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Abstract

The influence of surfactants is of great importance to the interfacial properties, which
is related by the characteristics of molecular arrays at the interface of multicomponent
and multiphase systems. Comparing with single type of surfactant, the mixtures of
surfactants usually provide superior performances in improving interfacial properties
of the oil-water interface in the application of enhanced oil recovery. In this study,
molecular dynamics simulations were employed to explore the mechanisms and
interfacial behaviors at the microscopic level of pure and binary mixture of
anionic-nonionic surfactant alcohol ether sulfates (AES) and cationic surfactant
dodecyltrimethylammonium chloride (DTAC) at oil-water interface. The results show
that the sulfate groups of AES molecules could attract DTAC molecules in the mixed
surfactants, thereby reducing the repulsion between the molecules. DTAC molecules
present excellent molecular interfacial behaviors, which could improve the
arrangement of AES molecules through the interactions between head groups. In
addition, it is found that the number of ethylene oxide (EO) group of AES molecules
has a great influence on the behaviors of interface. An increase of EO group number
could cause AES molecules to exhibit varying degrees of bending. By controlling the
proper number of EO group, the aggregation of surfactants could be avoided and
satisfactory interfacial properties will be achieved. Moreover, it is observed that the
positive charge of DTAC molecule shows a strong repulsion to salt ions, for example
Ca®" ions, thus enhancing the overall salt resistance of mixed surfactants. The
molecular-level insights gained in this work could provide useful guidance for
designing the surfactant formulations for tertiary/enhanced oil recovery in

low-permeability unconventional reservoirs.
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1. Introduction

Oil resources play a crucial role in the development of society. In order to meet the
increasing demand for oil resources along with the continuous and rapid growth of
economy, the enhancement of oil recovery is of great importance. In the early stage of
reservoir formation, a large number of crude oil polar molecules blocked the pore
throat of the reservoir, which has greatly increased the difficulty of oil recovery. After
primary and secondary oil recovery, 60—70% of the residual oil resources still remain
under the ground and need to be further exploited [1]. Therefore, the tertiary or
enhanced oil recovery (EOR) technologies, including thermal recovery, steam
injection, chemical flooding, and microbial flooding, have been proposed. Chemical
flooding, which involves the mobilization and displacement of trapped oil by injecting
chemicals (e.g., polymer, alkaline, surfactant, etc.), has shown obvious advantages
among various EOR technologies [2-4].

Surfactants are widely utilized in chemical oil recovery enhancement applications due
to their hydrophilic-lipophilic abilities, which could be used in adjusting interfacial
behaviors of oil-water interface [5-9]. In realistic EOR project, considering the
complicated conditions of the oilfield, more than one type of surfactant, mixed
surfactants, nanoparticles, and other additives might be introduced to obtain the
optimal interfacial performances [10-12]. So far extensive research work has been
conducted in this field. Saha et al. [13] used an extracted natural surfactant (Reetha), a
polymer, and silica nanoparticles to improve the viscosity and stability of the
emulsion. They claimed that the high-viscosity emulsion could block water
channeling, thereby diverting the oil displacement fluid to oil-rich zone as well as
improving the sweep efficiency. Vatanparast et al. [14] experimentally examined the
adsorption properties of nonionic surfactant at water-heptane interface with the
presence of silica nanoparticle. They argued that the non-electrostatic interactions
could exhibit different impacts on the interfacial behaviors depending on the type of
surfactant. Adkins et al. [15] reported a new type of anionic surfactant alkyl ethoxy

sulfate, which could remain stable for a long time at temperatures up to 83°C even



with the presence of divalent ions. Torres and his co-workers [16] found the natural
surfactant rhamnolipid produced by Pseudomonas and guar gum exhibits good
abilities to improve surface tension, foaming capability as well as resistance to
salinity and high temperatures.

