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HIGHLIGHTS

o A high molecular weight coal model was
used to describe the interface properties.

e The wetting mechanism for improving
the hydrophilicity of anthracite was
uncovered.
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ABSTRACT

A serious risk to the production safety of coal mines is coal dust. The wettability of coal may be successfully
changed by adding surfactants to water. However, the creation of very effective dust suppressants is constrained
by the lack of knowledge about the microscopic interaction mechanism between coal dust and surfactants. In this
investigation, we explained macroscopic experimental phenomena from a molecular perspective. The lauryl
polyoxyethylene ethers (Ci2 (EO),, n = 7,15,23) were selected. The macromolecular model of anthracite with 55
different components was constructed. Surface tension experiments and hydrophilic lipophilic balance (HLB)
calculations showed that the ability of surface hydrophilicization followed the order of Cjs (EO)7<Cis
(EO)15<Cj2 (EO)23. Contact angle experiment, XPS and FTIR experiments proved that after the surfactants were
adsorbed on the surface of anthracite, the content of carbon element decreased and the content of oxygen
element increased, indicating the enhanced surface hydrophilicity. The simulation results showed that with the
degree of ethoxylation increases, the adsorption strength of surfactants becomes stronger, and the hydrophilic
head group of surfactant on anthracite surface is more uniformly distributed. The greater the degree of ethox-
ylation, the more powerfully the modified coal surface can bind to water molecules.
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1. Introduction

A serious risk to the production safety of coal mines is coal dust.
There is coal mine dust in the air or on the roadways, which not only
makes it harder to see but also pollutes the environment. Coal seam
spraying is a common method used today to reduce coal dust, which is
crucial for the productivity and safety of coal mines (Ni et al., 2019a;
Zhou and Qin, 2021). However, due to the strong hydrophobicity of the
anthracite surface, the efficiency of using water alone for anthracite dust
reduction is far from satisfactory (Ni et al., 2019b; Xu et al., 2018).

The structure of surfactants contains both hydrophobic and hydro-
philic groups, which allows them to efficiently alter the characteristics
of the coal surface. The wettability of coal dust may be dramatically
altered by the little addition of surfactant to water (Chang et al., 2020),
and the surfactants mainly change the wettability of coal by affecting the
hydrophobicity and hydrophilicity of the coal surface (Xu et al., 2018). It
was found that the coal surface became more hydrophobic after being
adsorbed by the surfactant (Mishra and Panda, 2005). Different sur-
factant structures and their effects on coal wettability have been re-
ported by many researchers (Guo et al., 2018; Liu et al., 2020a, 2020b;
Xu et al., 2019; Yao et al., 2017).

In recent years, researchers worldwide have carried out a large
number of experimental studies on surfactants changing coal wettability
(Lietal., 2020a; Lyu et al., 2019; Ni et al., 2019b; Yao et al., 2017; Yuan
et al., 2020). The structure, kinetics, and energy properties of the mo-
lecular adsorption process on mineral surfaces were seldom discussed,
and empirical research only produced macroscopic results. More aca-
demics are turning to molecular dynamics modeling to analyze the
change in coal wettability from a microscopic viewpoint (Guo et al.,
2018; Liu et al., 2020b; You et al., 2019; Zhang et al., 2020). However,
most coal models selected for the research were single-component coal
models in the current research on the properties of coal interface with
molecular dynamics (Chen et al., 2020; Guo et al., 2018; Li et al., 2020b;
Liu et al., 2020b; Xia et al., 2019; You et al., 2018, 2019; Yuan et al.,
2020; Zhang et al., 2017, 2020). The molecular weight of this form of
coal model is low, and although it may approximate coal’s features to
some degree, it is far from accurate. Coal is a complex multi-component
macromolecular organic matter, so the single-component and
small-molecular-weight coal model used in the current research is still
far from the real situation. A large-molecular-weight Jincheng anthra-
cite model (C7730H39160133N123S25) composed of 55 different compo-
nents through a large number of experiments in the early stage was
proposed (Yan et al., 2020). This model was utilized to analyze the
interface features since it was more accurate in terms of the molecular
weight and richness of the coal model’s components. The macromo-
lecular coal model has a significant drawback in that it uses more
computational resources and takes longer to compute.

The current research on coal interface characteristics is focused on
low-rank coal, while there is little research on the interface character-
istics of high-rank coal. There is currently minimal study on the interface
features of high-rank coal, with the majority of studies focusing on low-
rank coal. This is a new investigation on coal’s interfacial characteristics
utilizing a multicomponent, high molecular weight coal model that is
more accurate.

