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molecular dynamics study into
the surfactant effect upon coal wettability

Yi-ting Liu, a Hong-mei Li,*ac Ming-zhong Gao,ab Si-qi Ye,a Yun Zhao,c Jing Xie,a

Gui-kang Liu,a Jun-jun Liu,a Lu-Ming Li,c Jie Dengc and Wei-Qi Zhouc

In order to improve the wettability and permeability of coal seams, the water injection efficiency of coal

seams has to be boosted, the amount of dust generation has to be reduced, and coal and gas outburst

must be prevented, and a surfactant is used to modulate the coal surface wettability. In this work, taking

coal samples from Pingdingshan mine in Henan as the research object, their surface chemistry was

initially scrutinized and then coal surface engineering via surfactants was inspected by a contact angle

test. The coal wettability was ameliorated with surfactants, particularly using the 1 wt% non-ionic

surfactant Triton X-100, which elicited a 47% lower contact angle than the raw coal. The surface free

energy of the coal sample modified by 1.0 wt% Triton X-100 was increased from 44.51 mN m�1 to 49.52

mN m�1. The microstructural characteristics of coal samples allowed leveraging the Wiser model to

construct three kinds of surfactant-coal adsorption models to dissect the adsorption configuration of the

system. The results indicate that the addition of surfactants increases both the interaction of water with

the coal and the diffusion coefficient of water molecules, resulting in the coal surface transformation

from hydrophobicity to hydrophilicity. Our current work can provide salutary guidance and reference for

coal water injection and dust suppression.
Introduction

Coal seams feature dense structures, poor hydrophilicity and
permeability, and hence, coal mining oen causes a cascade of
serious disasters such as dust pollution, coal and gas outburst, and
gas explosion.1–4 The traditional coal seam water injection method
embarrasses both water diffusion on the coal surface and uniform
wetting of coal due to the low free energy of coal body. To overcome
the limitation and low efficiency of physical ways, chemical strate-
gies emerge to boost the coal wettability.5 Surfactants have a unique
amphiphilic structure. Their hydrophobic group canbe adsorbed on
the low energy surface to form an adsorption layer and the hydro-
philic group faces the water phase, thus changing the wettability of
the hydrophobic surface.6–11 Crawford et al.9 studied the surfactant
effect on the surface properties of different coals and found that
surfactants can signicantly augment the coal's wetting effect. Kang
Jianting12 revealed that both inorganic electrolyte (sodium sulfate)
and anionic surfactant (sodiumdodecyl sulfate, SDS) can chemically
decorate the anthracite surface groups to foster hydrophilicity. Ni
Guanhua13 et al. piggybacked on both the contact angle test and
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Fourier transform infrared spectroscopy to disclose that incorpora-
tion of NaCl into an anionic surfactant (SDS) can notably tweak the
functional groups of the coal dust surface andwettability. Therefore,
surfactants can promote the wettability/permeability of the coal
surface, and thus the coal seam infusion, reducing the dust gener-
ation. The adsorption characteristics of water and surfactants on the
coal surface can be untangled by molecular dynamics simulation.
Nie Baisheng et al.14 appliedmolecular thermodynamics and surface
physical chemistry theory to analyze the coal surface free energy
landscape and the micromechanism of coal adsorbing water, and
discuss the wetting effect of surfactant on coals. The data signify
that water molecules and the coal surface can strongly interact via
intermolecular forces and hydrogen bonds. Paria et al.15 delved into
the surfactant adsorption process on the hydrophilic solid–liquid
interface and unravelled the dependence of the kinetics and equi-
librium adsorption of the surfactant types on the surfactant prop-
erties and solid surface. Yangchao Xia et al.16 studied the impact of
cationic surfactants (dodecyl trimethylammonium bromide, DTAB)
on the otation of low-rank coals using an oil-based collector
(dodecane) by combining the experimental test and molecular
dynamics simulation. The simulation results well tally with the
experimental conclusions. The NPEO-10 adsorption behavior on the
sub-bituminous coal model surface from molecular dynamic stim-
ulation by Xiaofang You et al.17 articulated that the raised hydro-
phobicity endowed by NPEO-10 underlies the robust repelling of
water molecules by coal surfaces. Yuan Mingyue et al.18 studied the
micro dynamic process of wetting and adsorption of fatty alcohol
RSC Adv., 2021, 11, 24543–24555 | 24543
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View Article Online
polyoxyethylene ether-9 on lignite by molecular dynamics simula-
tion and experimental measurement. However, most of the above
surfactant adsorptionmodels are based on low-rank coalmolecules,
which are not suitable for bituminous coals with high degree of
coalication and poor hydrophilicity. To molecularly study the
surfactant adsorption at the water–coal interface, a suitable coal
macromolecular structure model is necessitated to increase the
simulation calculation accuracy. Despite the complexity of the coal
macromolecule structure, its surface functional groups can be
identied by FT-IR spectroscopy. For example, Zhou et al.19 uncov-
eredmore hydrophobic groups and fewer hydrophilic groups on the
low-ash coal samples by infrared spectroscopic analysis of the
functional groups of the oxidized coal. A portfolio of elemental
analysis, nuclear magnetic carbon spectrum, infrared spectrum and
other tests by Lu Youzhi et al.20 enables establishing a molecular
structure model of oxidized lignite with an aromatic ring mainly
connected by oxygen-containing functional groups.