In addition to experimental studies, molecular simulation has recently become a
powerful tool to explore the underlying mechanisms of a wide variety of complex
phenomena at the microscopic level [17-23]. In particular, molecular dynamics (MD)
simulation has been widely adopted to examine the microscopic mechanism of the
interfacial characteristics at oil-water interface [24-28]. Shi et al. [29] applied
molecular dynamics to study the interfacial behaviors of anionic, nonionic,
zwitterionic, and gemini surfactants. By calculating the interfacial thickness, radial
distribution function, and interfacial formation energy, they found that gemini
surfactant is the most advantageous in reducing interfacial tension among them.
Ivanova et al. [30] discussed the influences of temperature on the performances of
surfactant. The results showed that with the increasing temperature, the hydrogen
bondings between head groups of surfactants and water molecules decrease, and thus
the solubility of surfactant molecule in water also declines. Yan et al. [31] investigated
the oil displacement effect of sulfonate and sulfate with the presence of Na*, Ca*’, and
Mg?*. Their results have shown that sulfonate is more stable in brine than sulfate and
also has higher oil recovery efficiency. From the abovementioned research, it can be
concluded that different types of surfactant would exhibit different influences on
interfacial properties as well as salt- and temperature-resistance.

In order to adapt to the actual complex conditions of oil reservoirs, mixed surfactants
have been recently considered in field operations due to their superior stability and
physicochemical properties, e.g., mixed cationic/anionic surfactants [32, 33], mixed
ionic/nonionic surfactants [10, 34-36], zwitterionic surfactants [37-39], and gemini
surfactants [40, 41]. Jia et al. [32] examined the impacts of mixed cationic/anionic
surfactants at oil-water interface. They found that the mixed systems have great
improvements in reducing interfacial tension and stabilizing oil-in-water emulsion

compared with pure surfactant. However, it is difficult to implement mixed cationic



and anionic surfactants in particle EOR application because of the low solubility,
precipitation, and strict proportions of the combined systems. Due to the unique
structures of zwitterionic and gemini surfactants, they exhibit excellent performances
of high solubility, remarkable interfacial behaviors, good foam stability as well as
resistance to high salinity and temperature [42, 43]. But the high production costs of
zwitterionic and gemini surfactants make them difficult to be widely used in oilfield
production. Thus, the mixings of zwitterionic/gemini surfactants and low-cost ionic
surfactants have been recently focused by many researchers. Cai et al. [44] conducted
a comparative study of binary zwitterionic betaine-type and anionic surfactant mixture
chosen from two zwitterionic surfactants and three anionic surfactants. Their results
indicated that the appropriate hydrophilic-lipophilic balance and suitable structure are
essential for anionic surfactant to achieve matched lipophilic and hydrophilic group
when cooperating with of betaine. Feng and his co-workers [45] experimentally
investigated a combined cationic and anionic-nonionic gemini surfactant system
under realistic reservoir conditions. They claimed that mixed surfactants show notable
interactive properties and could be considered to be an ideal candidate for EOR.
Although a few studies have been carried out for investigating the behaviors of
gemini surfactants and their mixed system with other surfactants, most of them
focused on the macroscopic-level properties [46-49]. An in-depth understanding of
the underlying structure—function relationship of the adsorbed surfactants on the
interface is necessary.

In this study, molecular dynamic simulation was applied to explore the microscopic
insights of the mixed cationic surfactant dodecyltrimethylammonium chloride (DTAC)
and anionic-nonionic gemini surfactant AES (Ci2Hos(OCH2CH»),SO4Na) containing
n-ethylene oxide (EO) groups. The proposed model was firstly validated by
comparing with experimental data. Then the effects of pure and mixed surfactants on
the interfacial behaviors of oil-water interface were investigated. The influences of
mixing ratio and EO group number of mixed system on interfacial performances were
discussed in detail. Finally, the salt resistances of pure and mixed surfactants were

examined.



