Physicochem. Probl. Miner. Process., 54(4), 2018, 1039-1051 Physicochemical Problems of Mineral Processing

. ISSN 1643-1049
http:/ /www journalssystem.com/ppmp

© Wroclaw University of Science and Technology

Received December 20, 2017; reviewed; accepted February 5, 2018

Effect of oxidation on the wetting of coal surfaces by water:
experimental and molecular dynamics simulation studies

Enze Li?, Ying Lu 1, Fangqin Cheng 1, Xuming Wang?2, Jan D. Miller 2

1 Institute of Resources and Environmental Engineering, State Environmental Protection Key Laboratory of Efficient
Utilization Technology of Coal Waste Resources, Shanxi Collaborative Innovation Center of High Value-added Utilization
of Coal-related Wastes, Shanxi University, No 92 Wucheng Road, Taiyuan, Shanxi 030006, China

2 Department of Metallurgical Engineering, College of Mines and Earth Sciences, University of Utah, 135 S 1460 E 412
WBB, Salt Lake City, UT 84112, USA

Corresponding authors: jan.miller@utah.edu (Jan D. Miller), cfangqin@sxu.edu.cn (Fangqin Cheng)

Abstract: The wettability of coal surfaces by water continues to be one of the key factors which
determines the success of coal flotation. Consequently, oxidation of coal surfaces is a fundamental issue
of interest. In this work, the effect of oxidation on the wetting of coal surfaces and the interaction
between water molecules and oxygen-containing sites at the coal surface were investigated based on
advancing/receding contact angle measurements and molecular dynamics simulations. For the
simulation studies, a flat coal surface was constructed with the assistance of the molecular repulsion
between graphite surfaces and the assembly of Wiser coal molecules. Our results indicated that the
simulated advancing and receding contact angles were very similar, and both of them decreased, as
expected, with an increase of hydroxyl sites at the coal surface. The good agreement between the
simulated advancing/receding contact angles and the experimental receding contact angle values
suggested that the configuration of the systems and the set of parameters for the simulation were
appropriate. The spreading of water is mainly due to the hydrogen bonds formed between the
interfacial water molecules and the hydroxyl sites at the coal surface. The hydroxyl groups exhibit
stronger hydration capacity than other oxygen-containing groups according to the calculated hydrogen
bonds and interaction energies.

Keywords: oxidation, coal surfaces, wettability, contact angles, molecular dynamics simulation,
hydrogen bonding

1. Introduction

Congratulations to Professor Laskowski for 60 years of teaching/research and for his many
contributions in the area of mineral flotation chemistry. These contributions are quite significant,
including original contributions in the area of coal flotation chemistry and the preparation of his book,
Coal Flotation and Fine Coal Utilization, published in 2001 (Laskowski, 2001). Much of the fundamental
information on coal flotation chemistry is summarized therein and the book provides a valuable
resource for education and research. It is appropriate to continue to extend and/or confirm our
understanding of coal flotation chemistry and, in this regard, the wetting characteristics of oxidized coal
have been studied using molecular dynamics simulation, as reported herein, to help celebrate Janusz’s
career.

Froth flotation separation is based on control of the surface state of suspended particles and is the
preferred process for the recovery of fine coal in plant operations (Boylu and Laskowski, 2007;
Fuerstenau et al., 2007; Ding, 2009; Xu et al., 2011; Liang et al., 2015; Xing et al., 2017). In the case of coal
flotation, bubble-coal particle attachment during film thinning, rupture and displacement is a
fundamental event which depends on the characteristics of interfacial water molecules and their
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interaction at the coal surface (Laskowski, 1994; Pan et al., 2012). In order to enhance the air bubble-coal
surface attachment, diesel oil or kerosene is usually used as a collector to improve the hydrophobicity
of the coal surface (Yesilyurt et al., 2017). However, the collector becomes ineffective to float oxidized
coals or low rank coals (Dey, 2012). This is due to the abundance of oxygen-containing hydrophilic
functional groups at coal surfaces (Quast and Readett, 1987), which can stabilize the formation of a thin
water film, and inhibit the adhesion and spreading of oil droplets at the coal surface. Therefore,
understanding the wetting properties of coal surfaces of different rank, with different levels of oxygen
content, and having different states of oxidation, is of interest, as discussed in the literature (Ye et al.,
1988; Ye and Miller, 1988).

