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Coal dust is a significant concern to the safety of coal mine operations. The wettability of coal can be effectively altered by adding
surfactants to water. The development of high-efficiency dust suppressants is hampered by a lack of understanding of the
microscopic interaction process between coal dust and surfactants. In this investigation, the influence of the branched
structure of the polyoxyethylene unit in nonionic surfactants on the wettability of anthracite surfaces was evaluated by
combining the modeling study and experimental research. The macromolecular model of Jincheng anthracite with 55
different components (C,,30H;9;60133N,,35,5) was constructed. Lauryl polyoxyethylene ether C,,(EO),, and Tween 20 were
selected. The simulation results showed that due to the branched structure of polyoxyethylene, the surface of anthracite after
adsorption by Tween 20 is more hydrophilic. Further analysis found that the adsorption configuration of Tween 20 is that
the hydrophilic head group covers the hydrophobic tail chain, while the adsorption configuration of C,,(EO),, is that the
hydrophobic tail chain covers the hydrophilic head group. The network structure formed by Tween 20 is relatively loose, and
the surface is rougher. The network structure formed by C,,(EO),, is denser. Water molecules have a higher aggregation
degree near Tween 20 and stronger permeability, and more hydrogen bonds are formed. The existence state of carbon and
oxygen elements on the surface of modified coal was analyzed by XPS experiment, which confirmed the adsorption structure
obtained by molecular simulation.

1. Introduction

Mine dust is made up of minute particles such as rocks and
coal that are produced during the development, excavation,
mining, and transportation of coal mines. Coal dust is a
major source of pollution in coal mines. Coal dust suspends
materials exists in the air or as road deposits, which not only
reduces worker visibility but also pollutes the working envir-
onmentCoal mine dust exists in the air or deposits on roads,

which not only reduces the visibility, but also pollutes the
surrounding environment. Coal seam spraying is currently
widely used to reduce coal dust, which is crucial to coal mine
output and safety [1, 2]. Nevertheless, the efficacy of employ-
ing water alone for dust reduction is far from ideal due to the
abundance of oxygen-containing functional groups on the
surface of coal dust [3, 4].

Surfactants have both hydrophobic and hydrophilic
groups in their structure, allowing them to effectively alter
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coal surface characteristics. The wettability of coal dust can
be dramatically altered by adding modest amounts of surfac-
tant to water. Xu et al. [3] found that surfactants changed the
wettability of coal by affecting the hydrophobicity and
hydrophilicity of the coal surface. Mishra and Panda [5]
found that the coal surface became more hydrophobic after
being adsorbed by the surfactant. Liu et al. [6] revealed that
different surfactants had differentiated hydrophilization
ability toward the coal surface.

In recent years, researchers around the world have carried
out a large number of experimental studies on surfactants
changing coal wettability [4, 7-10]. Empirical investigations,
on the other hand, generat primarily macroscopic results, with
little discussion of the structure, kinetics, and energy proper-
ties of the molecular adsorption process on mineral surfaces.
Researchers are increasingly turning to molecular dynamics
simulation to investigate changes in coal wettability from a
microscopic perspective [11-14]. Notwithstanding, most coal
models chosen for the exploration are single-part coal models
in the momentum research on the properties of coal interact-
ing with atomic elements [7, 11-25]. The atomic load of this
sort of coal model is little, despite the fact that it can portray
the attributes of coal partially, it is a long way from the genuine
circumstance. In our previous study [26, 27], the two-
component Jincheng anthracite model was constructed [28].
The molecular formula of the coal model composed of 40
anthracite molecules is C,;c0H;440040N40 Which is rich in
model components. Nonetheless, since the presence of sulfur
iotas is not thought of and the atomic load of the model is lit-
tle, this model can portray the point of interaction properties
of anthracite somewhat. Coal is a complex multipart macro-
molecular natural matter, so the single-part and little atomic
weight coal model utilized in the ebb and flow research is still
a long way from the genuine circumstance. In this case, a
large-molecular ~ weight Jincheng anthracite model
(Cr730H30160133N1235,5) composed of 55 different compo-
nents through a large number of experiments in the early stage
was proposed [29]. This model is utilized to concentrate on the
connection point qualities, which is nearer to the genuine cir-
cumstance as far as the wealth of the coal model parts and the
subatomic weight. The macromolecular coal model requires
additional processing assets and longer figuring time, which
is a significant hindrance of picking this coal model. The ebb
and flow research on coal interface attributes is centered
around low-rank coal, while there is little exploration on the
point of interaction qualities of high-rank coal. It is a new
investigation of the interfacial properties of coal utilizing a
multicomponent, high-atomic weight coal model that is
nearer to the genuine circumstance. This study will assist indi-
viduals with understanding the adsorption interaction and
minute component of surfactants on the outer layer of
anthracite.

