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Abstract: In order to explore the effect of the attachment site of the benzene ring in the backbone of
the surfactant on its diffusion characteristics on the surface of anthracite, the molecular dynamics
simulation method was used, and the four isomers (m-C16, m = 2,4,6,8; m represents the attachment
site of the benzene ring in the backbone) of sodium hexadecyl benzene sulfonate (SHS) were selected.
Binary models of surfactant/anthracite, surfactant/graphene modified by oxygen-containing func-
tional groups, and a ternary model of water/surfactant/anthracite were constructed. By analyzing a
series of properties such as interaction energy, contact surface area, relative concentration distribution,
radial distribution function, hydrophobic tail chain order parameter, etc., it is concluded that the
adsorption strength of 4-C16 on the surface of anthracite is the highest; the reason is that 4-C16 has
the highest degree of aggregation near the oxygen-containing functional groups on the surface of
anthracite. Further investigations find that 4-C16 can be densely covered on the ketone group, and
the longer branch chain of 4-C16 has the highest degree of order in the Z-axis direction.

Keywords: diffusion characteristics; molecular dynamics; isomers; anthracite; benzene ring

1. Introduction

Surfactants are amphiphilic compounds and are widely used in a variety of industry
applications [1–4] (e.g., in the cosmetics, food, polymer paint, and coal industries). In terms
of applicability, cost-effectiveness, and overall consumption level, linear alkyl benzene
sulfonate (LAS) is one of the most important surfactant series [5–7]. LAS consists of a
sulfonate group and a linear alkyl chain connected to the 1, 4 positions of the benzene ring
(Figure 1). Commercial LAS surfactants are usually complex mixtures of homologues [8,9],
i.e., different positions on the alkyl chain where the benzene ring is attached, and structural
isomers. Heterogeneity means that LAS exhibits different performances, such as different
surface tension and solubility, and it is widely used in detergents, cosmetics, and mineral
extraction [10–12]. However, this heterogeneity also increases the difficulty of elaborating
the detailed mechanisms and functions of LAS members. So far, many studies have been
conducted on LAS mixtures [13–15], and relatively few studies on isomers.

In the coal industry, surfactants have been widely used in coal flotation and coal
dust suppression [16–20]. Research on coal flotation and coal dust suppression relies
on the basic theory of coal wettability [16,21–23]. Existing experimental research has
proved that diffusion characteristics of surfactants on a coal surface are an important
factor affecting the wettability of coal [23–28]. However, the experimental method cannot
explain the structure, dynamics, and energy characteristics of the molecular adsorption
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process on the coal surface. Molecular dynamics (MD) simulation can explain the above
characteristics [29–32].
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Figure 1. The isomers of SHS (m = 2,4,6, and 8), and the example shown is 4‐C16. 
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Through computer simulation, the microstructure and macroscopic properties of the
surfactant system can be linked. In particular, MD simulation has proven to be a very
useful tool for studying the structure and dynamics of surfactants at the molecular level.
At present, a large number of MD simulation studies have been conducted on the diffusion
of other surfactants on the surface of coal [29–31], but there are few studies on the diffusion
characteristics of LAS on the surface of coal [20,24].

In the previous research work, we used molecular dynamics simulation to explore
the microscopic reasons for the different diffusion characteristics of SDS and SDBS on the
surface of anthracite [32] and concluded that the presence of benzene rings in the surfactant
has an important impact on the diffusion characteristics. Liu et al. [24] compared a large
number of surfactants with different structures through experiments and concluded that the
presence of the benzene ring in the surfactant has a significant impact on the hydrophilicity
of coal. In order to further explore the microscopic mechanism of the influence of the
benzene ring on diffusion characteristics, in this study, we applied the four isomers of
SHS of the LAS family. We chose the four isomers of the LAS family because they exist in
nature and the only difference they have is that the benzene ring has a different connection
position on the carbon chain. The above two reasons lead us to believe that these four
isomers are the ideal materials we need, which can realize the subject of “the influence of
different attachment sites of benzene ring in the backbone” well that we want to study. MD
simulations were performed. As far as we know, this is the first attempt to systematically
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study and compare the diffusion characteristics of LAS family members on the surface of
anthracite through MD simulation.

