the oil−water
interface, ultimately influencing the oil recovery performance
of surfactants.43 Figure 11 depicts the spatial distribution of
metal ions near the anionic head groups in various binary
surfactant systems. Three cations demonstrated a slight
aggregation effect near the anionic head groups, with their
distribution initiating at 3 Å and differing significantly by 5 Å.
This behavior was attributed to the electrostatic attraction
between the negatively charged sulfonate groups of the
surfactants and the cations.28 Metal ions were predominantly
located in the aqueous phase, particularly at higher
concentrations around 10−15 Å. This indicated that the
concentration of metal ions remained stable within the
interface layer, which showed significant resistance to their
presence. A comparison of the three subfigures in Figure 11
revealed that the Na+ concentration at the interface (3 Å) was
higher than that of Ca2+ or Mg2+, likely due to the sodium salt
structure of the AES surfactant, which increased the local
concentration of Na+. Peaks for Ca2+ and Mg2+ were observed
around 12 and 15 Å, respectively, while Na+ gradually reached
equilibrium within the aqueous layer. This result reflected the
stronger attraction between sulfonate anions and the divalent
ions. Furthermore, the carbon chain length of the 6501
surfactant in the binary surfactant systems significantly
influenced the distribution of metal ions around the AES
anion. The 12-carbon and 14-carbon 6501 systems showed
minor variations in the distribution of the three metal ions,
whereas the changes in carbon chain length led to an increase
in metal ion concentration. Consequently, the 126501/AES
and 146,501/AES systems exhibited enhanced resistance to
metal ions.

4. CONCLUSIONS
The interfacial properties and molecular adsorption behaviors
of 6501 and AES surfactant systems on oil/water surfaces were
investigated by using MD simulations. For the nonionic
surfactant 6501, it was found that surfactants with either too
few or too many carbon atoms negatively affect the interfacial
film. Surfactant 126501 with 12 carbon atoms is optimal for
chemical flooding. Additionally, the binary surfactant system of
126501/AES improves both the interfacial thickness and the

diffusion coefficient. The ionization of surfactants increases the
charge around the interface, generating repulsive forces that
stabilize the distribution of the surfactants. The number of
alkyl chains in surfactants that penetrate the oil phase
contributes to loosening the oil layer. RDF data indicate a
significant presence of oil molecules at a 4.2 Å distance from
the anionic head of the AES. The low IFE of −96.12 kJ/mol in
126501/AES promotes a stable interface. Moreover, both the
126501/AES and 146501/AES systems exhibit excellent
resistance to metal ions. These findings highlight the
importance of selecting the appropriate carbon chain length
for nonionic surfactants as oil recovery, with binary surfactants
enhancing oil recovery performance.
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