The previous experiments and molecular simulation of the
surfactant-modied coals mostly use ionic surfactants and lack
the systematic comparison of the surfactant-type effects. In this
work, experimental and molecular dynamic investigation into
the surface chemistry of Pingdingshan Coal Group D in Henan
Province was executed. Three kinds of surfactants were selected
to modify the coal surface structure to effectively modulate the
wettability. The surface free energy and solid–liquid interface
interaction energy were calculated. According to the character-
istics of surface functional groups of coal molecules, a model of
surfactant adsorption on coals was established. Molecular
dynamics study simulates the adsorption motifs of different
surfactants on coal surfaces and claries the modication law.
Materials and methods
Sample preparation

The coal samples used in the experimentwere taken fromGroupDof
Pingdingshan Coal Mine in Henan Province. The coal samples were
rst collected according to the international standard and then sealed
immediately to prevent pollution and oxidation. The samples were
grinded by ball mill at 870 speed for 30 minutes, sieved with 200
mesh (mesh diameter of 75mm), and stored in sample bags for FT-IR.
Table 1 Surfactants used in the test

Surfactant Molecular formula Pu

SDBS C18H29NaO3S An

JFC C17H36O6 Ch

Triton X-100 C34H62O11 An

24544 | RSC Adv., 2021, 11, 24543–24555
By preliminary experiments, three kinds of surfactants with good
wettability, namely, SDBS (anionic surfactant), JFC (nonionic
surfactant) and Triton X-100 (nonionic surfactant) were selected. To
explore the inuence of surfactant concentrations on the modi-
cation effect of coals, ten mass fraction gradients (0.1–1.0 wt%) of
each surfactant were compared. The molecular formula and struc-
ture of the selected surfactant are shown in Table 1.

The coal samples were soaked in a surfactant-containing
aqueous solution for 24 hours, taken out, ltered, and nally
dried at 60 �C for 12 hours. The contact angle of the treated coal
samples was tested.
Experimental methods

The surface functional groups of coal samples were determined
using a Nicolet 6700 Fourier transform infrared spectrometer.
The pulverized coal was rst mixed with KBr in a 100/1 mass
ratio and subsequently made into transparent thin sheets with
a thickness of 0.1–1.0 mm and a diameter of 13 mm. The test
range was 4000–400 cm�1.

The contact angle between coal and distilled water, form-
amide, and diiodomethane droplets was measured using
a JC2000D1 contact angle measuring instrument. Each group
containing identical pulverized coals was pressed into a thin
sheet with a diameter of 1 cm and a thickness of 1 mm. To avoid
large errors caused by other factors, it was assumed that the
contact angle of the coal sample moving upward to contact the
droplet took 0 s, and the contact angle of the coal sample
moving down for 1 s was taken as the measured value. Each
group of coal samples was pressed into 3 pieces, each piece was
measured 5 times, and nally, the average value was taken to
calculate the contact angle. All of the contact angle tests were
carried out at the same temperature ((25 � 1) �C). The allowable
error of contact angle measurement was 0.1�.
Results and discussion
FT-IR analysis