The oxidation of coal surfaces by weathering or during storage and transportation, especially for
coals kept at strip mines, is ubiquitous and inevitable (Fuerstenau et al., 1987; Bolat et al., 1998).
According to previous reports, the oxygen functional groups at a coal surface after oxidation mainly
include OH-phenolic, C=0O carboxyl, -C-O-C- etheric, etc (Blom et al., 1957; Yarzab et al., 1979; Pawlik,
2008; Su et al., 2017). The wettability of the coal surface by water, which corresponds to the oxygen
content, can be directly determined via contact angle measurements (Sokolovi¢ et al., 2006; Arkhipov et
al., 2011). However, the experimental contact angle measurements do not provide molecular level
information regarding the interaction of water molecules with the extent of surface oxidation and
hydrophilic functional groups at coal surfaces. Moreover, understanding of the macroscopic contact
angle must consider the relative proportions of hydrophobic groups and hydrophilic groups at the coal
surface (Ye et al., 1988; Ye and Miller, 1988). Such understanding can be improved from molecular
dynamics simulation (MDS).

Currently, molecular dynamics simulation (MDS) is considered an efficient means to reveal internal
atomic interactions for multi-scale systems (Yan and Yuan, 2016; Zhang et al., 2016; Li et al., 2017b; Liu
and Guo, 2017; Ou et al., 2017). Several previously reported works have involved analyses of the
interfacial interactions at water/mineral surfaces using MDS (Van Niekerk and Mathews, 2011; Du et
al., 2012). MDS has been used to simulate contact angles on selected sulfide mineral surfaces by water
(Jin et al., 2014), and the simulated contact angles were found to be consistent with the experimental
values. More recently, bubble attachment at a hydrophobic surface has been simulated using MDS (Jin
et al., 2018). These works provide information on the interaction between water molecules and mineral
surfaces and the dynamic properties of interfacial water at the atomic level. However, the mineral
surfaces studied are usually crystalline, and the selected surfaces are homogeneous. Little research has
been conducted by MDS related to the heterogeneity of amorphous coal surfaces. Although Zhang et
al. (2015) systematically investigated the interaction of three different collector oil drops with model
surfaces of Wiser coal in the aqueous phase through MDS, the wettability of the coal surfaces, the
interfacial water structure, and the interaction between water molecules and oxygen functional groups
of the coal surfaces were not discussed.

In order to extend and improve our understanding of the effect of oxidation on coal flotation, the
wetting of coal surfaces by water was investigated by employing a combination of contact angle
measurements and molecular dynamics simulations. Coal surfaces, with various extents of oxidation,
were used for the contact angle experiments. Surface oxidation was achieved by reaction with hydrogen
peroxide under different conditions. For MDS analyses, the oxygen content of modeled coal surfaces
was varied by tuning the number of -OH groups at the surface. The sessile drop contact angle was
simulated with the further analysis of dynamic properties and micro-structural features of interfacial
water. This work constitutes a substantial step forward in understanding the flotation of oxidized coal,
and provides new insights into means by which flotation performance may be improved.

2. Experimental procedures
2.1 Materials

The coal selected for this work was a high-grade bituminous coal obtained from the Liulin coal field
(Taiyuan, Shanxi, China). Demineralization was performed by the float-sink method in heavy liquid at
1.3 g/cmd® to minimize the mineral matter effect during experiments. The ash content of such coal
particles (density <1.3 g/cm3) is 2.02%. According to the elemental analyses of the coal samples, the
content of C and O were 88.12% and 3.44%, respectively. The hydrogen peroxide (30 wt%) was
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purchased from Tianjin Beichen Reagent Co. Ltd. Millipore water (Milli-Q, Millipore Corp., 18.2
MQ c¢m) was used in all experiments.

2.2 Oxidation of coal surfaces

For each oxidation experiment, typically, 6.0 g of coal (particle size less than 74 pm) was added to 20.0
cm® of HoO: in a round-bottomed flask. Then, the mixture was agitated for 6 h at 40 °C. After the
agitation, the final oxidized coal was collected through filtration, and washed at least three times with
distilled water followed by anhydrous ethanol. Finally, the obtained oxidized coal sample was dried in
a vacuum drying oven at 40 °C for 12 h. The content of oxygen on the surface of fresh coal and oxidized
coal was determined by X-ray photo electron spectroscopy (XPS). In order to obtain various coal
samples with different extents of oxidation, the concentration of H>O», oxidation times, and oxidation
temperatures were varied, as described in Table 1.