In this investigation, the Jincheng anthracite model
(C7730H39160133N123S25) (Yan et al., 2020) with 55 components and a
large molecular weight will be selected. The effects of three surfactants
C12EO, (n = 7, 15, 23) with different degrees of ethoxylation on the
wettability of anthracite will be investigated by experiments and mo-
lecular dynamics (MD) simulations. First, surface tension tests and HLB
calculations will be used to evaluate the hydrophilicity of three surfac-
tants. The capacity of surfactants to alter the wettability of anthracite
will be compared from the standpoint of surface element alterations
using XPS and FTIR analyses. Second, molecular simulations will be
used to explain macroscopic experimental phenomena, by measuring
adsorption energy, contact surface area (CSA), diffusion cofficient,
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radial distribution function (RDF), and number of hydrogen bonds.

2. Experiments and simulations
2.1. Materials

The anthracite from Zhaozhuang Coal Mine, Jincheng, Shanxi
Province, China was selected as the experimental coal sample, and coal
samples with a particle size ranging from 200 to 300 mesh (pore
diameter 0.074 mm-0.050 mm) were selected by crushing and
screening. In order to further reduce the influence of inorganic minerals
in coal, HCI-HF-HCI 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%.

The main chemicals used in this research were C12EO, (n =7, 15, 23;
purity >98%), which were obtained from the Nanjing Ruichuang
Chemical Technology Co., Ltd. The structure of the polyoxyethylene
ether is shown in the support material Fig. 1S. HLB value of surfactant
can reflect its hydrophilic ability, and it was calculated according to the
Griffin’s method (Lin et al., 2017; Liu et al., 2018; Rodriguez-Abreu,
2019). The HLB was defined by Eq. (1).

HLB =20 My / ( My +M,) (€]

where My is the molecular weight of hydrophilic head of surfactant
molecule, g/mol; My, is the molecular weight of hydrophobic end of
surfactant molecule, g/mol. The obtained HLB values of C2 (EO), (n =
7, 15, 23) are 12.49, 15.62, and 16.90 respectively.

2.2. Experiment

2.2.1. Surfactant adsorption

Before the follow-up experiment, it was necessary to carry out an
adsorption test on the coal sample after pickling, so that the surfactant
was adsorbed on the surface of anthracite, and the concentration of
different types of surfactant solution was 200 mg/L. When the concen-
tration of C;5 (EO), surfactant solution is 200 mg/L, it is higher than the
critical micelle concentration (CMC) of each surfactant, and when the
concentration of surfactant is above CMC, the wetting effect is the best
(Liu et al., 2018). 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 stirring device and stirred at a constant speed (800
r/min) for 10 h 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.

2.2.2. Surface tension measurements

The surface tension values of the above three nonionic surfactant
monomer solutions were measured by Dataphysics DCAT21 surface
tensiometer. The measuring range was 1-2000 mN/m, the sensitivity
was £0.001 mN/m, the mass range of the balance was 10 pg-210 g, and
the experimental temperature was 25 °C.

2.2.3. Contact angle measuring

The JY-82C contact angle measuring device was used for the contact
angle test. We examined the coal samples’ contact angles with four
liquids (Cy2 (EO)7, C12 (EO)1s5, C12 (EO)23, and deionized water). The test
liquid was swirled for 24 h to remove the impact of air bubbles before
the coal sample was compressed using the pulverised coal method. Each
test was administered three times, with the average being used.

2.2.4. XPS measurements

XPS experiments were performed using a Thermo Scientific K-Alpha
X-ray electron spectrometer, and a monochromatic Al target (K, hv =
1486.6 eV) was used as the X-ray source. During the test, the vacuum
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degree of the analysis chamber is better than 5.0 E-7mBar. The full-
spectrum scan pass energy was 100 eV, and the resolution of the mea-
surement scan was 1 eV. The narrow-spectrum scan was performed for 5
cycles of signal accumulation (different scan times for different ele-
ments), the pass energy was 50 eV, and the step size was 0.05 eV, which
was used for the scan of C 1s. The binding energy was charge-corrected
for the spectrum by contaminating carbon (C 1s = 284.8 eV). Back-
ground effects were subtracted using Shirley’s method.