The organic matter on the coal surface is composed of struc-
tural units with various polar functional groups, whose type and
rity Molecular structure

alytically pure

emical pure

alytically pure

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Infrared spectrum of raw coal.
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quantity can be described by the infrared spectrum. As the
molecular structure of coal is complex, and includes a wide
variety of groups, multi-peak overlapping occurs in the infrared
spectrum. Thus, the infrared spectrum of coal (Fig. 1) is judi-
ciously divided into four sections: hydroxyl (3700–3000 cm�1),
aliphatic hydrocarbon (3000–2600 cm�1), oxygen-containing
functional group (1800–1000 cm�1) and aromatic hydrocarbon
(900–700 cm�1) for peak tting.21–23 Aer the baseline correc-
tion, the Gaussian distribution function was selected for peak
tting, and the outcomes are depicted in Fig. 2 and Table 2.
Fig. 2 Peak fitting results of infrared spectra. (a) hydroxyl, (b) aliphatic
hydrocarbon.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The main functional groups and bonding types in the range
of 3000–3600 cm�1 are hydroxyl groups and hydrogen bonds.
The hydrogen bond structure produced by free water molecules
or other parts of the coal structure affects the absorption of
infrared light, and the absorption peaks of this range become
wider and slower. The absorption peak near 3400 cm�1 belongs
to the stretching vibration of phenol, alcohol, carboxylic acid,
peroxide and hydroxyl groups in water, indicating a certain
amount of associated hydroxyl groups on coal surfaces. The
hydroxyl groups are the main adsorption sites of water
hydrocarbons, (c) oxygen-containing functional groups, (d) aromatic

RSC Adv., 2021, 11, 24543–24555 | 24545
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Table 2 A summary of the fitting data of infrared spectra

Functional
groups Number

Peak
position

Relative
peak
height

Area of relative
integration Functional groups Number

Peak
position

Relative
peak
height

Area of
relative
integration

Hydrocarbon 1 3691 0.0352 0.8118 Aliphatic hydrocarbon 1 3036 0.0020 0.1229
2 3655 0.0196 0.9934 2 2955 0.0035 0.0869
3 3618 0.0134 0.2237 3 2917 0.0123 0.7131
4 3605 0.0045 0.1899 4 2853 0.0098 0.6656
5 3400 0.0016 0.2061 5 2794 0.0022 0.1264
6 3270 0.0016 0.3013 6 2735 0.0028 0.3084

Aromatic
hydrocarbon

1 936 0.0205 0.3504 7 2650 0.0021 0.1809
2 911 0.0736 1.9224 8 2584 0.0006 0.0433
3 891 0.0127 0.2485 Oxygen-containing

functional groups
1 1601 0.0273 2.0124

4 875 0.0176 0.4331 2 1442 0.019 0.8308
5 858 0.0081 0.1991 3 1383 0.0086 0.8742
6 796 0.0181 0.3816 4 1101 0.0595 2.5846
7 779 0.0154 0.5101 5 1054 0.0839 5.3225
8 749 0.0414 1.0865 6 1030 0.1106 3.0944
9 695 0.0388 0.9054 7 1005 0.1362 3.5624
10 678 0.0395 1.1939 8 986 0.0408 1.1272
11 650 0.0199 0.6774
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molecules, which is an important factor affecting the wettability
of the coal surface.

The stretching vibration of aliphatic hydrocarbon varies
between 2600 and 3000 cm�1. The peaks from 3030 cm�1 to
2850 cm�1 represent the breathing vibration of the aromatic
methylene group, antisymmetric stretching vibration of the
methyl group, antisymmetric stretching vibration of the meth-
ylene group and symmetric stretching vibration of the methy-
lene group, whose ratio sequentially accounts for
1.22 : 0.87 : 7.13 : 6.65. The peak area reects the proportion of
each species. Thus, the methylene structure in Group D coal
heavily outnumbers the methyl group, and the symmetric
stretching vibration of methylene is stronger than its antisym-
metric mode, further elucidating that aliphatic hydrocarbons in
Group D coal mainly exist as long-chain alkanes. The absorp-
tion peak near 2560 cm�1 deals with the stretching vibration of
the sulydryl group, whose polarity is weaker than that of the
hydroxyl group.