2. Models and methods
2.1 Force field

In this work, all molecular dynamics simulations were performed in the Forcite and
Amorphous modules of Materials Studio package (version 2017). Water molecules
were described by the SPC/E model. The charges and potential functions of the alkane
and surfactants were determined by the COMPASS force field [50]. The potential

energy is written as:

Etotal = Ebonds + Eangles + Edihedrals + Eout—of—plane + Ecross + EVdW + Eelec (1)

where the first five items on the right side are the valence terms including diagonal
and off-diagonal terms, namely, the internal coordinates of bond, angle, torsion angle,
out-of-plane angle, and the cross terms. The last two terms denote non-bond
interactions. Specifically, the van der Waals interaction between molecules was
described by L-J function with the cutoff radius of 0.95 nm. The Ewald method was
adopted to deal with the long-range electrostatic interaction, i.e., the Coulomb

potentials. The calculation formulas can be expressed as:

0 9 0 6
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where 7;; denotes the distance between atoms i and j. &, is the relative dielectric
constant. q; and q; represent the charges of atoms i and j, respectively. rl-(])- is
equilibrium distance for the , j atom pair and ¢;; is the L-J well depth, which can be
determined by the 6th-power rule [50].

2.2 Models and simulation details

To study the synergistic mechanism of mixed surfactants, a water layer containing
3500 water molecules was firstly established. Then a total of 60 anionic-nonionic
surfactant AES molecules and cationic surfactant DTAC molecules were placed on the

both ends of water layer to form two surfactant layers for faster relaxation. Finally,



350 n-decane molecules were placed at the each end of surfactants. The
cross-sectional area of the system was 5 x 5 nm? and the length of simulation box was
22 nm. According to different ratios of surfactants, seven mixed systems were
established, as shown in Table 1. The initial model of system S60, taking EO number
n = 3 as an example, is shown in Fig. 1. To examine the salt resistance of the system,

20 Ca*" and 40 CI ions were introduced into the water phase.

Table 1. Different ratios of mixed surfactants and the number of molecules in each

surfactant system.

System C12EOnS/DTAC C12EOnS DTAC
S60 10:0 60 0
S48D12 8:2 48 12
S36D24 6:4 36 24
S30D30 55 30 30
S24D36 4:6 24 36
S12D48 2:8 12 48
D60 0:10 0 60

Fig. 1. The initial model of the system S60.

In addition to studying different ratio of the mixed system, the influences of nonionic
fragments EO group number of AES molecules on interfacial behaviors were
discussed. The structures of AES molecules with different numbers of EO group are

shown in Fig. 2.



Fig. 2. The structure of surfactants AES Ci12EO.S with different EO group numbers

(from top to bottom, the numbers of EO group are equal to 7, 5, and 3, respectively).

After the model was established, the geometry optimization and a following
isothermal-isobaric NPT ensemble calculation with 500 ps were conducted to relax
the system. Then molecular dynamic simulations were carried out. The simulation
temperature was set as 298 K, and the pressure was 1 atm. The canonical NVT
ensemble with 1 ns was implemented to determine the energy, radial distribution,
density distribution, and other parameters. In order to calculate the interfacial tension,
another 2 ns NVT calculation was conducted to minimize the statistical error caused

by pressure fluctuations.
3. Results and discussion
3.1 Validation of force field

The adaptability and reliability of the applied COMPASS force field for n-decane and
water systems were firstly validated. Fig. 3 presents the density distributions of the
water/n-decane system at equilibrium. It is observed that the densities of n-decane and
water were close to 746 and 996 kg-m™, which are consistent with the experimental
data of 734 and 998 kg-m™ under ambient condition (298 K, 1 atm). It is noteworthy
that the densities around the oil-water interface fluctuate, which was also mentioned
in the previous work by Wick et al. [51]. It is believed that the fluctuations of the
density distributions would not disappear until they are far from the interface.
Similarly, this phenomenon was reported in water/n-hexane and water/n-alkane

systems [52, 53]. Thus, the determination of interface thickness is of importance for



investigating the characteristics of interface. The commonly applied method to
calculate the thickness is the 90-90% principle, in which the distance between 90% of
oil density and 90% of water phase density is used as the thickness of the oil-water
interface. The interface thickness of the system was calculated as 0.54 nm, which is

close to the experimental data of 0.46 £ 0.02 nm [54].
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Fig. 3. Density distribution profiles of water/n-decane system.