Through the MD simulation of the surfactant/anthracite binary system, the inter-
action energy and the contact surface area of the four isomers were compared, and the
macroscopic conclusion that 4-C16 had the highest adsorption strength on the coal surface
was obtained. We constructed a surfactant/oxygen-containing functional group modified
graphite layer binary system and analyzed the relative concentration distribution to explain
the microscopic reason for the highest adsorption strength of 4-C16 from the perspective of
functional groups. In order to study the compactness of the layered structure formed by
surfactant diffusion, a water layer was added to construct a water/surfactant/anthracite
ternary system. The radial distribution function, coordination number, and hydrophobic
tail chain sequence parameters were analyzed, and the results show that the 4-C16 layer
is the densest, and the effect of “isolating” water molecules is the best. We then tried to
explain its microscopic reasons. This research explored the microscopic reasons for the
difference in the degree of aggregation caused by the different connection sites of the
benzene ring in the backbone. What is more, this research fills the gap in the study of
the adsorption characteristics of LAS on the surface of anthracite, enriches and develops
the basic theory of coal wettability, and also provides technical ideas for the design of
new surfactants.

2. Materials and Methods
2.1. Materials

This study selects Jincheng anthracite coal (from No. 3 coal seam underground in
Zhaozhuang Coal Mine, Jincheng). Table 1 shows the results of proximate and ultimate
analyses of this coal [33]. The analysis of the other characteristics of Jincheng anthracite
can be seen in Figures S1–S4 and Tables S1 and S2.

Table 1. Proximate and ultimate analyses of Jincheng anthracite.

Proximate Analysis Ultimate Analysis

Mad Ad Vdaf FCd C H O N S
0.66 23.05 12.86 67.05 91.51 3.89 2.10 1.71 0.79

Mad: Moisture content on an air-dried basis. Ad: Ash content on dry basis. Vdaf: Volatile content (in ash-free
form), FCd: Fixed carbon content.

The surfactants used in this study are the four isomers of SHS represented by m-C16
(Figure 1), and the benzene ring is connected to the mth carbon in the hexadecane backbone.
The reason for choosing them is that the length of the backbone of these four isomers is the
same, and the benzene ring is connected at different positions of the backbone, which is
convenient for studying the influence of the benzene ring on the diffusion characteristics.
The benzene ring divides the backbone into two parts, the shorter one is defined as a
short-chain branch, and the longer one is defined as a long-chain branch. As shown in
Figure 1, in 4-C16, carbons 1-4 constitute a short-chain branch, and carbons 4-16 constitute
a long-chain branch.

2.2. Computational Details

As shown in Figure 2a, the molecular structure of Jincheng anthracite proposed by
our team was used to construct an anthracite model [33]. It can be seen that there are
two oxygen-containing functional groups, namely ketone and hydroxyl. Through the
Amorphous Cell module of Materials Studio 6.0, 40 optimized coal molecules (ratio 1:1)
were randomly packed in a cubic simulation cell 35 × 35 × 35 Å3 (X Y Z) to obtain a low-
density three-dimensional structure model. Then 300 ps molecular dynamics simulations
were performed to adjust the crystal cell structure continuously using the NVT ensemble
(the constant-temperature, constant-volume ensemble) and NPT ensemble (the constant-
temperature, constant-pressure ensemble), so that the density of coal molecular structure
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reached a balance [30], as shown in Figure 3. The final 3D coal structure model is shown
in Figure 2b.

