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KEYWORDS Abstract To investigate the wettability of different oxygen-containing functional group (OFG)
Oxygen-containing func- surfaces, graphite substrates were used as a model for coal adsorbents. The substrates were modified
tional groups; with —COOH, —OH, —C=—0, and —OCH3;. The adsorption-diffusion behavior of H,O molecules/
Electrostatic potential; water droplets on different OFG surfaces was investigated using molecular dynamics (MD) simu-
Frontier orbital; lations with frontier orbital energy difference as a metric for different surface wettability degrees in
Equilibrium contact angle; quantum chemical analysis. The results indicated that the frontier orbital energy difference of the
Number of hydrogen bonds H,O molecule was 3.480, 3.491, 3.631, and 3.680 eV for Ph—COOH, Ph—OH, Ph—C—0O0, and

Ph—OCH3;, respectively. In addition, the equilibrium contact angle, interaction energy, and number
of hydrogen bonds after the adsorption equilibrium of water droplets for —COOH, —OH, —C=O0,
and —OCH; surfaces were 22.34°, —5.03 kcal/mol, and 652; —23.72°, —4.19 kcal/mol, and 450;
68.01°, —0.79 kcal/ mol, and 61; 90.51°, —0.50 kcal/mol, and 28, respectively. The smaller the
energy difference between the frontier orbitals of the H,O molecule and the OFG, the smaller
the equilibrium contact angle between the water droplet and the OFG surface, the more hydrogen
bonds were formed, and the larger the absolute value of the interaction energy, the better the wet-
tability of the surface of the OFG. The order of wettability of the different OFG surfaces was
—COOH > —OH > —C—0 > —OCHs3;, which is consistent with the radial distribution function
and the analysis results for the extended area, etc. The results of density functional theory (DFT)
calculations and MD simulations exhibited identical patterns, indicating the reasonableness of
the simulations. This study may serve as a reference for the suppression of hydrophilicity in low-
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order coal and the enhancement of the flotation effect.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Flotation is an important means of coal quality and ash reduction and
mineral separation (Gui et al., 2017; Gui et al., 2017). It occurs when
hydrophilic fine coal particles are retained in a slurry and hydrophobic
particles adhere to the air bubbles as mineralized gas flocs float up to
form high-quality fine coal (Gui et al., 2015; Xia et al., 2017; Prakash
et al., 2018). The hydrophilicity and hydrophobicity of the coal surface
are influenced by pore structure, the degree of metamorphism, oxygen-
containing functional groups, the degree of defects, and other factors
(Crawford et al., 1994; Xia et al., 2016; Wang et al., 2020). Low-
order coals account for 50 % of the coal resources of the world
(Osman et al., 2011). Low-order coals require short coal formation
time and have high moisture, low heat content, high volatile matter,
more micropores, and well-developed structures; thus, low-order coals
burn easily and have a strong adsorption capacity for water molecules
(Wang et al., 2009). In addition, low-order coals have high oxygen con-
tent, primarily in the form of OFGs, such as —OH, —COOH, and
—OCH;, which had a more notable influence on the hydrophilicity
and hydrophobicity of coal surfaces (Wang et al., 2013; Xin et al.,
2013). Strong polar OFGs easily interact with water molecules to form
hydrogen bonds, increasing the water content on the surface of low-
order coal and hindering the flotation of the coal. Therefore, treatment
with OFGs affects the flotation of low-order coal, and the interaction
between water molecules and OFGs in coals should be investigate to
enhance flotation and realize the safe and efficient utilization of coal
(Tang et al., 2015; Cui and Chen, 2021; Wang et al., 2022).