As is known, the interfacial tension is determined by the pressure in the normal

direction and tangential direction at the interface, which can be written as [55]:

y = (2[p -2 )
where P. denotes the pressure component perpendicular to the interface. Py and P, are
the pressure components along the tangential directions of the interface, and L. is the
length of simulation box perpendicular to the interface.

Without surfactants, the calculated interfacial tension of pure water/n-decane system
was 54.28 mN/m, which is consistent with the experimental data of 52.50 mN/m

under ambient condition [54]. Therefore, the employed force field has been justified

and can be used to describe the microscale interfacial interactions in oil-water system.

3.2 Interfacial characteristics of pure surfactant at oil-water interface



In this section, the performances of pure surfactant at oil-water interface were focused.
Firstly, the morphology of pure DTAC surfactant D60 system at the interface was
examined. Fig. 4(a) presents the angle distribution between the surfactant molecule
and normal direction of interface, and the molecular morphology of surfactant
molecules at the interface is shown in Fig. 4(b). It is found that most of DTAC
molecules were perpendicular to the interface and seldom bent. It can be attributed to
the strong charge repulsion between head groups of cationic DTAC surfactant. This
feature of DTAC surfactant makes it difficult to form a dense layer at the interface.
However, it would be favorable for the further diffusion of surfactant molecules to the

interface.
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Fig. 4. (a) The angle distribution and (b) molecular morphology of D60 system.

For anionic-nonionic AES surfactant, due to the introduction of non-ionic fragments,
the repulsion between head groups was greatly weakened. In this regard, AES
surfactants might be more favorable for the formation of adsorption layer at the
interface. However, some drawbacks with the interfacial behaviors of AES surfactants
have also been observed, which might be unfavorable for the formation of a dense
adsorption layer. As illustrated in Fig. 5(a), only a small number of molecules
maintained the morphology perpendicular to the interface, most of AES molecules
exhibited different degrees of bending, which would hinder the diffusion of surfactant
to the interface and also affect the oil displacement efficiency. It should be noted that

when pure AES or mixed surfactant systems are considered, the EO number was



chosen as 3. The influences of EO number will be discussed later. To understand the
arrangement of surfactants more clearly, the angles 01, 6> between hydrophobic,
hydrophilic groups of AES surfactant C12EO3S and normal direction of interface, i.e.,
Z-axis, were defined, as shown in Fig. 5(b). The calculations of 1 and 6, are as

follows:

|Z1—2Z,]
VX1=X2)2+(Y1—Y2)2+(Z1-Z3)2

cosO =

)
where X1, Y1, and Z; are the coordinates of C; or O1. X2, Y2, and Z> are the coordinates
of C12 or Os. The value of (Z1+2>)/2 is used to represent the centroid of the group.

Fig. 6(a) presents the distributions of inclination angles with the centroids of the
hydrophobic and hydrophilic groups of AES C12EOsS molecules. The probability
profiles of inclination angles are presented in Fig. 6(b). It is found the angles 6,
between hydrophobic groups and Z-axis were mainly in the range of 60—80°, while
the angles 6> between hydrophilic groups and Z-axis were mostly distributed within
40-70°. It suggests that when pure anionic-nonionic AES surfactant is adopted, the
hydrophobic groups tend to lie flatly at the interface, which would result in great

steric hindrance for diffusion to the interface.