After MD simulation, the final density of the anthracite model is 1.24 g·cm−3. This
density was obtained by dividing the molecular weight of the coal by the volume of the
unit cell, but there are many pores of different sizes on the surface of the coal (the blue
part in Figure 2b). The existence of pores causes this density to not be the true density
of anthracite.
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In fact, in the measurement of coal density, in order to obtain the true density of
coal, helium is usually used as a detection gas to remove holes in the coal. The simulated
helium density of Jincheng anthracite was calculated using Atom Volumes & Surfaces
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in Material Studios software, helium was used as the detection gas, and the dynamic
radius was 0.129 nm [34]. In our previous study [35], the density of Jincheng anthracite
measured by experiments was 1.43 g·cm−3. The true density of the anthracite model
calculated by the above method is 1.38 g·cm−3, which is close to the measured density
of 1.43 g·cm−3. Considering that the measured density of coal may also contain other
impurities or minerals (gangue, fly ash, etc.) [36], the theoretical model only considers
the structure of the coal itself. It is believed that the constructed coal model is reasonable
and can be used to further study the adsorption behavior of surfactants. We constructed
surfactant/anthracite and water/surfactant/anthracite models. The surfactant layer is a
rectangular unit cell containing 10 surfactant molecules, and the unit cell size is the same
as the anthracite surface model. Water slabs were composed of 1000 water molecules.
MD simulations were performed in the Forcite module of Materials Studio. The polymer
consistent force field (PCFF) was used to describe the intermolecular interaction in all
simulations. In order to fully eliminate the adverse interaction between atoms, before
MD simulation, A smart algorithm was used to minimize the energy of the anthracite
surface model, the surfactant cell, and the water slab. Subsequently, MD simulations
were performed in the NVT ensemble. The temperature was set to 298 K, and the 1000 ps
simulation was performed at a time step of 1 fs, so that the systems reached a fully balanced
state. In all MD simulations, the Ewald method was used to calculate the electrostatic
interactions with a precision of 0.001 kcal/mol, and the tom-based option was used to
calculate the van der Waals interactions with a cut-off of 1.25 nm. The above simulations
were all carried out in a unit cell with periodic boundary conditions. At the top of every
model, a 6 nm vacuum layer was built to eliminate the mirror effect. The bottom two-thirds
of the anthracite surface model were constrained, and the top one-third was free. In a
large number of atomic systems, this method will greatly save calculation time. According
to the research of Zhang et al. [31], this restrictive method has basically no effect on the
calculation results.

The surfactant/oxygen-containing functional group-modified graphite layer system
model was constructed with 4 surfactant molecules combined with a hydroxyl-modified
graphite layer and a ketone-modified graphite layer, respectively. We first built the graphite
layer, then we modified the surface of the graphite layer with ketone groups and hydroxyl
groups, respectively, to obtain the modified graphite layer model, and then we assembled
the 4 surfactant molecules with the modified graphite layer model together using the
build layer tool. After geometric optimization minimized the energy of the system, a
1000 ps MD simulation was performed, and the parameter settings were the same as the
above parameters.

3. Results and Discussion
3.1. Surfactant/Anthracite Adsorption System

The initial and final adsorption configurations of surfactants on the surface of an-
thracite coal are shown in Figure 4. When the surfactant layer was placed on the surface
of the coal model, the surfactant/anthracite system became thermodynamically unstable.
Driven by van der Waals interaction and electrostatic potential, the surfactants diffused to
the surface of the coal model and were finally adsorbed [29]. After a 1000 ps MD simulation,
a new thermodynamic equilibrium state was reached.
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3.1.1. Interaction Energy

The interaction energy of the surfactant and the anthracite after adsorption can be
used to evaluate the adsorption strength. The more negative the interaction energy, the
more energy is released, the more stable the structure after adsorption, and the higher the
adsorption strength [37,38]. It should be pointed out that the interaction energy here only
represents the strength of the interaction between the surfactant and the anthracite surface.
It is not equal to the thermodynamic adsorption energy. The magnitude of the interaction
energy also depends on the force field parameters used in the simulation [19,39]. It can be
calculated by the following formulas:

EV = EVtotal − EVcoal − EVsur f (1)

EL = ELtotal − ELcoal − ELsur f (2)

E = EV + EL (3)

where EV represents the van der Waals interaction energy, EL represents the electrostatic
interaction energy, E represents the total interaction energy, Etotal is the total energy of
surfactant and anthracite, Ecoal is the anthracite energy, and Esurf is the surfactant energy.
The results are shown in Table 2.
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Table 2. Interaction energy between the surfactant and anthracite.

Model EV/(kcal·mol−1) EL/(kcal·mol−1) E/(kcal·mol−1)

2-C16/Anthracite −277.92 −2.23 −280.15
4-C16/Anthracite −293.77 −6.54 −300.31
6-C16/Anthracite −273.07 −3.01 −276.08
8-C16/Anthracite −257.94 −3.29 −261.23

