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ABSTRACT: This study investigates the effects of composite
surfactants on the wettability of different coal types using a
combination of macroscopic experiments, mesoscopic experiments,
and microscopic molecular dynamics simulations, with coal samples
of varying degrees of metamorphism as research subjects. First,
contact angle and surface tension experiments were performed at
the macroscopic level to determine the optimal concentration and
ratio of the composite surfactants. The results showed that the
composite solution formed by mixing SLES and AEO-9 in a 3:2
ratio significantly reduced both the surface tension of the solution
and the contact angle of the coal samples at a mass concentration of
0.5 wt %. Second, the effects of the composite surfactants on the
wetting properties of coal samples were analyzed at the mesoscopic
level using scanning electron microscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, and ζ-potential measurements.
The results revealed that the total content of hydrophobic groups (−CH3, −CH3&−CH2, C�C) in the coal molecules was
significantly reduced after treatment with the composite solution, weakening the hydrophobicity of the coal samples. Additionally,
the absolute value of the surface potential of the coal samples was significantly decreased, enhancing the aggregation tendency
between coal particles. This facilitated the formation of larger agglomerated coal particles, which contributed to the settling of coal
dust. Simultaneously, the cracks between coal particles promoted the penetration of aqueous solutions, aiding in the wetting of the
coal seam. Finally, molecular dynamics simulations were conducted to analyze the synergistic wetting mechanism of the composite
surfactants at the microscopic level. The results showed that the composite surfactant molecules were effectively adsorbed onto the
surface of coal molecules, facilitating the movement of water molecules to the coal surface, increasing the diffusion coefficient of
water molecules, and enhancing the interaction energy within the coal/composite surfactant/water system. These findings provide
valuable insights for the development of new composite surfactants with wetting effects, offering significant potential for applications
in mine dust control.

1. INTRODUCTION
Coal is the most abundant fossil fuel globally, and in China, it
serves as the primary energy source, accounting for approx-
imately 70% of the national energy supply.1−3 With advance-
ments in coal mining mechanization and automation, significant
amounts of coal dust are generated during mining operations.4

The hazards associated with coal dust are inevitable5 and include
environmental contamination, health risks to workers, equip-
ment wear, and the potential for dust explosion accidents.6−8

Thus, comprehensive management of coal dust pollution has
become an urgent issue. Coal bed water injection, with its
advantages of low equipment requirements, ease of use, low cost,
and effective dust removal, is a key technology for mitigating and
managing coal dust disasters.9−11 However, due to the high
hydrophobicity of coal dust and the high surface tension of pure
water,12 the efficacy of plain water in dust management is
limited.13 The addition of surfactants to water is a primary

method for enhancing the microstructural properties and
wettability of coal.14,15

Currently, many researchers have investigated the effects of
surfactants on the microstructure and wettability of coal.16−18

Xu et al. examined the impact of SDBS and SDS on water
injection in deep coal seams and found that both surfactants
interacted with Ca2+, resulting in precipitation that impeded
water flow within the coal and hindered the improvement of
wettability in deep coal seams.19−21 Niu et al. combined
molecular dynamics simulations and experiments to study the
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adsorption and wetting process of APG-12 on coal molecules.
They found that APG-12 readily adsorbed onto the coal surface,
subsequently attracting surrounding water molecules, which
significantly improved the wettability and inhibited coal
dust.22,23 Tian et al. reported that SDBS exhibited the best
wetting performance when combined with IDS. This surfactant
was more extensively adsorbed on the coal dust surface,
increasing the surface porosity and specific surface area of
bituminous coal, while also enhancing the proportion of oxygen-
containing hydrophilic groups, thereby improving its wett-
ability.19,24 Gao et al. compared the effects of two nonionic
surfactants, C12G2 and C12E7, on the surface wettability of
lignite, and found that the hydroxyl-containing C12G2
enhanced the hydrophilicity of lignite.25,26 Chen et al.
investigated the effects of AEO-9 on the wettability of anthracite
through both experiments and simulations. They discovered
that AEO-9 increased the migration rate of water molecules,
promoted the movement of a large number of water molecules
to the anthracite surface, thickened the watermolecule layer, and
strengthened the anthracite/water interaction.27−29 Meng et al.
analyzed the effect of surfactants with different hydrophilic
structures on the wettability of bituminous coal, concluding that
surfactants containing higher amounts of oxygen and nitrogen in
their hydrophilic structures were more effective in modulating
the wettability of bituminous coal.30−32 Jing et al. studied the