2.2.5. FTIR measurements

FTIR measurements were performed using a Thermo Scientific
Nicolet model iS20 Fourier Transform Infrared Spectrometer. Before the
experiment, the adsorbed sample and KBr solid powder were mixed and
dried in a vacuum drying oven to remove moisture to exclude the in-
fluence of moisture on the infrared test. Before the experiment, the
adsorbed samples and KBr solid powder were dried in a vacuum drying
oven respectively to exclude the influence of moisture on the FTIR test.
2 mg of the adsorbed sample and 200 mg of pure KBr were ground
evenly in a ratio of 1:100, placed in a mold, and pressed into a trans-
parent sheet on a powder tablet machine at a pressure of 10 MPa. The
wavenumber range was 4000-400 cm’l, the number of scans was 32,
the resolution was 4 cm™?, and the moving mirror speed was 0.4747.

2.3. Modeling study

The unit cell size of the anthracite model is 5.4 x 4.8 x 5.5 nm® (X Y
Z), and the model density is 1.43 g/cm®. The surfactant layer contains 10
molecules and the water layer contains 2000 molecules. Molecular dy-
namics simulations were performed in Materials Studio 8.0. The COM-
PASS force field was selected to describe the intermolecular interactions.
Before the MD simulation, the energy of all models was minimized using
the Smart algorithm. Subsequently, NVT ensemble was used for MD
simulation. The nose was used for thermostat (Zhang et al., 2020). The
time step was set to 1 fs The temperature was 298 K. In all MD simu-
lations, the Ewald algorithm was selected for long-range electrostatic
interaction, and the accuracy was 0.001 kcal/mol, and the atom-based
algorithm was selected for the van der Waals interaction, and the
cut-off distance was 1.25 nm. A 8 nm vacuum layer was added to the
surface of each model to eliminate the mirror effect.

As shown in Fig. 1, the interaction of water, surfactant, and
anthracite was studied in two stages during the MD simulation.
Adsorption of surfactant and anthracite was the initial step, which
allowed for the analysis of the microscopic structure and energy of the
two substances’ adsorption processes. At this point, a surfactant layer
was applied using the build layer tool to the anthracite surface, and then
a 1000 ps MD simulation was run using the NVT ensemble. The second
step, which may be utilized to analyze the change in surface wettability
of surfactant-modified anthracite, is the interaction between water

(b)

(a)

(A)
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molecules and the modified anthracite’s surface. At this point, a 500 ps
MD simulation was run. MD simulations of water-anthracite were also
run as a comparison. The unit cell boundary was concealed to better
display the adsorption conformation. Adsorption process of surfactant
on anthracite (B) C;3 (EO);s; (C) C12 (EO)a3 is showed in Fig. 2S.

3. Results and discussion
3.1. Experiments analysis

3.1.1. Surface tension experiment

An essential assessment metric for surfactant effectiveness is surface
tension. Due to its high surface tension, clean water has a low capacity to
moisten coal dust. Surfactants may successfully lower the surface ten-
sion of an aqueous solution and increasing wetting effectiveness (Xu
et al., 2018).

The wetting effect on coal dust is best when the concentration of
surfactant is above the critical micelle concentration (CMC) (Liu et al.,
2018). For polyoxyethylene nonionic surfactants, the critical micelle
concentration (CMC) increases when the degree of ethoxylation in-
creases. According to literature data, the concentration of Ci2 (EO),
series surfactant solution is higher than CMC when the concentration is
200 mg/L (Li et al., 2019; Liu et al., 2018; Rodriguez-Abreu, 2019). In
this experiment, the concentration of 3 kinds of surfactant solutions was
selected as 200 mg/L. The surface tension results are shown in Table 1,
The fluctuation range is 0.5-1.5 (mN/m).

The surface tension values of the three surfactants are ranked as Cq2
(EO)7<C12 (EO)15<Cy2 (EO)2s. This is because the greater the number of
polyoxyethylenes, the stronger the polarity of the surfactant molecule,
resulting in a stronger interaction with water molecules. The degree of
size and force balance between the hydrophilic and hydrophobic groups
in the surfactant is expressed by a number called the hydrophilic-
lipophilic balance (HLB). The strength of the surfactant’s hydrophilici-
ty and hydrophobicity are inversely correlated with its HLB value. The
order of HLB values of the three surfactants is C15 (EO)7 (12.49) < Cq2
(EO)15 (15.62) < C12 (EO)23 (16.9). This is consistent with the conclu-
sion of surface tension, indicating that Ci2 (EO)23 has the strongest
hydrophilicity. The hydrophilicity of C12 (EO)7 is the weakest.