Several physical testing methods, including X-ray diffraction (Li
et al., 2016), X-ray photoelectron spectroscopy (Kozlowski, 2004;
Kelemen et al., 2002), infrared spectroscopy (Baysal et al., 2016; Liu
et al., 2019), and nuclear magnetic resonance carbon spectroscopy
(Erdenetsogt et al., 2010), have been applied to characterize OFGs
on coal surfaces. Ma et al. investigated the molecular structure of
anthracite from Xifeng County, Shaanxi Province, through NMR car-
bon spectroscopy, infrared spectroscopy, and X-ray photoelectron
spectroscopy. The results revealed that anthracite is composed of aro-
matic structures, aliphatic carbon, and various functional groups and
that OFGs are dominated by phenolic hydroxyl and ether oxygens
and also contain some carbonyl groups (Ma et al., 2019). Chen et al.
investigated the characteristics of OFGs in coals with different degrees
of metamorphism through infrared spectroscopy experiments and con-
cluded that the aromaticity of coal increases and the length of fatty
chains and the number of OFGs decrease with increasing coal grade.
Condensed aromatic domains are commonly found in coals of higher
grades (Chen et al., 2012). All the aforementioned studies performed
experiments, and this work is not only wasteful of financial and mate-
rial resources, but also inefficient. By contrast, molecular simulation
techniques and related software are mature technologies and are exten-
sively used for research in the fields of biology, physics, and chemistry
(Zhao et al., 2017). In addition to high visualization abilities and cost
savings, molecular simulations can be used to obtain static structures
of different adsorption systems and to elucidate the dynamic adsorp-
tion processes in those systems (Neyts and Bogaerts, 2013). Zhao
et al. performed DFT simulations to investigate the interaction of
water molecules with different OFGs and concluded that water mole-
cules have the strongest interaction with carboxyl groups and the
weakest interaction with ether groups by comparing the bond levels,
interaction energies, and differential electron densities of different
OFGs bonded to water molecules (Zhao and Liu, 2022). Wang et al.
analyzed the adsorption of OFGs on coal surfaces with H,O molecules
through a combination of experimental and DFT calculations; and the

results indicated that the adsorption of OFGs with H,O molecules is
attributable to the combined effects of van der Waals forces and
hydrogen bonding (Wang et al., 2021). Gao et al. investigated the
interaction of single water molecules and multilayer water with the sur-
face of lignite based on DFT theory; the results indicated that the
interaction of single water molecules and multilayer water with lignite
is primarily caused by the adsorption of water molecules in OFGs
(Gao et al., 2017). Zhang et al. performed contact angle measurement
experiments and MD simulations to analyze the wettability of coal sur-
faces with different degrees of metamorphism and concluded that a
higher number of OFGs causes a higher hydrophilicity of low-order
coal surfaces (Zhang et al., 2020). Cheng et al. analyzed the micro-
scopic adsorption of water molecules by OFGs using DFT calculations
and grand canonical ensemble Monte Carlo (GCMC) simulations; the
results indicated that the adsorption strength of water molecules with
carboxyl groups was stronger than that of hydroxyl, carbonyl, and
ether groups (Cheng et al., 2021). Gao et al. investigated the interac-
tion between lignite and H,O molecules through DFT and CP molec-
ular dynamics, and the ESP charges obtained indicate that the
interaction of —COOH with H,O molecules is stronger than that of
other OFGs (Gao et al., 2019). Liu and Wu et al. investigated the cor-
relation between dehydration and OFGs in coal molecules through
molecular simulations; their analysis revealed that the ability of coal
molecules to adhere water decreases significantly with the decrease in
the number of OFGs, indicating that OFGs are the main adsorption
sites for water molecules (Wu et al., 2017; Liu et al., 2016). However,
few studies have used MD simulations to analyze coal surface wettabil-
ity. Therefore, the effects of different OFGs on the wettability of coal
should be analyzed by selecting suitable charge and force fields for MD
simulations and efficient flotation.

In this study, the wettability degrees of four surfaces with different
OFGs, namely —COOH, —OH, —C=0, and —OCHj; were investi-
gated using MD. The influence of H,O molecules on the wettability
of different OFGs was comprehensively analyzed from the perspective
of electrostatic potential and frontier orbitals by evaluating the equilib-
rium contact angle, radial distribution function, the number of hydro-
gen bonds, and interaction energy. This study can provide theoretical
guidance for the efficient flotation of low-order coal.

2. Calculation methods

2.1. DFT calculations

The 3 x 3 carbon model structure on the graphite sheet layer
was selected for the DFT calculations process and constructed
as shown in Fig. 1. Later four OFGs, —COOH, —OH,
—C=0, and —OCHj; were grafted to represent the models
of different polar coals (Xu et al., 2016), as shown in Fig. 2(-
a)-(d). The structure of the H,O molecule is displayed in
Fig. 2(e). The properties and interaction energies of different
OFG models and H,O molecules were analyzed using the
Materials Studio software package Dmol®> module. The task
item was set to Geometry Optimization, and the precision
was set to Fine. Because the local density approximation
(LDA) function overestimates the value of interaction energy,
the generalized gradient approximation (GGA) function was
selected (Liu et al., 2016). The electron exchange correlation
potential was calculated using the Perdew-Burke-Ernzerhof
(PBE) generalized function based on the GGA (Song et al.,
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Fig. 2 Different OFG models and H,O molecular models. (a) Ph—COOH, (b) Ph—OH, (c) Ph—C—0, (d) Ph—OCH3;; (e¢) H,O

molecule.