In this investigation, the Jincheng anthracite model
(C730H30160133N1235,5) with 55 components and large
molecular weight will be selected [29]. The effects of two sur-
factants, Tween 20 and C,,(EO),,, with different structures
of polyoxyethylene units, on the wettability of anthracite will
be studied by experiments and molecular dynamics (MD)
simulations. Tween 20 has a similar molecular composition
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to C,,EO,,, such as 20 total polyoxyethylene units and one
equivalent alkyl chain. The main difference between these
two surfactants is that the polyoxyethylene units in Tween
20 are spread out on different branches, whereas the polyox-
yethylene units in C,,EO,, are linear. First, a molecular
dynamics simulation of the surfactant adsorption process
on anthracite surface will be carried out. A surfactant-
anthracite binary system will be constructed to compare
the interaction energy of surfactants and anthracite by
analyzing roughness and interaction energy. A water-
surfactant-anthracite ternary system will be constructed, by
analyzing the interaction energy of modified coal and water
molecules, relative concentration distribution, radial distri-
bution function (RDF), and number of hydrogen bonds,
the binding capacity of modified coal to water molecules will
be compared. Second, the abovementioned simulation
results will be verified by experiments. The existence state
of carbon and oxygen elements on the surface of modified
coal will be analyzed by XPS experiment. The experimental
data are in good agreement with the molecular dynamics
simulation evaluation.

2. Experiments and Simulations

2.1. Materials. The anthracite from the Zhaozhuang Coal
Mine, Jincheng, Shanxi province, China, was selected as
the experimental coal sample, and coal samples with a parti-
cle size ranging from 200 to 300 mesh (pore diameter
0.074mm to 0.050mm) were selected by crushing and
screening. In order to further reduce the influence of inor-
ganic minerals in coal, HCI-HF-HClI acid elution of minerals
was carried out and washed in excess distilled water until the
pH of the filtrate was neutral. The ash content on dry basis
after the treatment was 0.3%, indicating that there were basi-
cally no ash-forming minerals. The HCI/HF/HCI treatment
may physically change the surface microstructure (e.g., spe-
cific pore volume), but the chemical properties of the coal
surface remain almost unchanged [30]. Ultimate analyses
of Jincheng anthracite are shown in Table 1.

The main chemicals used in this work were C,,EO,, and
Tween 20, which were supplied by the Nanjing Ruichuang
Chemical Technology Co. Ltd. Figure 1 shows their molecu-
lar structure.

2.2. Molecular Dynamics Simulation. The large-scale model of
55-component Jincheng anthracite (C,,30H;9160133N125555)
was selected [29]. The unit cell size of the anthracite model is
54x4.8%5.5nm’ (x-yz), and the model density is 1.43 g/cm”.
A surfactant-anthracite binary system and a water-surfactant-
anthracite ternary system were constructed. The surfactant
layers containing 10 molecules and the water layer containing
2000 molecules were constructed. When the Tween 20 model
was constructed, the average structure was adopted [31-33] that
was x =y =z=w=>5. Molecular dynamics simulations were per-
formed in Materials Studio 8.0. The COMPASS force field was
used to describe the intermolecular interactions. Before the MD
simulation, the energy of all models was minimized using the
smart algorithm. NVT ensemble was used for MD simulation.
Nose was used for thermostat [11]. The time step was set to
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TaBLE 1: Ultimate analyses of Jincheng anthracite.

C H o N S
91.51 3.89 2.10 1.71 0.79

1fs. The temperature was 298K. In all MD simulations, the
Ewald algorithm was selected for long-range electrostatic inter-
action, the accuracy was 0.001 kcal/mol, the atom-based algo-
rithm was selected for the van der Waals interaction, and the
cutoft distance was 1.25nm. A 12 nm vacuum layer was added
to the surface of each model to eliminate the mirror effect. The
bottom two-thirds of the anthracite model is fixed. In systems
with larger atomic weights, this approach will save computation
time considerably. According to Zhang et al. [25], this operation
did not affect the calculation results.