effect of different surfactant blends on the wettability of
bituminous coal, finding that a compound solution of SDS
and CAB-50 exhibited a better synergistic effect, which
effectively reduced the contact angle, increased the relative
concentration of water molecules on the coal surface, improved
dust suppression efficiency, and significantly enhanced the
wettability of bituminous coal.33−35 In summary, while some
preliminary studies on the wettability of coal have been
conducted, research on the effect of compound surfactants on
the wettability of different coal types remains limited due to the
complex physical and chemical structures of various coal species.
In this study, anthracite, bituminous coal, and lignite with

varying degrees of metamorphism were selected as the research
subjects to investigate the effects of compound surfactants on
the wettability of different coal species. This was achieved
through a combination of macroscopic experiments, mesoscopic
analysis, and microscopic molecular dynamics simulations. First,
the influence of different surfactant compound ratios on the
wettability of the three coal samples was assessed using contact
angle and surface tension measurements to identify the optimal
compound formulation and surfactant concentration. Second,
the effects of the compound surfactants on the surface element
and functional group changes of the coal samples were analyzed
through scanning electron microscopy (SEM), Fourier trans-
form infrared (FTIR) spectroscopy, and ζ-potential measure-

Table 1. Industrial and Eemental Analyses of Coal Samples with Different Degrees of Deterioration

proximate analysis (%) ultimate analysis (%)

coal sample Mad Aad Vad FCad Cdaf Hdaf Odaf Ndaf Sdaf

HM 10.39 4.33 37.91 47.37 67.52 3.88 26.73 1.24 0.63
YM 1.81 9.54 24.47 68.45 73.02 3.84 21.76 0.82 0.38
WYM 0.65 7.63 9.62 82.10 89.39 4.67 2.61 2.23 0.74

Figure 1. Coal and surfactant molecular structure.
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ments. Finally, molecular dynamics simulations were conducted
to model the coal/water and coal/compound surfactant/water
systems. The interaction between these systems was analyzed in
terms of interaction energy, relative concentration distribution,
and mean square displacement (MSD) of water molecules,
which further elucidated the microscopic mechanism of the
synergistic wetting effect of the compound surfactants on coal
dust. The study of the wettability of coal dust by compound
surfactants provides insights into the development of more
effective coal dust inhibitors, enhances the wettability of water
injection in coal seams, reduces coal dust dispersion, improves
the working environment, and has significant application value
formine dust control. Improving the wettability of coal enhances
reaction efficiency and conversion rates, promotes the efficient
and clean utilization of coal resources, and offers technical
support for the deep processing and comprehensive utilization
of coal.

2. EXPERIMENTS AND SIMULATIONS
2.1. Experimental Materials. The coal samples used in the

experiments were sourced from different mining regions in
China, listed in order of decreasing metamorphism: Ordos
lignite (HM), Shouyang bituminous coal (YM), and Jincheng
anthracite (WYM). The coal samples were crushed using a ball
mill, then sieved through a vibrating screen with a 200-mesh
sieve. The screened coal dust samples were placed in a vacuum
desiccator at 50 °C for 24 h, after which they were stored in the
desiccator for later use. The results of industrial and elemental
analyses for the three coal samples, which exhibit varying
degrees of metamorphism, are presented in Table 1. It can be
observed that with increasing metamorphism, the carbon
content in the coal gradually increases, while the oxygen content
decreases.
Based on previous studies on wetting agents conducted by our