2019; Chen et al., 2017). The Grimme method was used for
DFT dispersion correction to improve calculation accuracy
(Perdew et al., 1996). The calculations were performed using
DFT Semi-core Pseudopots and selected double numerical
polarization groups (DNP) (Chen et al., 2016), without
restricting electron spins. In order to consider the influence
of the surrounding water environment, the solvation model
was used. The SCF convergence accuracy was set to Fine,
and the cycle period was set to 500. The convergence criteria
for force, displacement, and energy were 0.002 Ha/A,
0.005 A, and 1.0 x 107 Ha, respectively (Tian et al., 2022).

2.2. M D simulation

A graphite lamellar structure was used as the adsorbent sub-
strate owing to the similarity of this structure to the coal
skeleton (Zhang et al., 2018). The adsorption distribution
process of water droplet on the surface of OFGs was ana-
lyzed by grafting different OFGs on the basis of graphite
(Xia et al., 2020; Zhao et al., 2019). The specific simulation
details are displayed in Fig. 3. First, the graphite was cleaved
along the (001) surface, and four layers were cut and orthog-
onalized. Then, the adsorbent substrates were modified with

four different OFGs, namely —COOH, —OH, —C—O0, and
—OCH;. The final grafted model consisted of a 25 x 15
extended cell, and the grafted substrate consisted of 195
OFGs, each of which had a length of 20 A. The surface
dimensions of the established model were 61.50 Ax63.91 A
x20.20 A. To simulate the adsorption of water clusters on
the surfaces of different OFGs, a spherical cluster of water
molecules, which is a spherical water droplet with a radius
of 15 A and composed of 483 water molecules, was created
using the Nanocluster function in the software. Water dro-
plets with a diameter of 30 A have been used in the literature
and the simulation results were in good agreement with the
experimental values (Zhang et al., 2020; Li et al., 2018).
The initial distance between the water clusters and the sur-
faces of different OFGs was set to the same value. The water
cluster was placed in a cell with the same length and width
dimensions as the grafted OFG. Using three-dimensional
periodic boundary conditions, the OFG model and the water
droplet model were combined together using the Build Layer
tool. To eliminate the influence of the periodic structure on
the substrate surface, a vacuum layer with a height of 50 A
was added by extending the Z-axis, and the dimensions of
all four systems were approximately 61.50 Ax63.91 Ax98.5
6 A. The construction process of the final model is illustrated
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Fig. 3  Construction of graphite substrate modified with OFGs.

in Fig. 4. To save time, the graphite substrates in the four dif-
ferent systems were immobilized, and the grafted OFGs and
water droplets were allowed to move.

Before the MD simulations, the different OFGs/water dro-
plet systems were assigned charges by COMPASS II force field
using Materials Studio software, and a 5000-step geometry-
optimized energy minimization simulation was performed to
reach a stable structure, followed by a 1 ns MD simulation
using COMPASS 11 force field on the Forcite module. A large
body of literature has been published using the COMPASS II
force field to study coal systems (Meng et al., 2021; Xia et al.,
2019), and the results showed that the data obtained using the
COMPASS 1I force field were in good agreement with the
experimental results. PCFF can also be used to study coal sys-

Build
Layers

Fig. 4 Initial configurations of water droplets

tems (Zhang et al., 2015), but the COMPASS II force field is
more widely applicable. After 500 ps, the interaction energy,
contact angle, temperature and energy of different OFG/water
droplet systems reached equilibrium, and the contact angle,
hydrogen bonding, and interaction energy were analyzed in
the next 500 ps. The parameter settings for the MD simula-
tions are displayed in Table 1.