The interaction energy is negative, indicating that the entropy of the reaction in-creases
and the reaction proceeds spontaneously. Comparing the total interaction energy data
in Table 2, the total interaction energy of the 4-C16/anthracite system was the lowest,
indicating that the 4-C16 adsorption process emitted the most energy, the adsorption
strength was the highest, and the formed adsorption system was the most stable. This is
due to the difference in the molecular structure of surfactants. The four isomers of SHS
have the same polar head group and different attachment positions of the benzene ring
in the backbone, resulting in different branch chain lengths. When m = 2, the short-chain
branch carbon chain is shorter and appears rigid, and there is a certain steric hindrance
effect. When m = 4, the influence on the aggregation behavior of the surfactant is the
greatest. Under the combined action of steric hindrance and the hydrophobic interaction,
the degree of aggregation is the densest, and the adsorption strength is higher than other
systems. As the value of m is further increased, the flexibility of the short-chain branch
increases, and the hydrophobic interaction force with the long-chain branch increases,
which reduces the intermolecular interaction, resulting in a decrease in the adsorption
strength [24,40]. To gain deeper insight into the adsorption mechanism of the collector, the
components of interaction energy were analyzed [41,42]. The van der Waals interaction
energy is far greater than the electrostatic interaction energy, and it plays a leading role in
the adsorption of anthracite and surfactants. This is because the electrostatic interaction is
a long-range interaction, with a range of several nanometers [43]. Although the simulation
model satisfies the distance condition, because anthracite is a type of high-rank coal, the
total number of oxygen-containing functional groups on the surface is small, and the
electronegativity is small, so the number of atoms with different charges in the molecules
of anthracite and anionic surfactants is small, which leads to a very small charge difference
between anthracite particles and surfactants [44]. Therefore, the electrostatic attraction
between the oppositely charged parts is weak, so that the electrostatic interaction only
accounts for a very small part of the total interaction energy.

3.1.2. Contact Surface Area

In addition to the interaction energy, the contact surface area (CSA) is introduced to
evaluate the adsorption strength, and a larger CSA indicates a stronger adsorption strength.
The CSA can be calculated using Equation (4):

CSA =
(

SASAcoal + SASAcollector − SASAcomplex

)
/2 (4)

where SASAcoal, SASAcollector, and SASAcomplex are the solvent-accessible surface areas
(SASA) of the anthracite model, collector, and anthracite/collector complex, respectively.

In this study, we used a probe with a radius of 1.4 Å to calculate the solvent-accessible
surface area [22,31]. The calculation result is shown in Figure 5.

The calculation results show that the CSA between 4-C16 and anthracite is the largest.
This is due to the fact that as the sulfonate group moves to the middle of the backbone,
the short-chain branch becomes longer, resulting in a size change of the hydrophobic part
of the surfactant molecule. According to the literature [3,45–47], when the size of the
hydrophobic group and the hydrophilic group is similar, the surfactant molecule almost
covers the entire interface, and the CSA is the largest at this time. It shows that the size of
the hydrophobic part composed of the short-chain branch composed of 4 carbon atoms and
the long-chain branch composed of 12 carbon atoms in 4-C16 is similar to the size of the



Minerals 2021, 11, 1045 8 of 18

hydrophilic group of benzenesulfonic acid, which leads to the largest CSA with anthracite.
The results of contact surface area match well with the interaction energy results.
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3.2. Graphite Layer System

Studies have shown that oxygen-containing functional groups on the surface of coal
affect the diffusion of surfactants [22,48,49]. To explore the distribution of surfactants
on oxygen-containing groups of anthracite, a graphene model grafting different oxygen
functional groups (carbonyl and ketone) was constructed, as shown in Figure 6. Due
to the high degree of coalification of anthracite, its molecular structure is composed of
aromatic layers, similar to graphite. The graphite layer system can simulate the surface
of anthracite coal after modifying the graphite flakes with oxygen-containing functional
groups [33,50,51].
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3.2.1. Adsorption Configuration

Four surfactant molecules were placed on the surface of the graphite layer system
to build a surfactant/graphene modified by oxygen-containing functional groups system.
The system reached equilibrium after a 1000 ps MD simulation, and the final equilibrium
configurations are shown in Figure 7. It can be seen intuitively that 4-C16 has the highest
degree of aggregation near the hydroxyl group and forms the densest layered structure.
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3.2.2. Relative Concentration Distribution

The relative concentration distribution along the Z axis can obtain the distribution
of each component along the Z axis. Analyzing the distribution range of the surfactant
along the Z axis and the relative concentration peak height in different systems can explain
and compare the aggregation degree of the surfactant [19,42,52]. The last 500 ps data of
the simulation were selected for analysis, and the relative concentration distribution of
different surfactants along the Z axis is shown in Figure 8.