group, anionic surfactant sodium laureth sulfate (SLES, 70%,
Usolf), nonionic surfactant fatty alcohol polyoxyethylene ether
(AEO-9, 99%, Usolf), and amphoteric surfactant sodium lauroyl
amphoteric bis(acetate) (LAD-35, 35%, Usolf) were selected for
the experiments. The reagents were purchased from Shandong
Usolf Chemical Technology Co., and their molecular structures
are shown in Figure 1. In prior single-solution experiments, the
critical micelle concentration (CMC) of each solution was
determined to be 0.5 wt %. Therefore, in this study, an
orthogonal experimental design was not applied. Instead, the
CMC concentration was adopted as the concentration of the
mixed surfactant solutions. The selected surfactants were
blended in mass ratios of 5:0, 4:1, 3:2, 2:3, 1:4, and 0:5,
resulting in the preparation of composite surfactant solutions R1
(SLES:AEO-9), R2 (AEO-9:LAD-35), and R3 (SLES:LAD-35).
Tap water was used as the solvent to simulate real-world coal
mine conditions, and all experiments were conducted at room
temperature.

2.2. Experimental Methods and Equipment. 2.2.1. Sur-
face Tension and Contact Angle. Two grams of coal powder
were evenly distributed in the center of the tablet press bushing
and subjected to a pressure of 15 MPa for 3 min. The coal
powder was then pressed into a flake with a smooth surface,
measuring 40 mm in diameter and 5 mm in thickness.
Composite surfactant solutions with varying mass ratios were
prepared, and the surface tension of these solutions was
measured using an SDC-350 automatic contact angle/surface
tension tester. The contact angles of different coal samples were

also determined with this instrument. Each set of experiments
was repeated three times, and the average value was calculated.
2.2.2. Scanning Electron Microscope Experimental Meas-

urements. A scanning electron microscope (SEM, ESCALAB
250Xi) was employed to acquire images in high vacuum mode
for observing the morphology and surface ultrastructure of
various solid materials.36 A 2 g sample of coal powder was
weighed and mixed with an equal volume of different composite
surfactant solutions. The mixture was allowed to stand for 48 h
to ensure adequate wetting of the coal samples, followed by
drying in a vacuum oven at 40 °C for 48 h. A small portion of the
coal sample was then taken for plating experiments. The
bonding and adsorption effects of the surfactant on the surface of
anthracite coal were observed at a magnification of ×2000.
2.2.3. FTIR Spectroscopy Analysis. The infrared spectra of

coal samples with varying degrees of metamorphism were
measured using an INVENIO R Fourier transform infrared
spectrometer.37 Initially, pure KBr was used to collect the
background spectrum as a baseline reference. Next, KBr was
mixed with coal dust in a 150:1 ratio and thoroughly ground.
The resulting mixture was then compressed into transparent
flakes with a thickness ranging from 0.1 to 1.0 mm using a tablet
press. Finally, the samples were placed in the sample chamber of
the FTIR spectrometer for analysis, with a scanning range of
4000−400 cm−1 and a resolution of 4 cm−1. Each coal sample
was scanned 32 times.
2.2.4. Zeta Potential Measurement. The ζ-potential of coal

dust with varying degrees of deterioration in the composite
surfactant solution was measured using a ζ-potential meter
(Nanobrook 90Plus PALS). A 0.5 g sample of coal was added to
100 mL of composite surfactant solution and diluted to a 0.5%
suspension. The suspension was then thoroughly dispersed
using ultrasonic stirring for 60 s and allowed to stand for 24 h.
Subsequently, the supernatant was carefully collected for ζ-
potential measurement. As detailed in Section 2.1, a 0.5%
concentration of the composite surfactant solution provided
better wettability and amore uniform distribution of coal sample
particles. At this concentration, the coal particles exhibited
relatively stable motion in the electric field, ensuring a sufficient
number of coal particles for measurement.38,39 Additionally, this
concentration minimized the interference from interparticle
interactions, thereby enhancing the accuracy and repeatability of
the ζ-potential measurements.