3. Results and discussion
3.1. DFT calculation results

3.1.1. Electrostatic potential (ESP) analysis

By analyzing the surface ESP distribution of different OFGs
and H,O molecules, the location of hydrogen bond formation
and the strength of the interactions between the OFGs and
H,O molecules can be predicted. Fig. 5 displays the ESP distri-
bution of different OFGs and H,O molecules, with positive
values lying in the red region and negative values in the blue
region. The darker the red or blue color in the figure, the
greater the absolute value of the ESP and the greater the
chance of causing electrostatic attractive interactions (Nie
et al., 2022). To facilitate observation, the value of the ESP iso-
surface were uniformly selected as 0.017 a.u.. As illustrated in
Fig. 5, the ESP maximum point of each OFG were all near the
hydrogen atom, and the order of magnitude was Ph-OH (71.
25 kecal/mol) > Ph-COOH (66.65 kcal/mol) > Ph-C=0 (30.
79 kcal/mol) > Ph-OCHj; (29.40 kcal/mol). The ESP minima
were all near the oxygen atom, and the order of magnitude
was Ph-OCHj3 (-24.61 kcal/mol) > Ph-OH (-26.41 kcal/mo
1) > Ph-COOH (-36.13 kcal/mol) > Ph-C—0O (-41.57 kcal/
mol). Thus, the structure of H>,O molecule adsorbed on the
H atoms of Ph-COOH and Ph-OH was the most stable, while
the structure of H,O molecules adsorbed on O atom of Ph-
C—0 and Ph-OCH; was the most stable. Furthermore, the
aforementioned structures easily form hydrogen bonds. The
positive ESP in Ph-COOH and Ph-OH was greater than that
of H,O molecules, and the absolute value of the negative
ESP was smaller than that of H,O molecules, indicating that
the strongly polar OFGs easily interacted with H,O molecules
and were easily wetted by water. The positive ESP values for

504
vacuum
layer

Water droplet
diameter:
304

N
o B O, O R B A WA A B |

-OH surface

adsorbed on the surface of different OFGs.
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Table 1 Parameter settings for the MD simulations.

Parameter settings

Quality Medium Ensemble

Temperature 298 K Temperature control method
Electrostatic Ewald Accuracy of electrostatic force
van der Waals Atom based Truncation radius

Time step 1.0 fs

Canonical ensemble NVT(Zhao and Liu, 2022)
Nose(Song et al., 2017)

1.0 x 107 kcal/mol

12.5 A(Li et al., 2019)

Ph-C—O0 was smaller than that of H,O molecules, and the
absolute value of the negative ESP was similar to that of the
H,0 molecule, indicating that the interaction of Ph-C—=0 with
the H,O molecule was weaker than that of the strongly polar
OFGs. The absolute values of both positive and negative
ESP in Ph-OCH; were smaller than those of H,O molecules,
indicating that Ph-OCH; had the least wettability and the
weakest interaction with H>O molecules.

3.1.2. Frontier orbital analysis

The highest occupied molecular orbital (HOMO) and the low-
est unoccupied molecular orbital (LUMO), which are called
frontier orbitals and determine the reactivity between the
two molecules (Yekeler and Yekeler, 2006). The energies of
the frontier orbitals of different OFGs and H,O molecules
were calculated; the results are summarized in Table 2. The

smaller the difference in frontier orbital energy (AE) between
the HOMO of the H,O molecule and the LUMO of the
OFQG, the more favorable the adsorption of the H,O molecule
on the OFG and the more the wettability (Bao et al., 2022). As
listed in Table 2; AE of the strongly polar OFGs Ph-COOH
and Ph-OH with H,O molecules was smaller than that of
weakly polar OFGs, indicating that H,O molecules are easily
adsorbed on the strongly polar OFGs; this is consistent with
the results of ESP analysis.

3.1.3. Interaction energy calculations

Interaction energy represents the strength of molecular interac-
tions and can be used to characterize the surface wettability of
different OFGs. The interaction energy can be defined as
(Dong et al., 2019; Xiang and Lei, 2021):

Table 2 Frontier orbitals and energy differences between OFGs and H,O molecules.

Models Frontier orbital energy/eV Frontier orbital energy difference/eV
HOMO LUMO AE

Ph-COOH —4.602 —3.264 3.480

Ph-OH —4.443 —3.253 3.491

Ph-C—=0 —4.589 —3.113 3.631

Ph-OCHj; —4.392 —3.064 3.680

H,O —6.744 1.053

AE = |EH,0 HOMO — EOFGs LUMO|, where EH,O HOMO denotes the HOMO energy of H,O molecules and EOFGs LUMO denotes the

LUMO energy of different OFGs.

(b)

(d)

Fig. 5
molecule.