Table 1. Different conditions used to oxidize coal surfaces

No. Concentration of HyO» (wt %) Volume (cm®)  Temperature (°C) Time (h)
1 0 0 0 0
2 10% 20 40 6
3 30% 20 40 6
4 30% 20 80 6
5 30% 20 80 10
6 30% 20 80 16

2.3 Contact angle measurements

A sample of 0.3 g of ultra-fine coal particles was pressed under about 10 atm using a tablet machine for
2 min to form a tablet. In order to reduce the capillary effect generated by small pores in the coal on the
contact angle measurements, the tablets were kept in a dryer with saturated NaCl solution for 48 h
before making contact angle measurements by the captive-bubble method (Drelich and Miller, 1995; Jin
et al., 2014; Marmur et al., 2017) using a DSA100 contact angle analyzer (Krtiss, Germany).

As previously reported (Drelich and Miller, 1995), for all measurements, the solid sample was placed
in a rectangular glass chamber on two stable supports with flat surfaces. Then, the glass chamber
containing the sample was filled with water. A small air bubble was made at the tip of a U-shaped
needle using a micro-syringe, and then the bubble was attached at the coal surface. The three-phase
contact line of the gas bubble was made to advance or retreat by adding or withdrawing a small volume
of air and the advancing and receding contact angles, respectively, were measured on both sides of the
gas bubble after 30 sec (the average value was reported). The needle remained in contact with the air
bubble during all measurements but no distortion of the bubble shape was allowed to affect the contact
angle measurements.

3. Simulation section
3.1 Preparation of coal surface

The previously proposed molecular structure of Wiser coal (Wiser, 1984; Zhang et al., 2015), shown in
Fig. 1, was used to build the bituminous coal surface for simulations. The construction of a flat coal
surface became very critical for the sessile drop contact angle simulation due to the irregular features of
the coal surface. In this work, graphite layers were used to assist in constructing the flat coal surface.
First, 15 coal molecules were introduced randomly into the simulation box, and then two three-layer
graphite sheets were placed on both sides of the rough coal molecular layers as close to the coal surface
as possible (Fig. 2(a)). Then, the Cartesian coordinates of all graphite atoms were fixed and energy
minimization of the system was conducted. After energy minimization, the coal layer became denser,
and there was a gap between the coal layer and the graphite due to short range repulsive forces. Then,
the graphite layers were moved closer to the coal surface, and energy minimization for the system was
conducted again (Fig. 2(b)). This energy minimization procedure was repeated several more times until
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the thickness of the coal layer was about 13 A (Fig. 2(c)). After reaching a thickness of 13 A, dynamics
simulation was conducted for 100 ps to relax and equilibrate the coal layer (Fig. 2(d)). Next, the graphite
layers were removed, and the flat coal surface was obtained (Fig. 2(e)). The density of the coal layer was
about 1.20 g/cmd. Finally, the water drops (diameter 30 A) (Xu et al., 2011) or water layers (thickness 5
A), composed of 570 H>O molecules, were placed on the coal surface to simulate the advancing contact
angle (Fig. 2(f-g)) and receding contact angle (Fig. 2(h-i)), respectively.

C191H169N3021S3

Fig. 1. Molecular structure of Wiser coal. Red: O; yellow: S; blue: N; gray: C; white: H
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Fig. 2. Preparation of the flat coal surface and configuration of systems for contact angle simulations. Red: O;
yellow: S; blue: N; gray: C; white: H

3.2 Simulation systems

In order to study the effect of surface oxidation on the wettability of the coal surface, two coal surface
states, each with a different oxygen content, were used for comparison. In one case, all the OH groups
of the original Wiser coal molecule were removed and replaced by H atoms. In the second case, 40 of
the H atoms connected to carbon atoms in the original Wiser coal molecule were replaced by OH groups.
The molecular formula and composition of the above systems are listed in Table 2. It is noted that the
first layer of atoms which is exposed to air was considered as the coal surface (<3 A). The coal surface
was occupied by about 86.4% aromatics and 13.6% aliphatics. Except for the oxygen and carbon content,
all the other conditions were the same for both cases. For convenience, we refer to the system in which
the coal molecule is the original Wiser coal molecule as “CA_original” while those in which all the OH
groups are removed or more OH groups are added to the original coal molecule as ‘CA_no OH" and
‘CA_more OH’ respectively.
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Table 2. Composition of coal and coal surfaces for simulation

Coal Coal surface
Molecular Carbon Oxygen . Carbon Oxygen
Systems No. of oxygen-containing groups

formula content content content content

(%) (%) -COOH -C-O-C- -CO- -OH (%) (%)