2.3. Molecular Dynamics Simulation. In this study,
typical Wender andWiser models were selected to construct the
macromolecular structures of anthracite, lignite, and bituminous
coal.40,41 Molecular dynamics simulations were performed using
Materials Studio 2020 software. First, the molecular structures
of water, surfactant, and coal were constructed, followed by
geometry optimization and annealing to obtain the minimum
energy configurations. Next, 1000 water molecules, 10
surfactant molecules, and 15 coal molecules were randomly
introduced into a cell with dimensions of 35 Å × 35 Å using the
Amorphous Cell module. The coal/water and coal/surfactant−
water systems were then modeled using the Build Layer tool. A
vacuum layer of 30 Å was added along the z-axis to eliminate
periodic boundary conditions. The three systems were
subsequently subjected to geometry optimization and multiple
annealing steps. Finally, molecular dynamics simulations of the
optimized systems were carried out using the Forcite module,
with an NVT ensemble, a temperature of 298 K, a time step of
1.0 fs, and a simulation duration of 300 ps.42 The molecular
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models and the molecular dynamics simulation process are
shown in Figures 1 and 2, respectively.

3. RESULTS AND DISCUSSION
3.1. Analysis of Experimental Results. 3.1.1. Surface

Tension. Surface tension is a key parameter for characterizing
the wetting ability of a liquid.43 The surface tension of composite
surfactants at different mass ratios was determined through
surface tension measurements, as shown in Figure 3. It is
observed that the surface tension of the R1 composite solution is
lower than that of the individual surfactants. Specifically, the
surface tension of the anionic surfactant SLES combined with
the nonionic surfactant AEO-9 at a 3:2 mass ratio is 26.246mN/
m, which is 13.42 and 19.60% lower than that of the individual
surfactants, indicating a better synergistic effect between the
anionic and nonionic surfactants. This suggests that the
combination of anionic and nonionic surfactants leads to
enhanced synergistic effects. This is attributed to the negative
charge of the anionic surfactant molecules, which results in
strong electrostatic repulsion between molecules, thereby
increasing the molecular spacing. The nonionic surfactant
AEO-9, with its higher oxygen-containing functional groups,
interacts easily with water molecules to form hydrogen bonds,
which can entangle with the anionic surfactants, filling
intermolecular gaps and reducing the surface tension of the

solution. Although the other two composite formulations did
not achieve lower surface tension than the lowest value of the
single component solutions, they still reduced the surface
tension to some extent. The minimum surface tension values of

Figure 2. Initial configurations of different molecular systems.

Figure 3. Surface tension of composite surfactants at different mass
ratios.
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the R2 and R3 composite solutions at a 3:2 mass ratio were
30.072 and 28.164 mN/m, respectively, both lower than the
surface tension of the individual surfactant solutions. This
indicates that the composite surfactants are effective in lowering
the surface tension, thereby enhancing their wetting ability on
coal seams.
3.1.2. Contact Angle.The contact angle experiment provides

a microscopic perspective for comparing the diffusion and
wetting abilities of liquids on solid surfaces.44 Figure 4 presents
the contact angle values of different mass ratios of compound
surfactants on three coal samples. The data indicate that the
contact angles of the three composite solutions are lower than
that of the single surfactant solution. The contact angle of
anthracite in a single SLES solution is 34.501°, while the contact
angle for the nonionic AEO-9 at a 3:2 ratio is 27.301°, a 20.87%
reduction compared to the single surfactant solution. The
minimum contact angle of bituminous coal in the single
surfactant solution is 25.858°, while the minimum contact angle

in the R1 compound solution is 19.575°, a decrease of 24.29%.
For lignite, the minimum contact angle in the single surfactant
solution is 20.798°, whereas in the R1 solution, it is 14.545°,
resulting in a reduction of 30.17%. These results suggest that
compound surfactants improve the wetting performance of coal
samples. Combining the results from the surface tension and
contact angle experiments, it is evident that the R1 compound
solution with a mass ratio of 3:2 and a concentration of 0.5 wt %
provides the best wetting effect for coal samples with varying
degrees of deterioration. Future work will focus on using this R1
compound solution to treat coal samples with different
deterioration levels and analyze its wetting mechanism.
3.1.3. Scanning Electron Microscopy. SEM experiments can

provide insights into the wetting and binding properties of the
solution on coal sample surfaces at a microscopic level.45 Figure
5 presents the microscopic morphology of coal samples with
varying degrees of metamorphism, treated with a composite
surfactant, at a magnification of 2000 times. The untreated raw