3.1.2. Contact angle measuring

The contact angle test measures how well the surfactant solution
wets the anthracite surface by measuring the change in contact angle
value. The contact angle values produced with anthracite for the same
concentration (200 mg/L) of surfactant solutions (C;3 (EO)7, C12 (EO)1s,
and C;3 (EO)23) were measured. Contact angle data of deionized water
and coal sample was employed as the control group. The contact angle
values at 1s time were selected for comparison, as shown in Fig. 2 (A).
The measured contact angle between deionized water and anthracite is

(d)

(©)

Fig. 1. Adsorption process of surfactant on anthracite (A) Ci, (EO),. (a) was the first Stage initial conformation, (b) was the first stage final equilibrium confor-
mation, (c) was the second-stage initial conformations, and (d) was the second-stage equilibrium conformations.
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Fig. 2. Contact angle experimental data (A) contact angle at 1s; (B) dynamic change of contact angle.

119.7°, the contact angle between Cy2 (EO); and anthracite is 42°, the
contact angle between C;5 (EO);5 and anthracite is 35.5°, and the con-
tact angle between C;2 (EO)23 and anthracite is 30.9°. It can be found
from Fig. 2 (B) that the diffusion of surfactant solution on the surface of
coal sample is a dynamic process. The order of the ability to reduce the
contact angle during the wetting of coal dust is: Cia2 (EO)23>Cia
(EO)20>C12 (EO)7. Through the contact angle test, it was found that the
wettability of anthracite coal can be effectively improved after adding
surfactants in water, and the order of the ability to improve the wetta-
bility of anthracite is: C12 (EO)23>C12 (EO)20>C;2 (EO)7.

For an ideal solid-liquid system, the rate of change of diffusion and
permeation with time can be expressed by Eq. (2). In this formula, K is
generally defined as the diffusion-permeation constant. The larger the K

value, the higher the efficiency of the surfactant wetting the coal dust.
do

= _ko 2
i ()

When the permeation and diffusion tend to 0, Eq. (3) can be obtained
by adding a constraint to the above formula.

do 0i—0
dr 7K0<170i70e> 3
Arranging the above formula and integrating it can get Eq. (4).
(6, — 6)) 0,(1-0)—0,
K= 1
0, "\ 00, —0) )

To fit a nonlinear curve to the wetting process of coal dust, utilise Eq.
(4). Fig. 3S displays the fitting curve, and Table 1S displays the fitting
equation and parameters. It can be found from the table that when
deionized water wets the coal flakes, its K value is 0.01072; after adding
surfactant, the wetting parameter K value increases rapidly, the K value
of C15 (EO)7 is 2.00949, and C;5 (EO);5 has a K value of 2.18237 and C1»
(EO)23 has a K value of 3.34998. According to the K value, it shows that
the order of diffusion and penetration ability on the surface of anthracite
is: C12 (EO)23>C12 (EO)15>Cy2 (EO)7.

3.1.3. XPS experiment
As shown in Table 2 and Fig. 4S, distinct carbon and oxygen peaks
appeared in the XPS spectrum, which were the main components after

Table 1
Surface tension values of the C;5 (EO), series surfactants and H,O.

Reagent N Surface tension (mN/m)
H,0 / 71.558
C12 (EO)7 30.594
Ci2 (EO)15 15 33.899
C12 (EO)23 23 39.740

the surfactant adsorbed on the coal surface. After the adsorption of
different surfactants, the carbon and oxygen contents on the coal surface
were significantly different.

The quantitative peak analysis method can visually display the ex-
istence status of each element. The results are shown in the support
material.

The order of carbon element content is Raw coal > C15 (EQ)7> Cqo
(EO)15> Ci2 (EO)23, and the order of oxygen element content is Raw
coal < Cqig (EO)7< Cqa (EO)15< Cio (EO)g3. This shows that after
adsorption of surfactant, the surface hydrophilicity of anthracite is
enhanced. C;5 (EO)o3 has the best effect on enhancing the wettability of
anthracite, and the modified coal surface has the best hydrophilicity.
And Cp5 (EO); has the worst effect on enhancing the wettability of
anthracite. According to the difference in the binding energy of electrons
in the inner layer of atoms, the C 1s peak area was further fitted by
peaks, and the curve was obtained as shown in Fig. 5S and Table 3.