The band at 1800–1000 cm�1 is primarily assigned to the
stretching vibration of oxygen-containing functional groups.
The stretching vibration of the carboxyl group emerge as a weak
peak around 1700 cm�1, presenting a relatively low carboxyl
group content. The absorption peaks near 1600, 1110, 1050, and
1035 cm�1 are ascribed to the stretching vibration of –C]C– in
aromatic hydrocarbon, S]O stretching vibration, Si–O–Si or Si–
O–C, and C–O aliphatic ether bond, respectively. Hence, in
addition to hydroxyl and carboxyl groups, the oxygen-
containing functional groups in coal comprise largely silicon
ether bonds and aliphatic ether bonds. The deformation
vibration of aromatic hydrocarbon exists near 900–700 cm�1.
The strong and narrow absorption signal near 950 cm�1 typies
the bending vibration of –OH in carboxylic acid. The one
around 870 cm�1, 800 cm�1 and 750 cm�1 holds accountable
for the out-of-plane deformation vibration of –CH in
24546 | RSC Adv., 2021, 11, 24543–24555
monosubstituted aromatic hydrocarbons, ortho trisubstituted
aromatic hydrocarbons and penta-substituted aromatic hydro-
carbons, respectively, with their ordinal ratio being
0.43 : 0.38 : 1.08.

Our infrared spectra data alongside prior studies testify that
the basic motif of the coal molecule is the aromatic condensa-
tion structure, and the oxygen-containing functional groups,
aliphatic hydrocarbons, and sulfur-containing functional
groups constitute its side branch chain. The surcial oxygen-
containing functional groups are usually hydrophilic and tend
to form hydrogen bonds with polar water molecules, while the
main aromatic structure and aliphatic hydrocarbon side chain
have weak attraction to water molecules and thus are hydro-
phobic. This answers for the poor hydrophilicity of the coal
surface.
Contact angle test

The contact angle q is the angle from the solid–liquid interface
to the gas–liquid interface at the junction of the solid, liquid
and gas phases of the liquid droplet on the solid surface.
According to Young's equation,24 the contact angle q has the
Fig. 3 Contact angle and Young's equation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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following relation with the interfacial tension of solid/gas(gSG),
solid/liquid (gSL) and liquid/gas (gLG) interfaces (Fig. 3):

gLG cos q ¼ gSG � gSL (1)

Therefore, the contact angle can act as a crucial criterion to
assess the affinity between liquid molecules and the solid
surface, namely, the wetting effect.25 The stronger the affinity,
the easier the spread on the solid surface, the smaller the
contact angle. This affinity is determined by the liquid–solid
surface properties.

The contact angle test results show that the contact angle
of coal soaked in distilled water is 84.924�, which indicates
that untreated raw coal has poor hydrophilicity and low
surface free energy, and pure water is difficult to spread on
the coal surface. The contact angle decreases with the
increment in surfactant concentration from 0.1 to 1.0 wt%,
Fig. 4 Contact angle test results.

Table 3 Physical parameters of test liquids

Test liquid

Surface free energy component/(mN m�1)

gLWl gl
+ gl

� gl

Distilled water 21.8 25.5 25.5 72.8
Formamide 39 2.28 39 57.4
Diiodomethane 50.8 0 0 50.8

Table 4 Surface free energy of raw coal

Sample

Contact angle/(�)

Distilled
water Formamide Diiodomet

Coal 84.9 46.8 33.0

© 2021 The Author(s). Published by the Royal Society of Chemistry
unfolding the ameliorated coal surface free energy and
hydrophilicity by surfactants and so the easier wetting of
coal by pure water. This is because that there are many
vacant adsorption sites on the coal surface, surfactants are
adsorbed on the coal surface, and hydrophilic molecular
chain covers the hydrophobic part of the coal surface, which
increases the attraction of coal surface to water. The
growing surfactant concentration triggers off adsorption of
the more surfactant molecules on the coal surfaces. Clearly,
a 0.1–1.0 wt% dosage will stage no saturated surfactant
adsorption and hence a monolayer adsorption on the coal
surface. Fig. 4 evidences that, among the three surfactants,
Triton X-100 has the best modication effect, with a 44.9�

contact angle at 1.0 wt%, 47% lower than that of raw coal.
The modication effect increases in the following sequence:
Triton X-100 > SDBS > JFC.