Fig. 5. (a) The molecular morphology of AES molecules at oil-water interface (both
oil and water molecules were removed for clarity); (b) definitions of inclination

angles 1 and 6..
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Fig. 6. (a) Distributions of £ and 6; (b) probability profiles of 1 and 6-.
3.3 Interfacial characteristics of mixed surfactant system at oil-water interface

Due to the abovementioned limitations of single type of surfactant, the synergy of
binary mixture of DTAC and AES surfactants at oil-water interface were investigated
in this section. Fig. 7 depicts the radial distribution function (RDF) between the head
groups of each system, reflecting the relationship between the local and global
distribution of particles. It should be mentioned that pure surfactants AES and DTAC
were also examined for comparison. It is observed that when pure DTAC surfactant,
i.e., D60 system, was applied, the RDF peak appeared at the distance of 8.75 A and
the peak value was relatively low compared with other mixed and pure AES systems.
It indicates that the distribution of pure DTAC surfactant was more dispersed because
of strong charge repulsion between head groups. For pure AES surfactant S60 system,
the RDF peak appeared much earlier and the peak value increased. With the addition
of AES into DTAC surfactant, the mutual attraction between sulfate and quaternary
ammonium groups reduced the distance between them. For the S12D48 system, it is
found that two peaks were formed. The first peak was formed due to the interactions
between the sulfate groups of AES molecules as well as the interactions between
sulfate and quaternary ammonium groups. The second peak corresponded to the
interactions between the quaternary ammonium groups. With the increase of AES
concentration, the value of the second peak also gradually decreased. From the
perspective of RDF distribution, the systems of S30D30 and S36D24 were found to

have the best interfacial performances. The reason for the S30D30 system was that the



ratio of anion to cation head group was 1:1, which had a good electric balance.
Although S36D24 system did not reach the charge balance, the much more non-ionic
fragments introduced by CI2EO3S molecules reduced the repulsion between head

groups, thereby achieving a relatively dense surfactant adsorption layer.
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Fig. 7. The RDF profiles between head groups of different surfactant systems.

In addition, the interface formation energy (IFE) of different surfactant systems was
studied. The IFE value is related to the interaction forces between surfactant and

water/oil molecules:

Etotal~"Esurfactant—Eoil/water interface
IFE = . (6)
n

where E,ta denotes the total energy of the system, and Egyrfactant 1 the energy of

single surfactant molecule. Eyjj/water interface T€presents the energy of the system

without surfactant at oil-water interface, and » is the number of surfactant molecules
adsorbed at the interface. For surfactant system, the more negative the IFE value is,
the stronger ability the surfactant has to reduce the interfacial tension.

It is observed that the stabilities of the mixed systems were much higher than those of
pure cationic surfactants, as displayed in Fig. 8. When pure DTAC surfactant was
adopted, the IFE of the system was around —176 kJ-mol™!. With the addition of AES
surfactant, the negative charge of sulfate groups would neutralize part of the positive

charge of DTAC molecules, which could weaken the repulsion between molecules.



Therefore, the bindings between the molecules became stronger, and the IFE
decreased gradually. For pure AES surfactant system, due to the introduction of
non-ionic fragments, the anionic characteristics of surfactant were weakened, and
therefore the head groups were arranged more tightly. Compared with pure DTAC
system, the IFE of AES system exhibited an obvious improvement. It is found that
S30D30 and S36D24 exhibited superior performances comparing with other mixed

and pure surfactants, which is consistent with the analyses by RDF distributions.
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Fig. 8. The IFE values of different mixed surfactant systems.

As discussed before, the main issue of pure AES system lies in the horizontal
arrangement of surfactant carbon chains, which makes it difficult to form a dense
surfactant layer. As for DTAC molecules, the hydrophobic groups tend to be arranged
vertically at oil-water interface. By adding AES into DTAC system, the sulfate group
of C12EO3S molecules had an attractive effect on DTAC molecules. Thus, DTAC
molecules could attract AES molecules to achieve better interfacial performances. Fig.
9(a) displays the distribution of hydrophobic group angle of C12EOsS molecules 61 in
S60 and S30D30 systems. It is found that with the addition of AES, the interfacial
behavior of the mixed system was greatly improved. The peak value was reduced

from 70-80° to 30-40< indicating that the hydrophobic groups became more



perpendicular to the interface and penetrated the oil phase to interact with oil.
Compared with pure AES molecular configurations shown in Fig. 5(a), the
improvement of the interfacial behavior of mixed system could also be obviously
observed in Fig. 9(b). Fig. 10 presents the top views of surfactant layers. It can be
seen that due to the better interfacial behaviors of mixed system and smaller volume
of DTAC molecules compared with AES molecules, it could free up much more space
to absorb more surfactant molecules at the interface, thus increasing the critical
micelle concentration (CMC) of surfactant.