It can be found that regardless of whether on the hydroxyl group or the ketone group,
the relative concentration distribution of these four isomers has two peaks. This is related
to the adsorption method. The anionic surfactant is dominated by a van der Waals force
on the coal surface. There are two adsorption methods: the adsorption of the head group
toward the coal surface and the adsorption away from the coal surface [26]. The appearance
of two peaks also proves that the modified graphite layer model can simulate the coal
surface well.

On the hydroxyl group, the first peak appeared near 0.7 nm, and the peak value of
the first peak of 4-C16 is about 6.48, which is much higher than the other three surfactants,
indicating that 4-C16 has the highest degree of aggregation near the hydroxyl group. It
can be found that the starting point of the relative concentration distribution curve of
the four surfactants along the Z axis is the same, but the end point of 4-C16 reaches the
X axis first, indicating that the 4-C16 distribution width is the narrowest and the most
compact near the hydroxyl group. The relative concentration peak of 4-C16 is the highest
and the distribution width is the narrowest, indicating that 4-C16 has the densest degree of
aggregation and the highest adsorption strength near the hydroxyl group.
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On the ketone group, the first peak of 4-C16 is about 5.6, which is the highest among
the four isomers, indicating that it has the highest degree of aggregation near the ketone
group. It can also be found that the heights of the two peaks of 2-C16 are similar regardless
of whether it is near the hydroxyl group or the ketone group, and the second peak is higher
than the other three surfactants. It is speculated that this is because the steric hindrance
effect of 2-C16 in the rigid short-chain branch at m = 2 causes it to be more inclined to stay
away from the coal surface [3,19,40]. Furthermore, according to existing research [9], the
shorter the alkane chain, the lower the viscosity, the weaker the intermolecular force is, and
the easier it is to produce a translation, rotation, and deformation when subjected to other
forces. The short-chain branch of 2-C16 makes it more inclined to stay away from the coal
surface. It is found that the heights of the peaks near the hydroxyl and ketone groups of
8-C16 are similar, but the distance between the two peaks is the shortest among the four
surfactants. It is speculated that this is due to the difference between the short-chain and
long-chain branches of 8-C16 by only one carbon. At this time, the length of the short-chain
branch and the long-chain branch are similar. In addition, the hydrophobic interaction
between the pliable short-chain branch and the long-chain branch is enhanced, resulting in
a smaller difference between 8-C16 in the two adsorption methods.

It can be concluded that the reason for the highest adsorption strength of 4-C16 on
the surface of anthracite is that it has the densest degree of aggregation and the highest
adsorption strength near the oxygen-containing functional groups on the surface of an-
thracite. The conclusion is consistent with the following radial distribution function and
coordination number analysis.

3.3. Water/Surfactant/Anthracite System

In order to further explore the diffusion characteristics of the four isomers of SHS in
the aqueous solution and the compactness of the layered structure, a slab composed of
1000 water molecules was added to the modified coal, then a water/surfactant/anthracite
system model was built. After adding the water slab, the system became thermodynami-
cally unstable. After a 1000 ps MD simulation, the system tended to be stable again. The
equilibrium configuration of the water/surfactant/anthracite system is shown in Figure 9.

The addition of surfactants is equivalent to adding a “protective layer” on the surface
of anthracite or a “separation layer” of water molecules [22]. The “protection” or “isolation”
effect makes it difficult for water molecules to penetrate the anthracite. The “isolation” ability
of water molecules is used to evaluate the compactness of the layered structure, and further
analyze the microscopic reasons for the different compactness through the radial distribution
function (RDF), coordination number, and hydrophobic tail chain order parameters.
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3.3.1. Radial Distribution Function

The adsorption of water molecules on the coal surface first occurs on the hydrophilic
functional groups, because they have a strong affinity with water molecules. The RDF
between atoms can determine the degree of aggregation of water molecules on the oxygen-
containing functional groups of anthracite. Through the calculation of the coordination
number, the isolation effect of water molecules after adding the surfactant can be quantified.
The RDF is calculated using Equation (5). The height of the first peak formed by the
RDF between atoms indicates the degree of order between the water molecules and the
functional groups on the coal surface, and the high and sharp peaks indicate the strong
order and strong interaction between atoms [53–57].

g(r) =
1

4πρBr2 ·
dN
dr

(5)

where ρB represents the density of particle B; r is the distance between B and A; and dN is
the average number of particle B in the range r to r + dr from A as the reference particle.