Figure 4. Contact angle values of composite surfactants with different mass ratios in different coal samples.
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coal sample exhibits numerous small coal particles on its surface,
with a relatively loose distribution of these particles. In contrast,
the surface of the coal sample treated with the composite
surfactant shows aggregation of many coal particles. Small
particles adsorb and bind to larger coal particles under the action
of the composite surfactant, and the interactions between the
larger and smaller particles form clusters. These clusters facilitate
settling and reduce dust hazards. Additionally, the coal clusters
contain abundant pore structures, which promote solution
penetration during water injection into the coal seam and, to
some extent, enhance the wettability of the coal seam.
3.1.4. FTIR Spectra. Figure 6 presents a comparison of FTIR

spectra for coal samples with different metamorphic degrees in

the region of 1000−1800 cm−1 after treatment with the R1
solution. This region includes oxygen-containing functional
groups, which consist of seven types: Si−O−Si stretching
vibration, C−O−C stretching vibration, C−O stretching
vibration, −CH3 symmetric bending vibration, −CH3 and
−CH2 antisymmetric bending vibrations, C�C stretching
vibration, and C�O stretching vibration.46 Figure 7 illustrates
the percentage change in the area of oxygen-containing
functional groups for the three coal samples after treatment
with the R1 composite solution. It can be observed that the total
content of hydrophobic groups (−CH3, −CH3&−CH2, C�C)
in lignite coal decreased from 48 to 39% after R1 treatment. In
bituminous coal, the content of hydrophobic groups decreased

Figure 5.Micromorphological images of coal samples with different degrees of metamorphism after treatment with surfactant complexes at 2000 times
magnification.
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from 54 to 45%, while in anthracite, the hydrophobic group
content decreased from 67 to 54%. Overall, the trend shows a
decrease in hydrophobic group content in all three types of coal
samples treated with R1 composite solution, while the total peak
area of hydrophilic groups increases. This is attributed to the fact
that anionic and nonionic molecules, which are rich in
hydrophilic groups such as −OH, −COOH, C−O−C, COO−,
and −SO3H, adsorb onto the coal surface during coal dust
infiltration. This adsorption alters the functional group

composition of the coal, ultimately leading to an increase in
the content of hydrophilic groups and a decrease in the content
of hydrophobic groups.
Figure 8 presents a comparison of the FTIR spectra of coal

samples with varying degrees of metamorphism in the 2800−
3000 cm−1 region after treatment with the R1 solution. This
region corresponds to the aliphatic functional group structure,
which includes four main types: −CH2 symmetric stretching,
−CH stretching, −CH2 antisymmetric stretching, and −CH3

Figure 6.Comparison of FTIR spectra of coal samples with different degrees of metamorphism in the 1000−1800 cm−1 region after treatment with R1
solution.
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antisymmetric stretching.47 It can be observed that these
aliphatic functional groups are reduced to varying extents after
treatment with composite surfactants, with the reduction of CH2
and CH3 groups being more pronounced. To further investigate
the evolution of the aliphatic hydrocarbon structure in the coal
samples after surfactant treatment, the following formula was
employed to characterize the length and branching degree of the
aliphatic chains.48

=A
A

A
A

(CH )
(CH )