In order to further explore the change in surface properties
of coal samples modied by surfactants, the van Oss–Chaud-
hury–Good theory was used to calculate the surface free energy
and solid–liquid interface interaction energy of coal. According
to the van Oss–Chaudhury–Good theory, the total surface free
energy was calculated g. It consists of two parts: non-polar part
gLW (i.e., dispersion force) and polar part gAB (i.e., Lewis acid–
base).26,27 The non-polar component is mainly Lifshitz–van der
Waals, while the polar component (Lewis acid–base interaction)
is mainly hydrogen bond and electron donor and acceptor g�

and g+.28,29 The surface free energy of the solid gs can be
calculated as follows:

gs ¼ gLW
s þ gAB

s ¼ gLW
s þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðgs

þgs
�Þ

p
(2)

where gsl is the total surface free energy of the solid, gLW
s is

the non-polar Lifshitz–van der Waals interaction on the
solid surface, gAB

s is the polar Lewis acid–base interaction
on the solid surface, and gs

� and gs
+ are the Lewis acid–base

interaction on the solid surface, respectively. The free
energy between the solid and liquid interface is expressed
by the following formula (3):

gsl ¼ gs þ gl � 2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gLW
s gLW

l

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gs

þgl
�

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gs

�gl
þ

p �
(3)

Among them, gsl is the free energy between the solid and
liquid interface, gl is the total surface free energy of liquid,
gLW
l is the non-polar Lifshitz–van der Waals interaction of

liquid surface, and gl
� and gl

+ are the Lewis acid–base
interaction of the liquid surface respectively. According to
Young's equation:
Surface free energy component/(mN m�1)

hane gLWs gs
+ gs

� gs

42.94 1.00 0.62 44.51

RSC Adv., 2021, 11, 24543–24555 | 24547
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gs ¼ gsl + gl cos q (4)

gsl ¼ gs
+gs

�Wa (5)

Wa is the adhesion work and q is the contact angle. By
combining formula (2)–(5), formula (6) was obtained as follows:
Fig. 5 Calculation results of surface free energy and interface interactio

24548 | RSC Adv., 2021, 11, 24543–24555
Wa ¼ g1ð1þ cos qÞ ¼ 2

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gLW
s gLW

l

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gs

þgl
�

p
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gs

�gl
þ

p �

(6)

Furthermore, the interaction energy between deionized
water and coal can be calculated. The solid–liquid interface
n energy. (a) SDBS, (b) JFC, (c) Triton X-100.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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interaction free energy DGLW�AB
sl includes Lifshitz–van der

Waals (LW) interaction free energy DGLW
sl and Lewis acid–base

(AB) interaction free energy DGAB
sl , as shown in formula (7),

formula (8) and formula (9):30,31

DGLW
sl ¼ �2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gLW
s gLW

s

q
(7)

DGAB
sl ¼ �2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gs

þgl
�

p
� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gs

�gl
þ

p
(8)

DGLW�AB
sl ¼ DGLW

sl þ DGAB
sl

¼ �2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gLW
s gLW

l

q
� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gs

þgl
�

p
� 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gs

�gl
þ

p
(9)

Three kinds of test liquids (deionized water, formamide, and
diiodomethane) were used to determine the contact angle. The
physical parameters of the test liquid (analytically pure) are
listed in Table 3.

The calculated results of surface free energy of raw coal
without surfactant treatment are shown in Table 4.

The calculated surface free energy of raw coal without
surfactant treatment is 44.51 mN m�1. The surface free energy
of raw coal without treatment is low and its hydrophilicity is
poor. The surface free energy of coal is mainly dispersive
composition, and the Lewis acid–base composition is very low,
which indicates that hydrogen bonding seldom occurs on the
surface of raw coal.

The calculated results of surface free energy and solid–liquid
interface interaction energy of coal samples modied by three
surfactants are shown in Fig. 5. The surface free energy of the
coal modied by surfactants increases to varying degrees. The
surface free energy increases with the increase in surfactant
concentration of 0.1 wt%, 0.5 wt% and 1.0 wt%. It can be clearly
seen that the surface free energy and Lewis acid–base interac-
tion of coal are increased, which indicates that the probability
of hydrogen bond formation on the surface of the coal modied
by surfactants is greatly increased. Aer 1.0 wt% Triton X-100
modication, the surface free energy of the coal sample
increases the most, which is 49.52 mN m�1, and Lewis acid–
Fig. 6 Single coal molecule and crystal cell structure. (a) Wiser mode
molecules.