29.40 kcal/mol

71.25 keal/mol 30.79 kcal/mol

-26.41 kcal/mol
-41.57 keal/mol

(©

58.42 kcal/mol

-24.61 kcal/mol

-41.16 keal/mol

()

ESP distribution of different OFGs and H,O molecules. (a) Ph—COOH; (b) Ph—OH; (¢) Ph—C=0; (d) Ph—OCH3; (e) H,O
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Eim = EOFG/HZO - EOFG - EHZO (1)

where Eorguzo denotes the total energy when the H>,O mole-
cule was in equilibrium with OFG (kJ/mol); Eyso and Egrg
denote the energies of the H,O molecule and the OFG, respec-
tively (kJ/mol). The higher the absolute value of the negative
interaction energy, the higher the wettability of the surface.
The optimal configurations of H,O molecules adsorbed by
different OFGs are illustrated in Fig. 6, and the corresponding
adsorption parameters are listed in Table 3. As depicted in
Fig. 6 and Table 3, the interaction energies of the strong polar
OFGs Ph-COOH and Ph-OH with H,O molecules were
—43.631 and —39.632 kJ/mol, respectively, and the absolute
values of the interaction energies were much larger than those
of the weak polar OFGs Ph-C=—0 and Ph-OCHj;. This was
similar to the results of Cheng et al. who noted that the inter-
action energies of Ph-COOH with H,O molecules was
—41.818 kJ/mol (Cheng et al., 2021). This can be attributed
to the strong polarity of Ph-COOH and Ph-OH and the weak
polarity of Ph-C=O0O and Ph-OCHj;. The H,O molecule is
polar molecule and easily interacts with strongly polar OFGs
to form hydrogen bonds with lengths of 1.692/1.861 A and
1.841 A, respectively. Furthermore, the interaction of Ph-
COOH with H,O molecules was stronger than that of Ph-
OH because of the presence of double hydrogen bonds
between Ph-COOH and H,O molecules. Comparison between

the interaction energy and hydrogen bond length revealed that
the order of wettability was Ph-COOH > Ph-OH > Ph-C—-
O > Ph-OCHj;, which was the order of polarity of OFGs and
was consistent with the order of adsorption strength reported
by Xia and Lun et al (Xia et al., 2016; Lun et al., 2022). There
was a correlation between the interaction energy of H,O mole-

20k o Linear fitting

y=-9.672x-0.469

Interaction energy(kJ/mol)

35 1
40 Qo
o
45 |
" 1 " 1 " 1 " 1 " 1
20 30 40 50 60 70

Electrostatic potential

Fig. 7 Linear fit between ESP and H,O interaction energy.

Fig. 6 Optimal conformation of H>,O molecules adsorbed by different OFGs. (a) Ph—COOH/H,0; (b) Ph—OH/H,0; (¢) Ph—C=0/

H,0: (d) Ph—OCH;/H,O.

Table 3 Interaction energies of different OFGs with H,O molecules and the lengths of hydrogen bonds formed.
Small molecule OFGs Hydrogen bond length/A Interaction energy/(kJ-mol~")
H,O Ph-COOH 1.692/1.861 —43.631

Ph-OH 1.841 —39.632

Ph-C=0 1.894 —26.596

Ph-OCHj3 2.036 —19.169
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cules on different OFGs and ESP with an R? of 0.878, and the
fitted results are shown in Fig. 7. DFT calculations showed
that the adsorption of H,O molecules in strongly polar OFGs
was favorable and easily wettable.

3.2. M D simulation results

3.2.1. Conformation of water droplets on the surface of OFGs

To elucidate the effects of the type of OFGs on the adsorption-
diffusion of water droplets, the adsorption-diffusion behavior
of water droplets on functional groups was simulated by graft-
ing four OFGs of different polarities on graphite. The simu-
lated snapshots of the contact between different OFGs and
water droplets are displayed in Fig. 8, which illustrates the
adsorption configurations of water droplets on different
OFGs. The OFGs of the initial configuration of the systems
did not interact with water droplets, and the contact lines of
the water droplets on —COOH, —OH, —C=—0, and —OCHj3;
surfaces increased after interactions, indicating that the water
droplets were adsorbed on the surfaces of all four OFGs and

4232.74 A2

B
SR
44 d g a s a a5

1742.87 A2 1282.51 A2

(c) -C=0 (d) -OCH;

Fig. 8 Initial (top) and stable (bottom) configurations of water
droplets on different OFGs surfaces. (a) —COOH; (b) —OH; (c)
—C=0 (d) —OCHj;,

diffusion occurred during the simulation. The water droplets
were completely spread on the surfaces with strongly polar
OFGs namely —COOH and —OH, and the contact lines
extend to the cell width of 63.91 A, forming a dense hydration
film. By contrast, the water droplets were hemispherical dro-
plets on the surfaces with weakly polar OFGs, namely —C—0
and —OCH3;, and the contact lines with the surfaces at the end
of the simulation were 53.10 A and 38.60 A, respectively.