First compare the adsorption of three surfactants, from Fig. 5S and
Table 3, the C 1s peak area and proportion show that after adsorption of
Cy2 (EO)23, the C-C/C-H content on the coal surface is the lowest, only
73.09%, the oxygen-containing functional group content is relatively
high, accounting for 26.9%. This phenomenon shows that C;3 (EO)23 has
the most significant enhancement effect on the wettability of anthracite.
In terms of the proportion of oxygen-containing functional groups, there
is little difference in the proportion of C-O on the surface of modified
coal, but the proportion of C=0 and COO after C12 (EO)23 adsorption is
the highest. These two oxygen-containing functional groups are derived
from anthracite. This shows that during the adsorption process. Cja
(EO)43 tends to cover the hydrophobic sites on the anthracite surface,
and a small amount of hydrophilic functional groups on the anthracite
surface are still exposed to air.

Additional comparisons between the Cls peaks of raw coal and
modified coal surfaces. The ratio of C-C/C-H after adsorption is larger
than that of raw coal because the surfactant includes a significant pro-
portion of C-C/C-H. Following the surfactant’s adsorption, the coal’s
surface had a much lower ratio of C=0 and a little higher ratio of COO.
Anthracite was the source for both functional groupings. This demon-
strates that whereas COO is more exposed to the air and is not covered,
surfactant will preferentially adsorb on and cover the C=0 on the coal
surface.

3.1.4. FTIR experiment

Fourier transform infrared spectroscopy (FTIR) was used to analyze
the distribution of surfactants on the surface of anthracite. The FTIR
spectrum is shown in the support material.

The FTIR curve of anthracite following surfactant adsorption man-
ifested several peaks, as illustrated in Fig. 6S (A). The vibrational region
of aliphatic hydrocarbons is where the peaks between 2950 and 2100
em ! are located (Chen et al., 2011; Pan et al., 2013). Compared with



X. Chen et al.

Chemosphere 310 (2023) 136902

Table 2
The relative content of the atomic number of the main elements (except H) on the surface of anthracite after adsorption.
Types C12 (EO); Ci2 (EO)15 C12 (EO)23 Raw coal
Intensity PR (%) Intensity PR (%) Intensity PR (%) Intensity PR (%)
C 239,140 84.13 227,337 82.73 200,444 80.53 191,764 86.56
(0] 99,693 14.02 119,757 15.68 130,701 18.27 91704.4 13.44
Table 3
Peak positions, areas and atomic assignments of C 1s on the surface of anthracite after adsorption.
Groups Ci2 (EO)7 Ci12 (EO)gs Ci2 (EO)23 Raw coal
Binding energy (eV) PR (%) Binding energy (eV) PR (%) Binding energy (eV) PR (%) Binding energy (eV) PR (%)
C-C/C-H 284.80 76.00 284.80 75.28 284.80 73.09 284.80 57.66
Cc-0 286.52 13.24 286.80 14.18 286.91 13.74 285.31 16.38
C=0 285.41 1.86 288.82 2.20 288.41 3.64 286.65 22.51
COO 289.73 8.90 290.28 8.34 289.50 9.52 290.15 3.45

the raw coal surface, the surface of the coal after adsorbing the surfac-
tant is greatly increased in hydrophilicity. After anthracite has absorbed
three surfactants, two distinct peaks in the 2950-2100 cm ™! range may
be seen in Fig. 6S (B). The asymmetric stretching vibration of ~-CHg, the
symmetrical stretching vibration of -CHj, and the asymmetric stretching
vibration in aliphatic hydrocarbons often occur near the peak location. It
is obvious that when the degree of ethoxylation is increased, the peak
diminishes, suggesting a reduction in the hydrophobic ~-CHsz and —~CHy
functional groups, a weakening of coal’s hydrophobicity, and an in-
crease in its hydrophilicity.

3.2. Simulation results

3.2.1. Adsorption energy

When two materials are adsorbed, the adsorption energy value is
used to calculate the strength of the adsorption. More energy is produced
during the adsorption process of the two materials the more negative the
adsorption energy is, leading to a larger adsorption strength of the two
components (Anvari et al., 2018; Li et al., 2017, 2021). The adsorption
energy is defined by Eq. (5)-(7).

EV =EViu — EVy — EVp (5)
EE=EEyu — EEy — EEp (6)
E=EV +EL (@)

where EV stands for van der Waals adsorption energy, EE stands for
electrostatic adsorption energy, E stands for total adsorption energy,
Etotal represents the total energy after the adsorption of the two materials
is completed, E5 represents the energy of material A, and Ep represents
the energy of material B.