Finally, continuous 2 ns NVT simulations were performed for S60, S30D30 and D60
surfactant systems. Each system was calculated three times to determine the
interfacial tension. The calculated interfacial tensions for S60, S30D30 and D60
systems were 20.01+0.46, 17.41+1.78, and 23.71+1.11 mN/m, respectively. These
results were basically in line with the above discussions. It is found that the interfacial
tension of mixed surfactant system S30D30 was decreased compared with pure AES
and DTAC surfactant, with more obvious improvement than DTAC. Compared with
AES surfactant, S30D30 only exhibited a slight improvement. However, the mixed
surfactant system shows more advantageous performances than AES on salt resistance,

which will be discussed later.

( a) 0.30 : : : (b)

——S30D30

—360

025

e
i
=]

Probability
=]
[y

o
=)

e
=
@

0.00

1 1 1 L
0 20 40 60 80 100
Angle (Degree)

Fig. 9. (a) Distribution of 8 in S60 and S30D30 systems; (b) molecular morphology
of AES C12EO3S molecules at oil-water interface in S30D30 system (DTAC

molecules were removed for clarity).



Fig. 10. Top view of the surfactant layer in (a) S60 system; (b) S30D30 system.
3.4 Effect of EO number on mixed surfactant system

In order to investigate the influence of EO group of AES molecules on the
performances of mixed surfactants, three systems, i.e., EO3, EOS5, and EO7, were
established corresponding to the EO group number of 3, 5, and 7, respectively. The
interface formation energy IFE was firstly calculated, as shown in Table 2. It is found
that with the increase of EO group number, the IFE gradually decreased from —222.39
to —179.33 kJ-mol™!, and therefore the stability of interface became worse. It should be
noted that the mixing ratio was fixed as 5:5 when the effects of EO number were

concerned.

Table 2. Total energy and IFE of mixed systems with different EO group numbers.

System  Eagps(kJ-mol")  Ewr(kJ-mol')  Eprac(kJ'mol")  Egw (kJ-mol') IFE (kJ-mol™)

EO3 -952.90 -141265.87 -146.37 -187587.79 -222.39
EO5 -965.35 -141265.87 -146.37 -186703.93 -201.44
EO7 -978.58 -141265.87 -146.37 -185774.23 -179.33

To reveal the underlying mechanism, the RDF profiles of surfactants with different
EO group numbers were studied, as presented in Fig. 11. It is observed that the trends
of the systems with different EO group numbers were similar. However, for the EO3
system, the peak value was as high as 6.74, which was larger than that of EO5 and
EO7 systems. This is due to that the further introduction of EO group of AES

molecules would increase the steric hindrance, which is not conducive to the



formation of a dense surfactant layer.

I I I I
7L -
A ——EO3
al ——EO05
—EO7
5L -
i 1
1)) L
3 -
2k .
1k -
0 " 1 " 1 L 1 n 1
0 5 10 15 20

Distance (A)

Fig. 11. The RDF profiles between surfactants with different EO group numbers.