The RDF between OC (oxygen atoms on the surface of coal) and OW (oxygen atoms in
water molecules) is calculated and plotted in Figure 10. The four curves obtained are quite
different, which indicates that the attachment of the benzene ring at different positions has
different effects on the hydrophobicity of the coal surface.

The water/8-C16/anthracite system has the highest peak with a peak value of about
0.26, the water/6-C16/anthracite system has a peak balance of about 0.2, and the water/2-
C16/anthracite system has a peak value of about 0.17. No obvious peaks are observed in
the RDF of the water/4-C16/anthracite system, indicating that the interaction strength
between OC atoms and OW atoms in this system was relatively weak, with only few water
molecules gathering around the oxygen atoms on the coal surface. It shows that 4-C16 has
the best “isolation” effect on water, the layered structure formed is the densest, and the
adsorption strength is the highest. The “isolation” ability of water is ranked as 4-C16 >
2-C16 > 6-C16 > 8-C16, which is consistent with the above CSA analysis results

In order to further explore the microscopic reasons for the strongest water “isolation”
of 4-C16, the RDF between OH (Oxygen atoms in hydroxyl groups on coal surface), OK
(Oxygen atom in ketone group on coal surface), and OW in the four systems was calculated.
The results are shown in Figure 11.
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Analyzing Figure 11a, it can be seen that the water/8-C16/anthracite system has the
highest peak, with a peak value of about 0.39, the water/6-C16/anthracite system has a
peak balance of about 0.28, and the water/4-C16/anthracite system has a peak value of
about 0.17, while the peak value of the water/2-C16/anthracite system is about 0.26. The
minimum 4-C16 peak indicates that the layered structure formed near the hydroxyl group
is the densest, making it the strongest in its ability to “isolate” water.

In analyzing Figure 11b, it can be found that the RDF of the water/4-C16/anthracite
system is almost zero, and the RDF peaks of the other three systems are not much different,
indicating that 4-C16 can completely “isolate” the water near the ketone group, densely
covering the surface of the ketone group. The other three isomers have a similar ability to
“separate” water near the ketone group.

In general, the coordination number (the number of B atoms around the A atom) is an
effective parameter for evaluating the strength of the interaction between atoms [29]. The
higher the coordination number, the stronger the interaction between atoms. We calculated
the coordination number of Ow around OH and OK. The coordination number is calculated
by the following formula:

dN =
g(r)·N·4πr2dr

V
(6)

where N is the total number of B atoms and V is the periodic model volume. The calculation
results are shown in Figure 12.
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Figure 12. Coordination numbers of different functional groups (red indicates the coordination
number of OH and Ow, black is the coordination number of OK and Ow).

It can be seen that the ketone coordination number of 4-C16 is almost zero, and the
ketone coordination number of the other three isomers is almost the same. The order of the
coordination numbers around the hydroxyl group is 4-C16 < 2-C16 < 6-C16 < 8-C16. The
above analysis is consistent with the RDF analysis.

Based on the analysis of the RDF and the coordination number, it is concluded that
4-C16 has the densest layered structure in aqueous solution and the strongest ability to
“isolate” water. The reason is that (a) 4-C16 can densely cover the ketone group on the
surface of anthracite, completely “isolating” water from contact with the ketone group; the
other three isomers have similar water isolation ability near the ketone group; (b) 4-C16 has
the best effect of “isolating” water near the hydroxyl group, far stronger than the other three
isomers. This is consistent with the relative concentration distribution analysis results.

3.3.2. Surfactant Molecular Orientation

The molecular orientation of surfactants is another important property, which explains
the different cohesive phases formed by amphiphilic molecules [40,58]. We defined two
vectors, θb (the benzene vector) and θt (the tail vector) and calculated the inclination angle
of these two vectors with respect to the interface normal (Z axis). θb is defined as the vector
from the sulfur atom to the carbon atom in the backbone connected to the benzene ring.
This vector passes through the benzene plane. θt is defined as the vector from the carbon
atom in the backbone connected to the benzene ring to the carbon atom at the end of the
longer branch [9]. We calculated the benzene vector and tail vector of each surfactant in
the system and took the arithmetic average. The average θb and average θt are shown
in Figure 13.
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It can be seen that with the increase in m, the gap between the benzene vector and the
tail vector of the same m value becomes larger and larger, indicating that the head group
and the longer hydrophobic tail chain increasingly tend not to be in a straight line. This is
because as the attachment site of the benzene ring moves to the middle of the carbon chain,
the short-chain branch becomes longer and the long-chain branch becomes shorter, and
the hydrophobic interaction between the short-chain branch and the long-chain branch
increases, resulting in an increase in mutual repulsion between them, resulting in the
long-chain branch offsetting the benzene vector.