Herein, Figure 2 shows that during the MD simulation,
the interaction of water, surfactant, and anthracite were
examined in two stages. The adsorption of the surfactant
and anthracite was the initial stage, which allowed
researchers to investigate the microscopic conformation
and energy of the two’s adsorption process. A surfactant
coating was applied to the anthracite surface at this point,
followed by a 1000 ps MD simulation using the NVT ensem-
ble. The second stage was the interaction of water molecules
with the surface of modified anthracite, which could be uti-
lized to investigate changes in surfactant-modified anthra-
cite’s surface wettability. A 500ps MD simulation was
performed at this stage. As a comparison, MD simulations
of water-anthracite were also performed.

2.3. Experiment

2.3.1. Surfactant Adsorption. Prior to the follow-up experi-
ment, an adsorption test on the pickled coal sample was
required to ensure that the surfactant was adsorbed on the
anthracite surface and the concentration of different types
of surfactant solution was 200 mg/L. When the concentra-
tion surfactant solution is 200 mg/L, it is higher than the
critical micelle concentration (CMC). At room temperature,
the CMC of C,,(EO),, is 90.1 mg/L [34, 35] and the CMC of
Tween 20 is 67.5mg/L [31, 36]. A 500 mg acid-washed coal
sample was mixed with 500 mL of surfactant solution, and
the solution was placed in a water bath with a magnetic stir-
ring device and stirred at a constant speed (800 r/min) for
10h at room temperature. The solution was centrifuged in
a centrifuge (2000 r/min, 30 min), the obtained coal sample
was vacuum filtered three times, and the residual surfactant
solution in the coal was washed with DI water. The obtained
solid wet anthracite samples were dried in a vacuum drying
oven at 105°C for 2h, cooled, sealed, and used for subse-
quent XPS tests.

2.3.2. XPS Measurements. XPS experiments were performed
using a Thermo Scientific K-Alpha X-ray electron spectrom-
eter, and a monochromatic Al target (Ka hv=1486.6¢eV)
was used as the X-ray source. During the test, the vacuum
degree of the analysis chamber was better than 5.0E
—7mBar. The full-spectrum scan pass energy was 100eV,

and the resolution of the measurement scan was 1eV. The
narrow-spectrum scan was performed for 5 cycles of signal
accumulation (different scan times for different elements),
the pass energy was 50eV, and the step size was 0.05eV,
which was used for the scan of C 1s and O 1s. The binding
energy was charge corrected for the spectrum by contami-
nating carbon (C 1s=284.8eVe). The background effects
were subtracted using Shirley’s method.

3. Results and Discussion
3.1. Simulation Results

3.1.1. Roughness. Both experimental and theoretical studies
have shown that the surface of anthracite is covered with
potholes. The roughness and the size of the surface area
can reflect the morphology of the anthracite surface. The
surface area was calculated using a probe with a radius of
0.14 nm, which is roughly equivalent to the size of a water
molecule. The calculated surface area and corresponding
roughness are listed in Table 2. The roughness is defined
by Eq. (1):

C= (1)

=~ o

WhereC represents the roughness, S represents the sur-
face area, and L represents the unit cell projected area.

The unit cell projected area is the projected area of the
unit cell on the xy plane. A roughness value of 1 indicates
a perfectly smooth surface at the atomic level, while a value
greater than 1 indicates that the surface has some degree of
wrinkling. As seen in Table 2, the surface roughness of
anthracite is greater than 1, indicating that the surface is
rough and uneven, which is consistent with the real surface
of anthracite. The surface of the anthracite after the adsorp-
tion of the surfactant becomes more rough, which is benefi-
cial to the contact between the surface of the anthracite and
the water molecules. Moreover, the surface of the anthracite
after adsorption of Tween 20 is rougher, which is presumed
to be due to the more branched structures in the hydrophilic
head group of Tween 20.

3.1.2. Interaction Energy. When two materials are adsorbed,
the adsorption energy is used to calculate the interaction
energy. The lower the adsorption energy, the more energy
is released during the adsorption process between the two
materials, resulting in a higher interaction energy between
them [37-39]. The adsorption energy is defined by Eq. (2):

EV=EV, ., —EV, -EV,,
EE = EE,, — EE, — EEg, (2)
E=EV +EE,
Where EV stands for van der Waals interaction energy, EE
stands for electrostatic interaction energy, E stands for total

interaction energy, EV, ..., EE, .. represents the total energy
after the adsorption of the two materials is completed, EV ,,
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(b)

FiGURE 1: Chemical structure of surfactants, (a) C,,(EO),, and (b) Tween 20 (x+ y+z+w=20).