The equilibrium contact angle can be used to characterize
the wettability of different OFGs on the surface and quantify
the adsorption-diffusion behavior of water droplets on the sur-
face. The contact angles of water droplet adsorbed on different
OFGs surfaces after MD simulation equilibrium are displayed
in Fig. 9. The simulation results yielded contact angles of
22.34°,23.72°, 68.01°, and 90.51° for water droplet adsorption
on —COOH, —OH, —C=0, and —OCH; surfaces, respec-
tively, with contact angles less than or equal to 90°. These
results indicated that the surfaces were wetted by water dro-
plets in all four systems, but the degree of wetting varied. This
was consistent with the results of Li et al. who reported that
the equilibrium contact angle of water droplet on the —OH
surface was 23.70° (Li et al., 2018). The equilibrium contact
angle of water droplets on strongly polar OFGs surfaces was
much smaller than the equilibrium contact angle on weakly
polar OFGs surfaces, and the order of contact angle was as
follows: —OCH; > —C—0 > —OH > —COOH, which is
the order of hydrophobicity of OFGs. The surfaces with
—COOH and —OH were hydrophilic, and water droplets
could easily spread on the surfaces with small equilibrium con-
tact angles.

Fig. 10 displays the top view of water droplets adsorbed in
stable adsorption configurations on the surfaces of different
OFGs. The surface of the strongly polar OFG, the water dro-
plets diffused to the whole crystal surface, and the H,O mole-
cules in the water droplet were dispersed from each other with
large gaps between the H,O molecules. On the —C=O0 surface,
the top view of the water droplet changes from a round shape
to an irregular shape. The H,O molecules in the water droplet
were more aggregated compared with that the strongly polar
OFG system. On the —OCHj; surface, the water droplets in

90.51°

68.01°

[13UR 10RWOT)

S

oW

Fig. 9 Equilibrium contact angle of water droplets on different
OFGs surfaces.
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(d)

Fig. 10 Top view of water droplets on OFGs surfaces. (a) Initial

the crystal surface were only slightly diffused outward from the
center, and the model was still a liquid droplet. The highest
degree of aggregation of water molecules was observed in the
water droplets.

The adsorption-diffusion behavior of water droplets on dif-
ferent OFG surfaces was analyzed using contact lines, equilib-
rium contact angles, and top views of water droplets. The
water droplets had strong interactions with strongly polar
OFG surfaces and easily diffused to wet the surfaces. By con-
trast, the interactions of the weakly polar OFG surface with
water molecules were weaker, the diffusion was difficult, and
the degree of wetting was weaker.

3.2.2. Radial distribution function (RDF)

The RDF can be used to evaluate the distribution of other par-
ticles in space, given the coordinates of a certain particle (Zhao
and Liu, 2022; Xiang et al., 2014). The RDF can also be used
to determine the order of water droplets on the surface of dif-
ferent OFGs and is calculated as follows.

1 dN

g).",(r) = 47pri’2 X di‘

where p, denotes the number density of class y particles; dN is
the average number of particles of class x to class y within a
certain distance from r + dr. To further elucidate the distribu-
tion of H,O molecules in water droplets, the RDF of oxygen
atoms in H,O molecules in different systems was calculated;
the results are displayed in Fig. 11. For different OFG sur-
faces, the positions of the RDF peaks for oxygen atoms in
H-O molecules were observed at 2.7 A, and only the heights
of the peaks were different. The high and sharp peaks indi-

(e)

state; (b) Equilibrium state of - COOH; (c¢) Equilibrium state of —OH;
(d) Equilibrium state of —C=0; (e) Equilibrium state of —OCHj.

60 I
50 |
40 I
go = 25 DiSsi(;ncc/A 35 4.0
30 F
—— -COOH/water -OH/water
20 L L -C=O/water -OCH,/water
10 - ~
0 1 1 1 1 1
2 4 6 8 10 12
Distance/A
Fig. 11 RDF between oxygen atoms in H,O molecules adsorbed

on different OFGs surfaces.