It can also be found that the change trend of the hydrophobic tail chain is similar to
the change trend of the adsorption strength, indicating that the angle of the hydrophobic
tail chain is dominant in the adsorption strength. The long hydrophobic tail chain of 4-C16
has the smallest angle with the Z axis, which is about 63◦. It causes the surfactants to be
closer together and forms a denser layered structure and higher adsorption strength. It
can also be seen that the benzene vector of 8-C16 is abnormally small, about 58◦. It is
speculated that this is because the short-chain and long-chain branches are similar in length,
the hydrophobic effect is the strongest, and the long-chain and short-chain branches repel
each other, resulting in the largest included angle. At this time, the steric hindrance effect
of the tail chain on the hydrophilic group is the smallest, so the hydrophilic head group is
freer to face the water phase, resulting in the abnormal minimum of the benzene vector.

To further analyze the microscopic reasons for the influence of the orientation of the
longer tail chain on the adsorption strength, we calculated the hydrophobic tail chain order
parameter (SCD). It is used to express the order of the hydrophobic tail chain [9,58–60]. The
calculation method is shown in formula 7.

SCD =
1
2

〈
3 cos2 θt − 1

〉
(7)

where θt is the angle between the tail vector and the Z axis.
The order parameter can vary from −1/2 to 1. When the value of SCD is 1, the

hydrophobic tail chains are arranged along the vertical direction of the interface. When the
value of SCD is −1/2, the hydrophobic tail chains are aligned parallel to the interface [60].
The calculation results are shown in Figure 14. The SCD value of 4-C16 is the largest,
indicating that it has the highest degree of order in the Z-axis direction. Combined with
the above tail vector analysis, the angle between the long branch of 4-C16 and the Z-axis is
the smallest, which causes the molecules to be closer and interact better with the surface
energy of anthracite, meaning the layered structure formed by 4-C16 is denser and has
higher adsorption strength.
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4. Conclusions

The MD simulation method was used to study the diffusion characteristics of the four
isomers of SHS on the surface of anthracite, and the influence of the different attachment
sites of the benzene ring in the backbone on the adsorption strength was discussed. Major
findings are as follow:

(1) The benzene ring has different attachment sites in the backbone and different adsorp-
tion strengths. By analyzing the interaction energy of the surfactant–anthracite system
and the CSA, it is found that the total interaction energy of the 4-C16/anthracite sys-
tem is the lowest, while the contact surface area between 4-C16 and anthracite is the
largest. It shows that 4-C16 has the highest adsorption strength on the surface of
anthracite. The difference in adsorption strength is due to the different structure of
the surfactant.

(2) Through the analysis of the adsorption configuration and relative concentration
distribution of the graphite layer system, it is found that the reason for the highest
adsorption strength of 4-C16 on the surface of anthracite is that it has the highest
adsorption strength near the oxygen-containing functional groups on the surface
of anthracite.

(3) Through the RDF and coordination number analysis of the water/surfactant/anthracite
system, it is found that 4-C16 has the highest adsorption strength in the solution and
the strongest ability to “isolate” water molecules. The reason is that (a) 4-C16 can
densely cover the ketone groups on the surface of anthracite, completely “isolating”
water from contact with the ketone groups; (b) 4-C16 has the best effect of “isolating”
water near the hydroxyl group. Through surfactant orientation analysis, it is found
that the angle between the long-chain branch of 4-C16 and the Z axis is the smallest,
and the degree of order in the Z axis is the highest. This is the reason why the layered
structure formed by 4-C16 is denser.

(4) The study of alkyl sulfonate isomers on the surface of anthracite can help in better
understanding the influence of the surfactant structure on the adsorption strength.
The research results have important theoretical and practical significance for the
development of new surfactants and the enrichment and development of the basic
theory of coal wettability.
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