EE, represents the energy of material A, and EVy, EE; rep-
resents the energy of material B.

Firstly, the interaction energy of the surfactant when
adsorbed to the anthracite surface was calculated to compare
the interaction energy. Here, A stands for surfactant and B
for anthracite. The calculation results are shown in Table 3.

From the total interaction energy data in Table 3,
C,,(EO),, releases more energy, the adsorption configura-
tion is more stable, the network structure formed is denser.
Tween 20 emits less energy, and the network structure
formed is relatively loose. This is because the existence of
the branched structure prevents the molecules from
approaching and intertwining with each other [6].

Further analysis of the van der Waals interaction energy
and electrostatic interaction energy shows that the van der
Waals interaction energy dominates the adsorption process
of the two surfactants on the surface of anthracite and the
electrostatic interaction energy only accounts for a small
part. Anthracite is a high-rank coal with a minor negative
charge on its surface due to the lack of oxygen-containing
functional groups [8]. In this sense, the anthracite and sur-
factant molecules have a small number of atoms with differ-
ing charges, a minor charge difference between them, and
mild electrostatic interaction between the oppositely charged
sections. As a result, electrostatic interactions make up a
very modest percentage of the total interaction energy. It
should be pointed out here that although nonionic surfac-
tant molecules are electrically neutral, the atoms in them
are still charged. The proportion of electrostatic interaction
energy in Tween 20 is much smaller than that of
C,,(EO),,. It is speculated that this is due to the existence
of the branched structure in Tween 20, which makes the
polar hydrophilic head group farther away from the coal
surface and the nonpolar hydrophobic tail chain is closer
to the coal surface, resulting in a smaller electrostatic inter-
action energy. This is consistent with the conclusion of the
relative concentration distribution analysis below.

The water-raw coal and water-modified coal adsorption
energies were then calculated to analyze the changes in

anthracite wettability, and raw coal here refers to the coal
after acid treatment.

Comparing the total interaction energy in Table 4, the
anthracite after adsorption by Tween 20 releases more
energy when it is adsorbed with water molecules, indicating
that the surface of the modified coal is more hydrophilic at
this time and Tween 20 can effectively improve the hydro-
philicity of the anthracite surface. This is because the exis-
tence of the branched structure in the hydrophilic head
group of Tween 20 increases the surface roughness, thereby
increasing the contact probability with water molecules. And
the loose layered structure is also conducive to the penetra-
tion of water molecules, so that the modified coal surface
forms more hydrogen bonds with water molecules, and the
adsorption force is stronger, thereby releasing more energy.
This is consistent with abovementioned the roughness anal-
ysis and the hydrogen bond number analysis results below.

Further analysis of the van der Waals interaction
energy and electrostatic interaction energy shows that the
proportion of electrostatic interaction energy on the modi-
fied coal surface is greater than that of the van der Waals
interaction energy, which also indicates that the surface of
anthracite after adsorbing surfactants becomes hydrophilic.
The proportion of electrostatic interaction energy in the
Tween 20 system is 68.1% greater than that in the
C,,(EO),, system, which is 57.8%, indicating that the sur-
face of the anthracite after Tween 20 adsorption is more
hydrophilic. This suggests that branched surfactants have
better wetting properties for potential applications com-
pared to linear surfactants [40]. This is consistent with
the abovementioned analysis conclusion.

3.1.3. Relative Concentration Distribution. The relative con-
centration distribution of each component in the ternary
system along the Z-axis was calculated, which could quan-
titatively reflect the adsorption capacity and visualize the
structure of the adsorption layer. The relative concentra-
tion distributions of different systems along the z-axis are
shown in Figure 3.
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(E) (F)

(G) (H)

FIGURE 2: Adsorption process of surfactant on anthracite: (a) C;,(EO),, and (b) Tween 20. (A, E) Were the first-stage initial conformations,
(B, F) were the first-stage final equilibrium conformations, (C, G) were the second-stage initial conformations, and (D, H) were the second-

stage final equilibrium conformations.