cated a strong interatomic order, a high probability of finding
another atom within a certain distance from a given atom, and
close relationships between atoms. The RDF peaks for
between oxygen atoms in H>O molecules on the surface of
weakly polar OFGs were higher than that for the surface of
strongly polar OFGs. This indicates that on the surface of
weakly polar OFGs, the probability of finding oxygen atoms
within a certain distance of oxygen atoms in H,O molecules
was higher and H,O molecules were more aggregated. The
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H>0 molecules interacted weakly with the surface of weakly
polar OFGs, making them ordered and not easily diffused to
the surface. The lowest RDF peak for oxygen atoms adsorbed
on the surface of —COOH indicated that the distance between
Onzo and Oy was the largest, the interaction was the weak-
est, and the H,O molecules were not easily aggregated with
each other. Therefore, the H,O molecule was completely wet-
ted on the —COOH surface; this was consistent with the sim-
ulated stable conformation displayed in Fig. 8. By calculating
the height of the peak, the order of the strength of the surface
wettability of different OFGs was —COOH > —-OH > —C—-
O > —OCHj3;, which is consistent with the visualization results
for adsorption conformation.

3.2.3. Extended area between water droplets and surfaces with
different OFGs

In addition to parameters such as RDF, the parameter

extended area was introduced to quantify the adsorption-
diffusion of water droplets on different OFGs. The extended
area (EA) of water droplets on different OFG surfaces was cal-
culated by using a probe with a radius of 1.4 A, which can be
calculated using Equation (3).

EA = (EAOFG + EAwaterdroplel - EAcomplex)/2 (3)

where EAora, EA yater dropiets and EA (ompiex are the surface
areas of different OFG surfaces, water droplets, and OFG/wa-
ter droplet systems, respectively, A2 The larger the extended
area between the water droplet and the OFG surface, the easier
the diffusion of the water droplet on the surface and the stron-
ger the wettability. The extended areas of water droplets on
different OFG surfaces are displayed in Fig. 8. The extended
areas of the water droplets on —COOH, —-OH, —C=0, and
—OCH; surfaces were 4316.94 A% 4232.74 A%, 1742.87 A%,
and 1282.51 Az, respectively, and the calculations revealed that
the extended areas of water droplets on strongly polar OFG
surfaces are approximately 2-3 times larger than those on
weakly polar OFG surfaces. The greater spreading ability of
water droplets on the surface of strongly polar OFGs is
because of O in the H,O molecule that is a hydrogen bond
acceptor and H on the —COOH and —OH surface that are
hydrogen bond donors is most favourable for adsorption. In

Table 4 Interaction energy and energy fraction between
surfaces of different OFGs and each H,O molecule in the
water droplet.

Systems Ein(kcal/mol)  Egec(kcal/mol)  Eyqw(kcal/mol)
—COOH/water  —5.03 —4.98 —0.05

droplet (99.08 %) (0.92 %)

—OH /water —4.19 —3.85 —0.34

droplet (91.88 %) (8.12 %)
-C—=0/water -0.79 —0.37 —-0.42

droplet (46.33 %) (53.67 %)
—OCH;/water —0.50 —0.21 —0.29

droplet 42.75 %) (57.25 %)

summary, the water droplets exhibited optimal wettability on
strongly polar OFGs surfaces.

3.2.4. Interaction energy between water droplets and different
OFGs surfaces

The interaction energy (Ej,,) between the surfaces of different
OFGs and water droplets were calculated using Eq. (1); the
same calculations were performed for the energy components
van der Waals force (E,qw) and electrostatic force (Fejec)-
The calculation results of the interaction energy and energy
components are displayed in Table 4. The interaction energies
of the —COOH and —OH surfaces with each H,O molecule in
the water droplets were —5.03 and —4.19 kcal/mol; these inter-
actions were considerably larger than those of —C=—0O and
—OCHj3; surfaces, indicating that the water droplets were not
favorable for diffusion on weakly polar OFGs surfaces. There
is a linear correlation between the interaction energy of differ-
ent OFG surfaces with each H,O molecule in the water droplet
and the contact angle, with an R? of 0.901, and the fitting
results are shown in Fig. 12. From Fig. 12, it can be concluded
that the larger the absolute value of the interaction energy, the
smaller the contact angle and the easier it is to diffuse on the
surface of the OFG. In terms of energy fraction, for —COOH
and —OH surfaces, the adsorption of water droplets on
—COOH and —OH surfaces was controlled by the electrostatic
force due to the high percentage of Egp. in Ej,, 99.08 % and
91.88 %, respectively. For —C—0, —OCH3; surfaces, the per-
centage of E,qy exceeds that of E., and the sharp decrease in
the percentage of E.. was responsible for the relatively weak
interaction of water droplets with -C—0, —OCH3 surfaces,
while the higher percentage of E,q,, was a weak interaction.
In addition, the percentage of electrostatic interactions varied
for different OFGs/water droplet systems because of the differ-
ences in the charges of the grafted OFGs. The charge distribu-
tion of different OFGs and H,O molecules is displayed in
Fig. 13. The charges of the two O atoms in the strongly polar
OFG —COOH were —0.455 e and —0.450 e, respectively, and
the charges of the O atom in —OH was —0.570 e, whereas the
charges of the O atoms in the weakly polar OFGs -C—0 and