First, the adsorption energy of the surfactant when adsorbed to the
coal surface was calculated to compare the adsorption strength. Here A
stands for surfactant and B for anthracite. The calculated adsorption
energy data are shown in the support material.

From the total adsorption energy data of Table 25, it can be seen that
in the process of adsorption, C;5 (EO)y, n = 7, 15, 23, with the increase
of n, the adsorption energy becomes larger. After C12 (EO)23 adsorbed
anthracite, it releases the most energy, the adsorption configuration is
the most stable, and the network structure formed is the densest.

Further examination of the van der Waals adsorption energy and
electrostatic adsorption energy reveals that the van der Waals adsorp-
tion energy makes up around 90% of the adsorption process while
electrostatic adsorption energy makes up just 10%. van der Waals in-
teractions dominate the adsorption process. Anthracite is a kind of high-
rank coal with few oxygen-containing functional groups on its surface,
resulting in a small negative charge on its surface (Lyu et al., 2019). The

anthracite and surfactant molecules have few charged atoms, a minor
charge difference, and little electrostatic interaction between their
negatively and positively charged components. Because of this, the
electrostatic adsorption process hardly benefits from the energy. Note
that despite the electrical neutrality of nonionic surfactant molecules,
their atoms still carry charges.

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

Comparing the total adsorption energies of the three surfactant
systems in Table 3S, it can be found that Cy5 (EO)y, n = 7, 15, 23, as n
increases, the adsorption energy becomes larger, and the surface hy-
drophilicity of the modified coal becomes stronger. This is due to the fact
that when the value of n rises, the surface of the modified coal contains
more oxygen atoms, which causes the surface to form more hydrogen
bonds with water molecules and raises the adsorption force, which re-
leases more energy. This is in line with the findings of the subsequent
examination of hydrogen bond numbers. After C15 (EO)15, C12 (EO)23
adsorption, the total adsorption energy of the anthracite surface and
water increases when compared. It demonstrates that the hydrophilicity
of the anthracite surface can be increased by the use of such nonionic
surfactants.

Further investigation of the van der Waals adsorption energy and
electrostatic adsorption energy reveals that the van der Waals interac-
tion is stronger when water is directly adsorbed on the surface of
anthracite, with the van der Waals adsorption energy accounting for
approximately 68 percent and the electrostatic adsorption energy ac-
counting for approximately 32 percent. The percentage of electrostatic
adsorption energy, however, rose following surfactant modification and
reached roughly 57 percent of the overall adsorption energy, exceeding
the fraction of van der Waals adsorption energy. It demonstrates that
when the changed coal surface adsorbs water, the electrostatic effect is
greater. This is due to the fact that the adsorption of such surfactants is
akin to coating the hydrophobic anthracite surface with hydrophilic
polar oxygen atoms, which strengthens the anthracite’s surface polarity
and increases the amount of electrostatic adsorption energy. This dem-
onstrates that the polarity of the anthracite surface can be significantly
boosted once such non-ionic surfactant are adsorbed on it, strengthening
the electrostatic contact and improving the ability to adsorb water
molecules.

3.2.2. Contact surface area
The contact surface area (CSA) can reflect the strength of adsorption
between two materials. The contact surface area is positively correlated

with the adsorption strength. CSA can be defined by Eq. (8).
CSA = (SASAunracite+SAS Agutactant —SAS Ayrar) / 2 (8)

where SASAanthracites SASAsurfactents and SASAioa1 are the solvent
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accessible surface area (SASA) of the anthracite model, the surfactant,
and the anthracite-surfactant binary model, respectively. In this study,
the applicable probe radius was 0.14 nm (Li et al., 2019). The calcula-
tion results of CSA are presented in Fig. 78S.

The CSA values of C15 (EO)7, C15 (EO);5, and Cq5 (EO),3 were 31.04
nmz, 48.05 nmz, and 70.56 nmz, respectively. The CSA value of Cpo
(EO)23 is the largest, indicating that it has the highest adsorption
strength with anthracite. The adsorption strength of C15 (EO); was the
lowest. The adsorption strength conclusion obtained from the CSA
analysis is consistent with the adsorption energy analysis above.

3.2.3. Relative concentration distribution

The ability to quantitatively reflect the adsorption capacity and
observe the structure of the adsorption layer was achieved by calcu-
lating the relative concentration distribution of each component in the
ternary system along the Z-axis. The relative concentration distributions
of different systems along the Z axis are shown in Fig. 3.