TaBLE 2: Surface area and roughness.

Model S (nm?) L (nm?) Roughness
Anthracite 252.67 25.69 9.84
C,,(EO),,-anthracite 304.37 25.69 11.85
Tween 20-anthracite 326.22 25.69 12.70

In the z-axis direction, the height of the coal model
exceeds 7 nm, which is due to the choice of a multicompo-
nent, high-molecular weight coal model. The starting point
of the water layer in the Tween 20 system is 5.50nm (the
starting point is the abscissa value corresponding to when
the relative concentration reaches 0.1), and the starting point
of the water layer in the C,,(EO),, system is 6.14 nm. The

permeability of water molecules in the Tween 20 system is
stronger, because the network layer formed by it is relatively
loose and the intermolecular gap is large, which is conducive
to the penetration of water molecules. This is consistent with
the abovementioned conclusion of the interaction energy
analysis. Comparing the distribution of the hydrophobic
tails in the two systems, the hydrophobic tails of Tween 20
shows a peak at 6.87nm with a peak value of 20.30. The
hydrophobic tail of C,,(EO),, takes a peak at 7.53 nm with
a peak value of 18.93. This indicates that the hydrophobic
tail chain of Tween 20 is closer to the surface of anthracite
and the aggregation degree is higher. Comparing the distri-
bution of hydrophilic head groups in the two systems, the
peaks of Tween 20 and C,,(EO),, hydrophilic head groups
are obtained at 7.23nm and 7.12nm, respectively, and the
end points of the distribution of Tween 20 and C,,(EO),,
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TaBLE 3: Adsorption energy between surfactant and anthracite.

Model EV (kcal-mol™) EE (kcal-mol™) E (kcal-mol™)
C,,(EO),,-anthracite ~509.21 (87.7%) ~71.25 (12.3%) ~580.46
Tween 20-anthracite —431.86 (96.5%) —15.70 (3.5%) —447.56

TABLE 4: Adsorption energy between water and raw or modified coal surface.

Model EV (kcal-mol™) EE (kcal'mol™) E (kcal-mol™)
Water-raw coal —380.36 (67.8%) —180.95 (32.2%) -561.31
Water-C,,(EO),,-coal ~227.96 (42.2%) ~312.37 (57.8%) ~540.33
Water-Tween 20-coal —261.51 (31.9%) —557.26 (68.1%) -818.77
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FIGURE 3: Relative concentration distribution along the z-axis: (a) water-C,,(EO),,-anthracite system and (b) water-Tween 20-anthracite system.
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hydrophilic head groups are 8.55nm and 8.15nm, respec-
tively. It means that the hydrophilic head group of Tween
20 is closer to the water phase.

Comparing the distribution of the hydrophilic head
group and hydrophobic tail chain in Tween 20, the hydro-
phobic tail chain peaks at 6.87nm, the hydrophilic head
group peaks at 7.23nm, and the hydrophobic tail chain is
closer to the coal surface. It shows that the adsorption struc-
ture is that the hydrophilic head group wraps the hydropho-
bic tail chain, that is, the hydrophobic tail chain faces the
coal surface and the hydrophilic head group faces the water
phase.

Comparing the distribution of the hydrophilic head
group and hydrophobic tail chain in C,,(EO),,, the hydro-
phobic tail chain peaks at 7.53nm, the hydrophilic head
group peaks at 7.12nm, and the hydrophilic head group is
closer to the coal surface. It shows that the adsorption struc-
ture is that the hydrophobic tail chain wraps the hydrophilic
head group, that is, the hydrophobic tail chain faces the
water phase and the hydrophilic head group faces the coal
surface.

The abovementioned conclusion confirms the specula-
tion in the abovementioned electrostatic interaction energy
analysis.

3.1.4. Radial Distribution Function. The radial distribution
function (RDF) between atoms can be used to calculate the
coordination number and then determine the aggregation
degree of B atoms surrounding A atoms. The radial distribu-
tion function between atoms forms a high and abrupt first
peak, showing that the order is strong and the contact
between atoms is strong [41-44]. RDF is determined using
the Eq. (3):

1
Cdmpyr? dr

g(r) (3)

Wherer represents the distance between B atoms and A
atoms, py represents the density of B atoms, and dN is the
average number of B atoms in the range from r to r+dr
(A is the reference atom).