In order to understand the structures of surfactant molecules at the interface more
intuitively, the distributions of the angles between the hydrophobic and hydrophilic
groups of AES molecules and Z-axis in each system were examined. With the
increment of EO group number, the length of hydrophilic group of AES molecule
increase. Thus, the angles between the hydrophilic group and Z-axis should be
re-defined, as illustrated in Fig. 12. The distributions of the hydrophobic group angles
61 and hydrophilic group angles 6 in different systems are displayed in Fig. 13. From
the figure, it is observed that with the increase of EO group number, the surfactant
molecules exhibited different degrees of bending. In EO3 system, the angle of
hydrophobic group was mostly distributed within the range of 30-50°, while the angle
of hydrophilic group was within 10-50°. In EO5 system, the angle of hydrophobic
groups was within 40—70°, but hydrophilic group had larger degree of bending of 60—
90°. This indicates that in EO5 system, the hydrophilic groups were basically in
horizontal state, which would prevent the formation of a dense surfactant layer. As for
EO7 system, it is found that hydrophilic groups exhibited better interfacial behaviors.

However, the distribution of hydrophobic groups became worse with most of them



distributed in 70-90°. Therefore, it can be concluded that the increase of EO group
number would cause the surfactants to bend with different degrees, which could create

steric hindrance and reduce the tightness of surfactants’ arrangement at the interface.
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Fig. 13. The angle distributions of (a) hydrophobic and (b) hydrophilic groups of AES

molecules in mixed systems with different EO group numbers.
3.5. Salt resistance of mixed surfactant system

As is known, the actual situation of oil reservoirs is usually under harsh conditions of
high salinity and high temperature. Thus, the salt tolerance of the applied surfactant
system is of great significance. The effect of saltwater on the surfactant is mainly
reflected by the interactions between salt ions, e.g., Ca*>", Mg?*, surfactants and water
molecules. Salt ions could attract the oxygen atoms of water molecules, thereby
reducing the number of water molecules near the head group of surfactants, which

would destroy the structure of hydration shell and deteriorate the function of



surfactants.

To investigate the impacts of salt environment on the surfactants, 20 Ca®* and 40 CI
(3.37 wt%) were randomly added to the water phase of three systems, i.e., S60,
S30D30, and D60. The snapshots of Ca?* ions movement are displayed in Fig. 14. It
should be mentioned that the simulation case was run for 1.5 ns with the migration of
salt ions more obvious in the first stage of 500 ps. The salt ions then gradually tended
to be in equilibrium. Thus, the stage of first 500 ps was focused to analyze the
migration of salt ions. It is found that most of Ca*" ions were in water phase at the
beginning with only a small part locating near the head groups of surfactants. With
time going on, Ca’" ions were attracted by the sulfate groups and gradually
accumulated near AES surfactants due to their negative charge properties, resulting in
poor salt resistance, as shown in Fig. 14(a). As for cationic DTAC surfactant, it
exhibited repelling effect on salt ions and the accumulation of salt ions near DTAC
surfactants could be avoided due to the positive charge on the head groups, as shown
in Fig. 14(c). It can be observed that at the time of 500 ps, there was almost no Ca**
ion near the head groups of DTAC surfactants, reflecting the strong salt resistance of
cationic surfactants. Fig. 14(b) shows the snapshots of Ca®" ions in the mixed system.
It is observed the salt resistance of the mixed system was obviously superior to pure

AES surfactant but inferior to pure DTAC surfactant.



Fig. 14. The snapshots of Ca®" ions movement in different systems: (a) S60; (b)

S30D30; (c) D60 (red and green spheres represent the Ca>* ions near and apart from
the head groups of surfactants, respectively; water, oil molecules and Cl” ions were

removed for clarity).

To specifically describe the performances of salt resistance, the density distribution
profiles of Ca®" ions of each system were calculated to analyze their movement
tendency, as presented in Fig. 15. It should be mentioned that the density distribution
profiles were determined by the average over a time period of 100 ps. The migration
of salt ions can be clearly observed through the density peak and the position of the
peak. For pure AES S60 system, at the first stage of 0—100 ps, the distribution of Ca®"
ions was mainly concentrated around 91.5 A and 113.36 A, which was located in
water phase. With time passing by, the peak value of Ca’' ions in water phase
decreased, while the peak value near the surfactant gradually increased. In the later
stage of simulation, the positions of peaks moved to 72.77 A and 118.31 A with the
peak values of 19.03 and 19.01, respectively. It indicates that Ca®" ions aggregated
near the head groups of AES molecules. For S30D30 system, it is found that Ca®" ions