2

3

2924cm

2954cm

1

1 (1)

where A2924cm−1 and A2954cm−1 represent the peak areas of −CH2
and −CH3 groups near 2920 and 2950 cm−1, respectively.
The results of the operations are presented in Table S1. It can

be observed that the CH2/CH3 ratio slightly increased for
different coal samples treated with R1 solution, indicating the
presence of longer and less branched aliphatic chains in the coal
samples. This is primarily attributed to the complex surfactant
solution of anionic and nonionic components, which increased
the cracks in the coal structure, allowing some aliphatic
structures to overcome spatial constraints and be released.
These released structures then combine with lipids to form
longer fatty chains with fewer branches. Furthermore, it is noted
that the A(CH2)/A(CH3) ratio gradually decreased with
increasing deterioration, suggesting that as the deterioration
progressed, the aliphatic chain length decreased, and the number
of branched chains increased. This indicates that the degree of
aliphatic chain breakage is higher in coal samples with a higher
degree of deterioration.
3.1.5. Zeta Potential. In addition to changes in the content of

functional groups, the adsorption of surfactants may also
influence the surface potential of coal dust.49 Figure 9 illustrates
the effect of different solutions on the ζ-potential of coal
particles. In pure aqueous solution, the ζ-potentials of
anthracite, bituminous coal, and lignite were −40.03, −51.69,
and−62.58 mV, respectively. It can be observed that in aqueous
solution, the ζ-potentials of all coal surfaces were negative, with

the absolute value of the ζ-potential gradually decreasing as the
degree of coalification increased. This is primarily because
carboxyl and hydroxyl groups on the coal surface readily
dissociate, generating negatively charged ions, which impart a
negative charge to the coal surface.50 As the degree of
coalification increases, the number of negatively charged
functional groups on the coal surface decreases, resulting in an
increase in the surface ζ-potential. After the addition of the
composite surfactant, the ζ-potential in the solution changed.
The ζ-potentials of anthracite, bituminous coal, and lignite in
the composite solution were 25.06, −34.72, and −40.09 mV,
respectively, with the absolute ζ-potential values decreasing by
35.93, 32.83, and 37.39% compared to those in the single
aqueous solution. This indicates that under the influence of the
composite surfactant solution, the coal surface remained
negatively charged. Notably, under the action of the composite
surfactant solution, the absolute ζ-potential values of the coal
samples showed a decreasing trend. This is because the anionic
and nonionic interactions of the R1 composite surfactant
enhanced its adsorption on coal particles, altering the interfacial
properties of the coal/water interface. As a result, the
hydrophobic tail chains of the surfactant were more widely
adsorbed on the coal surface, while the hydrophilic groups were
exposed to the aqueous phase, thus increasing the hydrophilicity
of the coal dust. The lower absolute ζ-potential values indicate
that the aggregation ability between coal dust particles was
enhanced, which is more favorable for dust settling.

3.2. Molecular Simulations. 3.2.1. Interaction Energy
Calculations. The interaction energy quantifies the strength of
the interaction between the surfactant and coal.31 It is calculated
as follows

= +E E E E( )xint total coal (2)

Eint represents the adsorption energy between water/surfactant
and coal molecules; Etotal is the total conformational energy of
the water/surfactant/anthracite system; Ex denotes the
conformational energy of the water or water/surfactant system;
and Ecoal corresponds to the conformational energy of the coal
molecules.
The calculated results are presented in Table 2. The

interaction energies of anthracite, bituminous coal, and lignite
with a single water system were−258.48,−380.32, and−500.89
kcal/mol, respectively. Negative values indicate spontaneous
adsorption, where a larger absolute value corresponds to
stronger adsorption. The adsorption performance of the three
coal samples follows the order: lignite > bituminous coal >
anthracite. This suggests that the surface hydrophilicity of
anthracite is inferior to that of bituminous coal and lignite,
making it less likely to interact with water molecules. This
difference primarily arises from the molecular structures of the
coal types. Anthracite, as a high-rank coal, has fewer polar
oxygen-containing functional groups on its surface and a
significant number of hydrophobic sites, resulting in stronger
overall hydrophobicity. In contrast, lignite contains more
oxygen-containing functional groups in its macromolecular
structure, such as −OH, −COOH, C−O−C, COO−, which
facilitate interactions with water molecules. Upon the addition
of the compound surfactant R1, the interaction energies of the
three systems were −528.74, −604.66, and −1016.16 kcal/mol,
respectively. This indicates that the absolute values of the
interaction energies for the coal/surfactant/water systems were
higher than those for the coal/water systems. The presence of
the compound surfactant intensified water molecule dynamics