Because a multi-component, high molecular weight coal model was
used, the coal model’s height in the Z-axis direction surpasses 7 nm. The
water layer starts at 5.3 nm when no surfactant is introduced (the
starting point is the abscissa value corresponding to the relative con-
centration when the relative concentration reaches 0.1). After the
addition of Cy2 (EO)7, C12 (EO)15, and Ciz (EO)as, the starting point of
the water layer becomes 5.6 nm, 5.9 nm, and 6.6 nm. After the surfac-
tant is added, it is seen that the water layer recedes in the Z-axis di-
rection. The water layer’s starting point moves further behind as n gets
bigger. This is due to the fact that the surfactant layer creates a network
structure that covers the coal surface; the denser the network structure
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is, and the greater the modification impact is, the bigger the n value. The
relative concentration curve peaks of the hydrophilic head groups of the
surfactants diminish as the value of n rises. The peak value of the hy-
drophilic head group curve of C;5 (EO); is about 22, the peak of C;3
(EO)15 curve is about 16, and the peak of C;5 (EO),3 is about 13. The
three surfactants’ hydrophilic head group distribution widths are all
about 2.4 nm. This demonstrates that when n grows, the degree of ag-
gregation of the hydrophilic headgroups at a single position reduces,
resulting in a more uniform distribution over the whole distribution
range. This facilitates the penetration and adsorption of water mole-
cules. The C;5 (EO)7 hydrophobic alkyl tail chain shows a single peak at
6.9 nm with a peak of 14.4. C12 (EO);5 has double peaks at 6.9 nm and
7.6 nm, both peaks are about 11. C;5 (EO)23 appeared three peaks at 6.5
nm, 7 nm, and 7.5 nm, and the peaks were 9.2, 11, and 9 in turn. The
number of peaks rises and the peak value falls as n grows, demonstrating
a more equal distribution over the distribution range. C15 (EO)23 has the
greatest modifying impact on anthracite because its peak at 6.5 nm is
closest to the coal’s surface. Although there is a hydrophobic interaction
between the hydrophobic alkyl tail chain and the anthracite’s aromatic
structure, as n grows, the hydrophilic head group’s interaction with
water becomes stronger and eventually takes control. As a consequence,
in addition to the uniform distribution of the hydrophilic head groups,
the distribution of the hydrophobic tails is also compelled to be uniform.

3.2.4. Diffusion cofficient

The adsorption of surfactants to anthracite can affect the dynamic
behavior of water molecules. The diffusion coefficient of water mole-
cules were calculated to analyze the effect of surfactants on the aggre-
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gation properties of water molecules. It is determined using Eq. (9).

. MSD 1
D= 1lim (T) Lk ©

K represents the slope of the MSD curve, and 1/6 of the slope is the
diffusion coefficient.

The diffusion coefficient when water is directly adsorbed to
anthracite is 6.4 x 10~° m?/s. The diffusion coefficient after adding Cq»
(EO)7 is 5.69 x 107° mz/s, the diffusion coefficient after adding C;o
(EO)15is 5.31 x 10~° m?/s, and the diffusion coefficient after adding C;2
(EO)y3 is 5.21 x 10~ m?/s. Surfactants were added, and this dramati-
cally reduced the diffusion coefficient. It demonstrates how the presence
of surfactant reduces the water molecules’ capacity for free diffusion.
This is because the polar oxygen atoms in the ethoxy hydrophilic group
and the water molecules create hydrogen bonds, which prevent the
water molecules from freely diffusing. The diffusion coefficient is less
the more ethoxylation there is. This is because the more the number of
ethoxy groups, the more polar oxygen atoms on the surface of the
modified coal, the stronger the polarity of the surface, and the stronger
the ability to bind water molecules. According to the diffusion coeffi-
cient analyses shown above, adding these surfactants enhances the
anthracite surface’s hydrophilicity, and the more ethoxylation is pre-
sent, the more hydrophilic the surface of modified coal is. This agrees
with the study of hydrogen bond numbers below.

3.2.5. Radial distribution function

The coordination number may be used to assess the degree of ag-
gregation of B atoms surrounding A atoms as determined by the radial
distribution function (RDF) between atoms. The radial distribution
function’s initial peak, which is high and sharp, shows that both the
order and the interaction between the atoms are strong. (He et al., 2010;
Yan et al., 2011; Yang et al., 2011; Zhao et al., 2010). RDF is defined by
Eq. (10).