© 2021 The Author(s). Published by the Royal Society of Chemistry
base interaction is the largest, in which the proportion of gs
� is

the highest. The adsorption of the surfactant greatly increases
the probability of hydrogen bonding between the coal surface
and water, and improves the wettability of coal. The difference
in the modication effect of different kinds of surfactants is
also reected in the composition of surface free energy. The
results indicate that the non-polar van der Waals of coal
samples modied by the three surfactants has little difference,
but the Lewis acid–base interaction has more difference. This
indicates that the ability of hydrogen bonding between the
hydrophilic end of the surfactant adsorbed on the coal surface
and water molecules will affect the wettability of coal samples.

The results supra certify the strongmodication dependence
on the surfactant type. The three surfactants have various
hydrophilic and hydrophobic groups and, therefore, diverse
molecular structures, ultimately differentiating the modica-
tion effects. Accordingly, the molecular dynamics simulation
approach is invoked to explore the surfactant adsorption
mechanism at the molecular level.
Molecular dynamics simulation

To microscopically study the adsorption behavior of disparate
surfactants on the coal surface, molecular dynamics simulation
was carried out using the Material Studio soware. There are
manymacromolecular models of coals, such as Fuchs model32,33

modied in 1957, which has a honeycomb-like condensed
aromatic ring but a low accuracy. The Given model34 proposed
in 1960 rationalizes the naphthalene rings as interconnected by
aliphatic rings but not considers the sulfur-containing structure
and ether bonds. The Honda model oated by Honda35 rst
embraced both the organic small molecular compounds and
multifarious oxygen-containing functional groups in the coal
structure, but still not reckon with the sulfur and nitrogen
structures. According to the coalication degree and the main
surface functional groups of coals obtained by FT-IR spectros-
copy, a more comprehensive and reasonable Wiser model36 was
postulated to stimulate the coal macromolecular model (Fig. 6).
The model takes into account not only phenol, aryl ether, ring
l after structure optimization, (b) periodic cell structure of two coal

RSC Adv., 2021, 11, 24543–24555 | 24549
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structure containing oxygen, nitrogen and sulfur, but also the
unstable structure like alcohol hydroxyl, amino group, and
carboxyl group, which is suitable for high volatile bituminous
coal.
Fig. 7 Adsorption configuration of water/surfactant/coal. (a) Coal–SDBS

24550 | RSC Adv., 2021, 11, 24543–24555
Three surfactant molecules and a Wiser macromolecular
model were rst built and optimized using force module under
the COMPASS force eld. Amorphous cell module was
employed to construct the periodic cell structure of 2 Wiser coal
, (b) coal–JFC, (c) coal–Triton X-100.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Relative concentration distribution. (a) Coal–SDBS, (b) coal–JFC, (c) coal–Triton X-100.
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molecules, 1000 water molecules and 3 surfactant molecules.
Three different water/surfactant/coal 3-phase systems were
established with a build layer tool. To reduce the calculation
cost, 2/3 of the coal molecule was xed and a vacuum layer of 10
Å was set above the coal molecule to eliminate the inuence of
the periodic structure. The geometry of the system was opti-
mized to abrogate the unreasonable overlap between atoms.
The canonical ensemble (NVT) was selected in the Forcite
module and the temperature control method is Nosé thermo-
stat. The dynamic simulation of the system under the COMPASS
force eld was carried out at a time step of 1 fs under 298 K. The
electrostatic interaction and van der Waals action were calcu-
lated by the Ewald addition and atom-based methods, respec-
tively. An operation time of 200 ps was mandated for the
inappreciable temperature and energy uctuation to strike an
equilibrium, and hence, all systems were simulated for 200 ps.
In order to ensure the repeatability of the simulation, the
simulation is repeated three times.