Figure 7. Percentage change in the area of oxygen-containing
functional groups of the three coal samples after treatment with the
R1 composite solution.
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and increased the contact between water and coal, leading to
more stable water molecule aggregation.51 This effect can be
attributed to the synergistic action of the anionic-nonionic
compound surfactant, which enhances dipole-ion interactions
among polar head groups, reduces electrostatic repulsion
between surfactant molecules, and facilitates adsorption
between water and coal molecules. Consequently, the
interaction between the polar hydrophilic groups of the

surfactant and water molecules is strengthened, improving the
hydrophilicity of the coal samples.
3.2.2. Relative Concentration Distribution Analysis. Figure

10 illustrates the concentration distribution of each component
along the Z-axis in various systems, providing a quantitative
assessment of the adsorption capacity of the composite
surfactant R1 and the structural parameters of the adsorption
layer. The relative concentration distribution of coal molecules
across different systems exhibits minimal variation,52 primarily

Figure 8.Comparison of FTIR spectra of coal samples with different degrees of metamorphism in the region of 2800−3000 cm−1 after treatment with
R1 solution.
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confined within the range of 0−45 Å. In the anthracite/water
system, the relative concentration distribution of coal molecules
is less influenced compared to water. The initial water layer
distance in this system was 31.75 Å, with an overlap width of
11.51 Å between coal and water. Upon the addition of the R1
composite solution, in the anthracite/R1 composite solution/
water system, the initial water layer distance decreased to 4.75 Å,
and the overlap width between coal and water expanded to
approximately 35.52 Å, an increase of about 24.01 Å compared
to the single-water system. Similarly, in the bituminous coal/R1
composite solution/water system, the overlap width increased to
37.21 Å, representing a growth of about 10.34 Å relative to the
single-water system. For the lignite/water system, the overlap
width between coal and water was 20.33 Å. After incorporating
the R1 composite solution, the overlap width in the lignite/R1
composite solution/water system increased significantly to
40.12 Å. The results indicate that the addition of the composite
surfactant R1 enhances the overlap width between coal and
water, particularly in the lignite/R1 composite system.
Surfactant R1 brings water molecules closer to the surface of
coal molecules, reduces the starting point of water in the
concentration distribution, and expands the overlap range
between coal and water.53 A forward shift in the starting point of
the relative concentration distribution of water molecules
correlates with a thicker coal/water adsorption layer, deeper
penetration of water molecules into coal, and an improved
wetting effect on coal. This further demonstrates that the
composite surfactant serves as an intermediary between the
water layer and coal layer, facilitating the interaction between

water and coal molecules, attractingmore water molecules to the
coal surface, and enabling deeper penetration of water molecules
into coal.
3.2.3. Analysis of the MSD of Water Molecules. The MSD

and diffusion coefficient (D) are effective parameters for
characterizing the aggregation behavior of molecules within
the system. The equations of motion are presented as follows.

= [ ] =
=
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N t

r t r K1
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i i
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(3)

Here,N represents the total number of diffusing molecules, ri(t)
and ri(0) denote the position vectors of the particles at times t
and 0, respectively, and KMSD refers to the slope of the MSD
curve.
The MSDs and diffusion coefficients (D) of water molecules

in various systems are presented in Figure 11 and Table 3,
respectively. The results indicate that the MSDs of water
molecules exhibit different slopes across the mixing systems,
with the smallest slope and D value observed in the single-water
anthracite coal system. This finding suggests that water molecule
diffusion in the anthracite system is relatively limited, aligning
with previous analyses of interaction energy and relative
concentration. Upon the addition of the composite surfactant
R1, the diffusion coefficients of coal-composite surfactant−
water systems were found to be higher than those of the coal-
water system. Specifically, the D value in the anthracite system
increased from 1.52 × 10−5 to 1.98 × 10−5 cm2/s, representing a
1.3-fold increase. Similarly, the diffusion coefficients in
bituminous coal and lignite systems increased by approximately
1.1−1.2 times after introducing the R1 composite solution.
These results demonstrate that the inclusion of composite
surfactant molecules attracts more H2O molecules toward coal
particles, enhancing the interaction energy between the coal
surface and water molecules. This phenomenon occurs because
surfactant molecules in the composite solution system
spontaneously accumulate at the coal/water interface.54,55