Ly
" dmpyr? dr

g(r) (10)

In the formula, r represents the distance between B atoms and A
atoms; pp represents the density of B atoms; 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 Fig. 4 (A).

As the degree of ethoxylation increases, the first peak of Og-Hyy
gradually decreases. As the value of n increases, the aggregation degree
of water molecules around a single oxygen atom in the ethoxy group
weakens. However, it is considered that as the value of n increases, the
number of oxygen atoms increases. Therefore, in general, the higher the
degree of ethoxylation, the stronger the binding ability of a single

g(r)

0.5+

0.0 L L L
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surfactant molecule to water molecules.

The coordination number was further calculated, and the above
conclusion was quantified. The larger the coordination number, the
stronger the interaction between atoms. The coordination number was
calculated by the following Eq. (11).

g(r)-N-4xr’dr
\%4

dN = 1D

In the formula, N is the number of B atoms and V is the volume of the
model. Fig. 4 (B) shows the calculation results.

The number of Hy atoms around Og atoms in C15 (EO)7, C12 (EO)1s,
and Ci3 (EO)y3 are 0.79, 0.53, and 0.45, respectively. The aggregation
degree of water molecules around the ethoxy group decreases with the
increase of the degree of ethoxylation. However, considering that there
are 7, 15, and 23 ethoxy groups in C;3 (EOQ)7, C12 (EO);1s, and C;5 (EO)23,
respectively, that is, the corresponding number of oxygen atoms. Then
the calculation method of the number of Hy atoms around a single
surfactant molecule is: the number of Og in the surfactant molecule is
multiplied by the coordination number of the Og atom, and the calcu-
lated values are: 5.53, 7.95, and 10.35, respectively. The degree of water
molecule aggregation around each surfactant molecule is still increased
when the degree of ethoxylation rises. This result is in line with the
diffusion cofficient analysis that was previously discussed. This is due to
the fact that as n increases, the head groups of the surfactants become
longer and are bent and intertwined to form a denser network layer,
which allows the ethoxy groups to overlap. This agrees with the
adsorption energy analysis’s findings. However, in general, as the value
of n rises, the degree of water molecule aggregation surrounding each
surfactant molecule rises, increasing the capacity to attach to water
molecules. The surface of the modified coal becomes more hydrophilic.

3.2.6. Number of hydrogen bonds

The variation in hydrophilicity between water and modified coal
may be attributed to the different numbers of hydrogen bonds. The
intermolecular hydrogen acceptor distance was less than 0.25 nm, and
the donor hydrogen acceptor angle was larger than 135°, which were
geometric criteria used to determine the existence of hydrogen bonds
(Xu et al., 2014). The calculation results are shown in Table 48S.

Dodecyl polyoxyethylene surfactants significantly enhance the
number of hydrogen bonds between the altered coal surface and water
molecules, suggesting that these surfactants may boost the hydrophi-
licity of anthracite. And the rise in hydrophilicity to anthracite increases
according to the degree of ethoxylation. This is in line with the diffusion
cofficient and RDF analyses mentioned above.

4. Conclusions

Surface tension tests and HLB calculations show that the surfactants’

n=7

n=15

n=23

L ! 1
0.0 0.2 0.4 0.6 0.8

Coordination number

(B)

Fig. 4. The RDF and coordination number between Og and Hy (A) RDF; (B) coordination number.
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hydrophilicity increases with increasing ethoxylation levels. Contact
angle experiment, XPS and FTIR tests demonstrate that the hydrophi-
licity rises as the ethoxylation degree rises after the surfactant’s
adsorption to anthracite. Relative concentration distribution study re-
veals that the hydrophilic headgroups are more consistently distributed
over the whole distribution range with increasing ethoxylation degree.
The hydrophobic tail chain is driven to be uniformly distributed along
with the uniform distribution of the hydrophilic head group as the
contact between the hydrophilic head group and water intensifies and
eventually takes control. It is discovered using diffusion cofficient and
RDF analysis that the addition of polyoxyethylene ether nonionic sur-
factants enhances the degree of hydrophilicity on the surface of
anthracite, and the greater the degree of ethoxylation, the more
powerfully the modified coal surface can bind to water molecules. By
counting the amount of hydrogen bonds, it was discovered that after
adhering to the anthracite, the polyoxyethylene ether surfactants
created more hydrogen bonds with water, making the anthracite’s sur-
face hydrophilic.
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