The initial and equilibrium states of the three water/
surfactant/coal adsorption models are shown in Fig. 7. The
addition of surfactant and water molecules into the coal model
can destroy the system's thermodynamic equilibrium due to the
interaction between surfactant molecules and coal macromol-
ecules. The hydrophobic group of surfactants was adsorbed on
the coal surface, and the hydrophilic group was tilted to the side
of water molecules to reach a new equilibrium state. In the
SDBS adsorption model, the hydrophobic groups of surfactant
molecules were graed on hydrophobic groups of the coal
surface to form a directional arrangement of hydrophilic groups
pointing towards the water phase, shiing surface property
from hydrophobicity to hydrophilicity. Since the nonionic
surfactants (JFC, Triton X-100) could not be dissociated into the
ionic state in water, the hydrophobic groups of surfactants tend
to adsorb on the coal surface via van der Waals force. The
hydrophilic chain of Triton X-100 nonionic surfactants contains
10 ethylene oxide units, which are connected to the aromatic
ring through branched chain hydrocarbon chain. The longer
molecular chains cross to generate an adsorption layer, and the
hydrophilic group faces the water phase, thus changing the coal
surface wettability.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Fig. 8 shows the relative concentration distribution of three
kinds of surfactant adsorption conguration. The coal mole-
cules are partly xed, so the surfactant and water molecules only
contact with the coal surface, and the coal distribution is
basically unchanged. The distribution range of SDBS, JFC and
Triton X-100 were 20–45 Å, 10–50 Å and 20–60 Å, respectively.
The nal adsorption conguration of the three systems suggests
that SDBS has a shorter molecular chain and forms the thinnest
adsorption layer. Other two nonionic surfactants possess longer
molecular chains and a wider concentration distribution range.
Triton X-100 possesses the closest surface adsorption confor-
mation to the lying at and thus the largest coverage on coal
surfaces.

To compare the attraction of surfactants to water molecules,
the number of hydrogen bonds formed between surfactants and
water molecules was counted.

As shown in Fig. 9, SDBS molecules rely on the oxygen atom
in the sulfate radical to form hydrogen bonds with the hydrogen
atom of water molecules, and the number of hydrogen bonds is
12. For JFC and Triton X-100 molecules, the oxygen atom in
hydroxyl groups at the molecular chain end and the oxygen
atom in the ether bond can interplay with the hydrogen atom of
water molecules into hydrogen bonds, whose number is 8 and
15, respectively, greatest in three surfactants, so providing most
sites available to the water molecule. The Triton X-100 molecule
adsorption layer on coal surfaces can shield the hydrophobic
groups of coal molecules, and the hydrophilic end can attract
more water molecules, thus provoking the exceptional modi-
cation effect. This is consistent with the results of contact angle
test.

The adsorption of surfactants on the coal surface affects the
structure of water phase and the movement of water molecules.
The mean square displacement (MSD) can be used to determine
the effect of surfactants on the aggregation of water molecules.
The calculation formula is as follows:

MSD ¼ 1

N

XN
i¼1

½riðtÞ � rið0Þ�2 (10)
RSC Adv., 2021, 11, 24543–24555 | 24551
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Fig. 9 Types of hydrogen bonds formed between three surfactants and water molecules. (a) SDBS, (b) JFC, (c) Triton X-100.

Fig. 10 Mean square displacement of water molecule.
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According to the Einstein equation,37 the diffusion coeffi-
cient (D) of the water molecule can be obtained as follows:

D ¼ 1

6N
lim
t/N

d

dt

XN
i¼1

½riðtÞ � rið0Þ�2 (11)

For comparison, we constructed a model with only water and
coal. The MSD curves of water molecules with four adsorption
congurations are sketched in Fig. 10. Overall, the slope of MSD
of water molecules in the surfactant-containing systems
balloons compared with the surfactant counterpart. The diffu-
sion coefficient of the water molecule is 0.44 � 10�5 cm2 s�1 in
the coal water system without surfactants. The MSD slope of the
Triton X-100 system is the largest, and the water molecular
diffusion coefficient is 1.78 � 10�5 cm2 s�1. The surfactant
Table 5 Calculation results of interaction energy

System Et kJ mol�1 Ew kJ mol�1 Es+c kJ mol�1 Ec kJ mol�

SDBS �5469.21 �7601.61 2828.94 3161.39
JFC �4936.45 �7806.56 3156.99 3152.63
X-100 �4959.28 �7814.83 3161.21 3117.81

24552 | RSC Adv., 2021, 11, 24543–24555
introduction augments the water molecule diffusion, the
interaction between water and coal, and thus, the coal
hydrophilicity.

The interaction strength can be evaluated by calculating the
interaction energy of the system. The lower energy and greater
negative interaction energy could spur the steadier adsorp-
tion.38 However, the interaction energy of the simulation system
only represents the interaction strength between the surfactant
and coal surface, which is not equal to the thermodynamic
adsorption energy.39 The interaction energy is dened as the
difference between the energy of the complex and the sum of
the energies of the monomers constituting the complex. The
interaction energy between surfactant and coal was calculated
as follows:

Eint ¼ (Et � Es � Ec+w � Ec � Ew+s + Ew + Es+c)/2 (12)

where Eint is the interaction energy of the system, Et is the total
energy of the system, Ec, Es and Ew are the energies of coal
surface, surfactant, and water respectively, and Ew+c, Es+c and
Es+w are the total energies of water and coal, surfactant and coal,
surfactant and water, respectively (Table 5).