accumulated at oil-water interface forming two peaks at the first stage. With time



going on, the peak value gradually decreased and moved to the water phase, which
implies that the salt resistance of mixed surfactant system was improved by adding
DTAC surfactant. The same trend was observed in D60 system. The peak of Ca>" ions
clearly moved to water phase and the densities of Ca®" ions near the interface greatly
decreased or even disappeared. The positions where Ca’* ions first appeared had a
clear tendency to move to water phase from the interface with the time passing by,

indicating the strong repulsion of cationic surfactant to salt ions.
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Fig. 15. Density distribution profiles of Ca*" ions at different times in different

surfactant systems.

Furthermore, the RDF profiles between Ca** ions and the head groups of surfactants
were examined to investigate the aggregation level of salt ions. It is observed from
Fig. 16 that for cationic surfactant DTAC, there was not density peak formed near the
head group. In addition, the concentration of Ca®" ions near the head group was far
less than that in water phase, indicating strong salt resistance of DTAC surfactant. For
S60 and S30D30 systems, the distribution trends of Ca®" ions were similar. However,
due to the introduction of cationic surfactants in S30D30 system, the concentration of
Ca”' ions near the sulfate group in the mixed system decreased obviously. The first
peak decreased from 3.11 to 2.29, and the second peak decreased from 1.87 to 0.91. It
suggests that compared with anionic-nonionic surfactant, the introduction of cationic
surfactants could improve the overall salt resistance of mixed surfactant system. In
realistic applications, the mixing ratio and other properties of mixed surfactant
systems should be determined by the actual conditions of reservoir pore structure,

salinity, etc.
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Fig. 16. The RDF profiles between surfactant head groups and Ca*" ions (SG, MSG
and HG refer to the sulfate group in S60, sulfate group in S30D30 and hydrophilic

group in D60 system, respectively).
4. Conclusions

In this work, molecular dynamics simulations were employed to investigate the
interfacial properties and molecular behaviors at the microscopic level of pure
anionic-nonionic and cationic surfactant as well as their mixtures at oil-water
interface. The following conclusions have been drawn:

(1) When pure cationic surfactant DTAC was applied, there was a great repulsion
between surfactant molecules due to the positive charges of head groups, which is
unfavorable for forming a dense surfactant layer. However, most of DTAC molecules
were found perpendicular to the interface, indicating excellent interfacial behavior for
further diffusion of surfactant molecules to the interface. For pure anionic-nonionic
surfactant AES, the addition of non-ionic fragments has weakened the repulsion
between head groups. However, most of hydrophobic groups of surfactant molecules
were found bent at the interface, which would lead to steric hindrance on the further
diffusion of surfactant molecules.

(2) By mixing AES and DTAC surfactants, the sulfate group of AES could attract



DTAC molecules, thereby reducing the repulsion between head groups and forming a
dense surfactant adsorption layer. Meanwhile, as DTAC molecules existed near AES
molecules, the interactions between head groups could improve the interfacial
behavior of AES molecules.

(3) With the increase of EO group number of AES molecule, the surfactant molecules
could be bent at different degrees, which would hinder the further diffusion of
surfactants. By introducing an appropriate number of EO group, not only the
precipitation could be avoided, but also the improved interfacial behaviors could be
achieved.

(4) The cationic surfactant presents obvious superior performance on salt resistance
than anionic-nonionic surfactant. The addition of cationic surfactant DTAC into
anionic-nonionic surfactant AES could enhance the overall performance of salt
resistance of the mixed surfactants. The mixed system of anionic-nonionic surfactant
AES and cationic surfactant DTAC with the ratio 1:1, i.e., S30D30 system, shows the

optimal overall performances on interfacial behaviors and salt resistance.
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