First, the RDF between the oxygen atom in the surfactant
ethoxy group (Og) and the hydrogen atom in the water (Hy,)
was calculated. The RDF result is shown in Figure 4.

In both systems, the RDF curve peaks at around 0.18 nm
and the peak value of the Tween 20 system is higher than
that of C,,(EO),,. It shows that the aggregation degree of
water molecules on the coal surface after Tween 20 adsorp-
tion is higher; in other words, Tween 20 has a stronger
binding ability to water molecules, making the modified
anthracite surface more hydrophilic.

The coordination number was then multiplied by the
aforesaid conclusion to arrive at a quantitative conclusion.
The greater the contact between atoms, the higher the coor-
dination number. The coordination number is determined
using the Eq. (4).

g(r) - N -4nr’dr
=

dN = (4)

7
1.0
0.8
0.6
)
[=s]
0.4
0.2
0.0 . T " T : T :
0.0 0.1 0.2 0.3 0.4
r (nm)
— Cp(EO)y
—— Tween 20

FIGURE 4: The RDF between Og and Hy,.

TaBLE 5: The number of hydrogen bonds in different systems.

Model Number of hydrogen bonds
Water-raw coal 17
Water-C,,(EO),,-coal 57
Water-Tween 20-coal 88

Where N is the total number of B atoms and V is the
periodic model volume.

The numbers of hydrogen atoms in the water molecule
around the oxygen atom in the ethoxy group in Tween 20
and C,,(EO),, are 0.30 and 0.28, respectively. The aggrega-
tion degree of water molecules around Tween 20 is higher
than that of C,,(EO),,.

3.1.5. Number of Hydrogen Bonds. The difference in the
number of hydrogen bonds between water and modified coal
can be used to explain the difference in hydrophilicity. Geo-
metric criteria were used to define the presence of hydrogen
bonds: the intermolecular hydrogen acceptor distance was
less than 0.25nm, and the donor hydrogen acceptor angle
was greater than 135° [45]. The calculation results are shown
in Table 5.

The number of hydrogen bonds between the modified
coal surface and water molecules is greatly increased after
the addition of surfactants, indicating that such surfactants
can improve the hydrophilicity of anthracite. There are more
hydrogen bonds formed in the water-Tween 20-coal system,
indicating that the modified coal is more hydrophilic at this
time. This is consistent with the abovementioned interaction
energy analysis results.

3.2. Validation of the Simulation Results. The carbon spec-
trum and the oxygen spectrum were fitted by peaks to inves-
tigate the presence of carbon and oxygen elements on the
surface of modified coal, based on the difference in the



120000

100000 -

80000 -

60000

Intensity

40000 ~

20000 ~

300 295 290 285 280
Binding energy (eV)

()

Adsorption Science & Technology

120000
100000 -
80000 -
2
§ 60000
5
40000 ~
20000
0 T T T T T T T T
300 295 290 285 280
Binding energy (eV)
—— Fitted line — C-0O-C/C-OH
—— Baseline — 0=C
— C-C/C-H — 0=C-0

)
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FIGURE 6: XPS spectrum of O 1s of anthracite after adsorbing different surfactants. (a) Tween 20-anthracite and (b) C,,(EO),,-anthracite.

binding energy of electrons in the inner layer of atoms, and
the XPS images of C 1s and O 1s on the surface of modified
coal were obtained, and the results are shown in Figures 5
and 6, respectively.

3.2.1. C Is Line Analysis. As seen in Table 6 that comparing
the C-C/C-H content on the modified coal surface, the pro-
portion after adsorption of Tween 20 is 45.0% and the pro-
portion after adsorption of C,,(EO),, is 75.6%. Comparing

the content of oxygen-containing functional groups, the pro-
portion after adsorption of Tween 20 is 55.0% and the pro-
portion after adsorption of C,,(EO),, is 24.4%. The surface
carbon content of the coal modified by Tween 20 is lower,
while the oxygen content is higher. This phenomenon indi-
cates that the surface of coal modified by Tween 20 is more
hydrophilic. This confirms the adsorption configuration
obtained from the abovementioned relative concentration
distribution, that is, the adsorption configuration of Tween
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TaBLE 6: Peak positions, areas, and atomic assignments of C 1s on the surface of anthracite after adsorption.
Tween 20 C,(EO),,

Groups o s 1.