The results indicate that the interaction energies of the three
surfactants are all negative, explaining the spontaneous
adsorption process. Among the three adsorption systems, the
interaction energy of Triton X-100 adsorption model is the
largest, demystifying a very stable adsorption between coal and
water molecules. This notable difference in interaction energies
was endowed by the inherent structural disparity of surfactants
JFC and Triton X-100 as typical nonionic surfactants yet have
different hydrophobic groups. The hydrophobic groups of JFC
are hydrocarbon chain structures and can interact with the
hydrophobic groups on the coal surface mainly via weak van der
Waals force. The hydrophobic group of Triton X-100 is
a branched chain structure containing a benzene ring, and the
1 Es+w kJ mol�1 Es kJ mol�1 Ew+c kJ mol�1 Eint kJ mol�1

�8357.41 �264.55 �4645.51 �67.90
�7765.08 111.95 �4870.34 �107.59
�7769.15 188.30 �4858.37 �145.75

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Schematic diagram of the interaction of Triton X-100 mole-
cule with coal molecule and water molecule (the gray atoms are
carbon atoms, the white atoms are hydrogen atoms, and the red
atoms are oxygen atoms).
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main body of the coal molecule is the aromatic structure. A large
number of aromatic rings in the coal molecule will form the
strong p–p interaction with the benzene ring in Triton X-100,
rendering steadier the adsorption between the surfactant
molecule and coal.40,41 Compared with the straight chain JFC,
the branched chain structure of the hydrophobic end of Triton
X-100 also makes it have higher activity.42 The adsorption
conguration of SDBS is more like an upright state, with the
hydrophilic group towards the water molecule and the benzene
ring far away from the coal molecule. Consequently, no p–p

interaction between SDBS and coal molecule turns up, inducing
the small interaction energy with the coal molecule.

In terms of the hydrogen bond between the surfactant and
the water molecule, the number of hydrogen bonds is less for
the JFC system than for the Triton X-100 and SDBS systems, and
the as-formed adsorption layer has much weaker attraction to
water molecules. On the whole, the interaction landscape
between the surfactant, water and coal explicitly corroborates
the striking modication effect of the Triton X-100 molecule
upon the coal hydrophilicity, as pictured in Fig. 11.
Conclusions

(1) In this study, the contact angle tests proved that surfactants
can notably tune the coal wettability. The obvious surfactant
© 2021 The Author(s). Published by the Royal Society of Chemistry
type and concentration effects were found. A higher concen-
tration, a better promotion effect. The optimal nonionic Triton
X-100 molecule can cause the contact angle to drop by 47%. The
surface free energy of the coal sample modied by the surfac-
tant increases, the proportion of polar Lewis acid–base
composition increases, and the probability of hydrogen
bonding on coal surface increases greatly.

(2) Molecular dynamics simulation was leveraged to expound
the experimental phenomenon. The surfactant molecules can
adsorb onto the coal surface via hydrophobic groups and the
hydrophilic groups face the water phase, which alters the
interaction between the coal surface and water. Particularly,
Triton X-100 has the largest interaction energy with coal and the
most stable adsorption more hydrogen bonds with coal mole-
cules, thus improving the coal surface hydrophilicity, expe-
diting the movement of water molecules on the coal surface,
and increasing the diffusion coefficient.

(3) The experimental results and adsorption simulation
explicitly corroborates that the benzene ring in the Triton X-100
molecule can form stable p–p interactions with the hydro-
phobic aromatic ring structure in the coal molecule, while its
hydrophilic group can form hydrogen bonds with the water
molecule to thus reinforce the coal surface hydrophilicity and
the water adsorption on coal surfaces.

In summary, this unique interaction of the hydrophobic
structure of Triton X-100 and the aromatic structure of coal
molecules made the adsorption on the coal surface strong and
stable, and the hydrophilic end of Triton X-100's excellent
ability to form a large number of hydrogen bonds with water
molecules unveils the outstanding ability of Triton X-100 to
manipulate the coal surface hydrophilicity, offering invaluable
guidance for pragmatic dust control.
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