100
Linear fitting
90 ]
=
[
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>/ 70
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gﬂ y=88.121x+14.073
= 60|
5)
=
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2
2 4
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S 30t
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1 1 1 1 1
-5 4 -3 2 1 0
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Fig. 12 Linear fit of the interaction energy of H,O to the contact

angle.
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Fig. 13  Charge of grafted OFGs and H,O molecules. (a) —COOH; (b) —OH; (c) —C=0; (d) —OCH3;; (e) H,O.

—OCH; were —0.419 e and —0.320 e, respectively. The nega-
tive charges of the O atoms in strongly polar OFGs are higher
than those in the weakly polar OFGs. Comparing the positive
charges of H and C atoms in different OFGs also revealed that
the positive charges of both H and C atoms in strongly polar
OFGs are greater than those in weakly polar OFGs. The
charge of the H,O molecule is the same for the different OFGs
investigated in this study; the higher charge of —COOH and
—OH caused higher electrostatic force in the system. Electro-
static interactions are crucial to the interaction of OFGs with
water droplets. The —CHj in the weak OFG causes a spatial
site barrier effect in the system, which was also the reason
for the weak interaction of water droplets on the —C=O
and —OCHj; surfaces.

The number of hydrogen bonds formed between different
OFGs and water droplets was calculated by scripting simula-

1200
1100
1000
900 -
800

700 - 652
450

600 -
500 -
400 |-
300 -
200 |-
100 - 61 28
o LIS : e |

-COOH -OH -C=0 -OCH,4

Number of hydrogen bonds

Fig. 14 Hydrogen bonding number diagram.

tions to react to differences in wettability. The geometrical cri-
teria for hydrogen bond formation were as follows:
intermolecular H-acceptor distance less than 3 A and donor-
H-acceptor angle greater than 135°. The total number of
hydrogen bonds in different OFG systems is displayed in
Fig. 14. From Fig. 14, the —COOH, —OH, —C—O0O and
—OCHj; surfaces formed 652, 450, 61, and 28 hydrogen bonds
with water droplet respectively. Under the same conditions,
the formation of hydrogen bonds was the most favorable on
the —COOH surface, with the highest number of hydrogen
bonds due to the existence of double hydrogen bonds between
a single —COOH and the H,O molecule (see section 3.1.3 for
details), whereas the formation of hydrogen bonds of water
droplets with the —OCHj; surface was relatively difficult, with
the lowest number of hydrogen bonds. The order of wettability
of the different surfaces was as follows:
—COOH > —OH > —C=—0 > OCHj;. This is consistent with
the adsorption configuration, the RDF and extended area, and
the interaction energy, as well as with the DFT results.

4. Conclusions

In this study, the surface wettability of four different OFGs were pre-
dicted through ESP analysis and frontier orbital simulation analysis in
DFT. MD simulations were also performed, while the rationality of
the simulations was finally determined at the molecular microscopic
level by combining the radial distribution function and interaction
energy analysis.

(1) H,O molecules complete the adsorption-diffusion on the sur-
face of different OFGs through electrostatic attraction and
hydrogen bonding, thus realizing the wetting of the surface of
different OFGs.
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(2) The surface wettability of different OFGs can be reacted by the
ESP and the frontier orbital energy difference. The larger the
absolute values of the positive and negative ESP of different
OFGs, the higher the wettability of the surfaces. The smaller
the energy difference, the higher the wettability of the OFG
surface.

(3) The analysis of contact angle, RDF, number of hydrogen
bonds, extended area, and interaction energy revealed that the
wettability of the strongly polar OFG surface was stronger than
that of the weakly polar OFG surface. The order of their wet-
tability was —COOH > —OH > —C=0O > OCHj;, which is
the same as that obtained for the ESP and frontier orbital
energy difference in DFT.

(4) ESP and frontier orbitals were used to determine the wettability
of OFG surfaces and to suppress the hydrophilicity of low-
order coals to achieve better flotation.
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