When adsorbed onto the coal surface, the hydrophobic groups
of surfactant molecules interact with the coal surface, while their
hydrophilic groups extend into the aqueous phase. This
redistribution alters the intermolecular force equilibrium at
the coal/water interface, reducing surface tension and increasing
the number of active sites available for water molecule
adsorption. Water molecules are adsorbed onto these active
sites through mechanisms such as hydrogen bonding and
electrostatic interactions, thereby expanding the active range
and mobility of H2O molecules. This increased diffusion
facilitates the adsorption and penetration of the solution into
both the surface and interior of coal particles, ultimately
improving the wettability of the coal samples.56

4. CONCLUSIONS

(1) Wettability tests indicate that the surfactant blending ratio
significantly affects the wetting performance of coal dust.
Compared to R2 and R3 composite solutions, the anionic
and nonionic composite surfactant (R1) exhibited the
most pronounced wetting effect on various coal types at a
mass concentration of 0.5 wt % and a mass ratio of 3:2.
The R1 composite surfactant achieved aminimum surface
tension of 26.246 mN/m, and the minimum contact
angles on anthracite, bituminous coal, and lignite were
27.301, 19.575, and 14.545°, respectively. Compared to
themonomer solution, the contact angles of the three coal

Figure 9. Effect of different system solutions on ζ-potential of coal
particles.

Table 2. Interaction Energy of Different Systems

different
systems

Etotal
(kcal/mol)

Ex
(kcal/mol)

Ecoal
(kcal/mol)

Eint
(kcal/mol)

WY/H2O 35028.64 −11847.54 47134.66 −258.48
WY/R1/H2O 32427.29 −1211.47 47167.51 −528.74
YM/H2O 43614.67 −11716.70 16458.49 −380.32
YM/R1/H2O 16814.60 −14116.50 16402.62 −604.66
HM/H2O −12653.86 −1832.88 −320.08 −500.89
HM/R1/H2O −15412.01 −14015.21 −380.64 −1016.16
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samples treated with the R1 composite surfactant solution
decreased by 20.87, 24.29, and 30.17%, respectively,
thereby enhancing the wettability of the coal samples.

(2) The surface morphology and functional group composi-
tion of coal changed after treatment with the composite
surfactant. Compared to untreated coal, the surfaces of
different coal samples treated with the R1 composite
surfactant exhibited numerous clusters of coal particles

and increased surface roughness, facilitating aqueous
solution penetration for wetting coal dust. The total
content of hydrophobic groups (−CH3, −CH3&−CH2,
C�C)was significantly reduced, while the total peak area
of hydrophilic groups substantially increased. Under the
influence of R1 composite surfactant molecules, the
absolute values of surface potentials of various coal
samples decreased, indicating enhanced aggregation

Figure 10. Concentration distribution of components along Z-axis in different systems.
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among coal particles, which promotes dust settling. These
findings demonstrate that anionic and nonionic surfac-
tants effectively improve the hydrophilicity of coal
samples and enhance coal dust wettability.

(3) Molecular dynamics simulations further confirmed the
effect of the composite surfactant on the wettability of
different coal samples. The R1 composite surfactant
solution increased the interaction energy within the coal/
composite surfactant/water system, resulting in a more
stable system and significantly enhanced hydrophilicity.
Compared to pure water, the initial positions of water
molecules in various systems shifted forward with the
addition of the R1 composite surfactant, forming a thicker
coal/water adsorption layer. The MSD results of water
molecules also indicated that under this ratio, water
molecule activity was highest, with diffusion coefficients
increasing by approximately 1.1−1.2 times. The enhanced
contact probability between water and coal molecules
improved the wetting effect.
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