Binding energy (eV) PR (%) Binding energy (eV) PR (%)
C-C/C-H 284.80 45.00 284.80 75.61
C-O 285.12 38.31 286.58 12.28
C=0 286.43 12.15 288.56 3.81
COO 289.62 4.54 290.43 8.30

TaBLE 7: Peak positions, areas, and atomic assignments of O 1s on
the surface of anthracite after adsorption.

Tween 20 C,(EO),,
Groups Binding energy =~ PR Binding energy =~ PR
(eV) (%) (eV) (%)
C-O/0OH 532.77 56.36 532.23 19.22
C=0 533.01 13.73 533.07 20.67
COO/
COOH 534.09 29.91 534.12 60.10

20 is that the hydrophilic head group covers the hydrophobic
tail chain, while the adsorption configuration of C,,(EO),, is
that the hydrophobic tail chain covers the hydrophilic head

group.

3.2.2. O Is Line Analysis. As seen in Table 7, there are three
kinds of oxygen atoms with different binding energies after
adsorption of two different surfactants in anthracite coal.
Among them, the contribution of C-O/OH functional
groups on the coal structure is concentrated around the
binding energy of 532eV, the oxygen atom with binding
energy around 533 eV is the contribution of C=0, and the
binding energy around 534eV is COO/COOH [46]. All
oxygen-containing functional groups in C,,(EO),, are C-
O/OH. Most of the oxygen-containing functional groups in
Tween 20 are C-O/OH, with only a very small amount of
C=0. The remaining oxygen-containing functional groups
such as C=0 and COO/COOH mainly exist on the surface
of anthracite. Comparing the C-O/OH content on the mod-
ified coal surface, the C-O/OH ratio after modification by
Tween 20 is 56.36% and the C-O/OH ratio after C,,(EO),,
adsorption is 19.22%. In this case, the surface of the coal
modified by Tween 20 is more covered by the hydrophilic
head group of the surfactant, so it is more hydrophilic. Com-
pared with the proportion of other oxygen-containing func-
tional groups, the proportion of other oxygen-containing
functional groups after modification by Tween 20 is
43.64% and that after modification by C,(EO),, is 80.78%.
This is due to the fact that the hydrophilic head group of
C,,(EO),, is covered by its hydrophobic tail chain and thus
cannot be exposed to the surface. Moreover, it preferentially
adsorbs on the hydrophobic sites of anthracite during the
adsorption process. The oxygen-containing functional
groups on the surface of anthracite are exposed. The hydro-
philic head group of Tween 20 covers its hydrophobic tail.
This confirms the adsorption orientation derived from the
relative concentration distribution.

4. Conclusions

In this investigation, molecular dynamics simulations and
experiments were used to investigate the effects of two non-
ionic surfactants, lauryl polyoxyethylene ether C,,(EO),,
and Tween 20, with different polyoxyethylene unit struc-
tures, on the wettability of anthracite.

Through molecular dynamics simulation, it is found
that the surface of coal adsorbed by Tween 20 is more
hydrophilic. The surface of anthracite becomes rougher
after adsorption of two surfactants, and the surface rough-
ness of anthracite after adsorption of Tween 20 is higher.
The network layer formed by C,,(EO),, on the surface of
anthracite is denser, while the network structure formed
by Tween 20 is relatively loose. The branched polyoxyethy-
lene structure is beneficial to the adsorption of surfactants
and water molecules. The permeability of water molecules
on the coal surface after Tween 20 modification is stronger,
which confirms the conclusion that its network structure is
looser. The adsorption configuration of Tween 20 is that
the hydrophilic head group covers the hydrophobic tail
chain, while the adsorption configuration of C,,(EO),, is
that the hydrophobic tail chain covers the hydrophilic head
group. The aggregation degree of water molecules near
Tween 20 is higher, and more hydrogen bonds are formed
between the surface of coal and water molecules after
Tween 20 modification. The existence state of carbon and
oxygen elements on the surface of modified coal was ana-
lyzed by XPS experiment, which confirmed the adsorption
structure obtained by molecular simulation.

Molecular simulations are in good agreement with the
experimental results. It shows that the branched polyox-
yethylene unit can make the surface of anthracite more
hydrophilic, which is more conducive to the suppression of
anthracite dust. This study further explains the microscopic
reasons why such surfactants can increase the hydrophilicity
of anthracite. This research may provide useful guidance for
rational design/selection of highly efficient coal dust
suppressant.
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