CA_no OH C191H1690N3010S3 82.43 6.47 4 9 3 0 81.52 7.09

CA_original ~ Ci91H160N3021S3 78.10 11.45 4 11 3 38 7414 15.38

CAmore OH  Ci91H160N306153 64.11 27.30 2 19 2 149 62.73 30.41

3.3 Molecular dynamics simulation

All simulations were conducted in orthorhombic simulation cells with the parameters a=p=y=90°,
a=b=75 A, c=100 A, and periodic boundary conditions. After initial configuration, energy minimization
was carried out for each system. Then, 1 ns simulation with 100 fs intervals and 1 fs time step in the
NVT ensemble (Pacheco-Séanchez et al., 2003; Liang et al., 2016) was performed, and the last 200 ps were
used to obtain MD trajectory data for further analysis. The polymer consistent force field (PCFF) (Sun,
1994; Zhang et al., 2015; Li et al., 2017a), the extended simple point charge (SPC/E) water model
(Berendsen et al., 1987; Du and Miller, 2007) and the Nosé-Hoover thermostat (298 K) (Nose, 1991;
Zhang et al., 2015) were used for all simulations. For all systems, the atomic charges of coal layers were
calculated automatically by the force field. In the simulation, all atoms in the coal molecules were fixed.

4. Results and discussion
4.1 Experimental contact angle

Changes in contact angle can directly reflect the variation in wettability of coal surfaces (Drelich et al.,
2000). The measured advancing and receding contact angles versus the oxygen content of the coal
surfaces at room temperature are plotted in Fig. 3. It can be seen, as expected, from Fig. 3 that the
advancing contact angles are obviously larger than the receding contact angles, which can be ascribed
to the hysteresis caused by the roughness and heterogeneity of the coal surface (Marmur et al., 2017).
These results are consistent with previous reports (Pawlik, 2008). In addition, Fig. 3 also shows that with
an increase in oxygen content of the coal surface, the advancing contact angle decreases slightly, while
the receding contact angle decreases more significantly. These results indicate that the polarity of the
coal surface increases with an increase in oxygen content, and the interaction between water and the
coal surface is dominated by the properties of the coal surface.
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Fig. 3. The measured captive bubble advancing and receding contact angles as a function of the oxygen content of
the coal surface as determined by XPS
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4.2. Simulated contact angle

Wettability of the coal surfaces with differences in oxygen content were evaluated by simulated contact
angle measurements. The spreading of water drops and receding of thin water films at different coal
surfaces after simulation are shown in Fig. 4. These simulation results reveal the extent of interaction
between the water molecules and the coal surface. It is well known that the contact angle is the angle
between the gas-liquid-solid phases according to Young’s equation (Young, 1805). In order to determine
MDS contact angles, it is critical that the boundaries be defined. All space coordinates of the water
molecules were exported and projected on both the xz plane and the yz plane. Then, the edges of these
two-dimensional drops were fitted as smooth curves on the basis of the coordinates. The a and 3 shown
in Fig. 5 are contact angles measured from projections on the xz plane and yz plane, respectively. The
average of a and B is considered as the contact angle for the advancing and receding sessile drops at the
coal surface, and these contact angle values are presented in Table 3. As expected, the wetting of the
different coal surfaces varies with hydroxylation of the coal surface as revealed by the contact angles
reported in Table 3. The significance of hydroxylation in the wetting of oxide surfaces was published
recently (Shrimali et al., 2016).

Advancing contact angle Receding contact angle
CA noOH ops || CA_no OH 0ps 1ns

CA_original 0ps 1ins

CA_more OH

Fig. 4. Snapshots of configurations before and after 1 ns simulation for different coal surfaces
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Table 3. Simulated and experimental contact angles of water drops at different coal surfaces. The experimental
values are interpolated values calculated from the curves shown in Fig. 3

Simulated Experimental
Systems Advancing Receding . .
Advancing Receding
a B Average a B Average
CA_no OH 40.2° 44.3° 42.3° 46.8°  39.8° 43.3° 69.9° 44.5°
CA_original 36.4° 37.8° 37.1° 36.3°  41.7° 39.0° 66.0° 40.3°
CA_more OH 23.7° 22.4° 23.1° 16.7° 18.3° 17.5° 57.3° 21.0°

It can be seen from Table 3 that for all systems the MDS advancing and receding contact angles are
very similar to each other, suggesting that the coal surfaces for simulation are smooth and homogenous.
Although the experimental advancing and receding contact angles (Table 3) are very different,
gratifyingly, the MDS advancing/receding contact angles are close to the experimental receding values,
which indicates that the simulated coal surfaces are suitable to represent the wettability of the coal
surfaces with different oxygen content. The large difference between the simulated and measured
advancing contact angle may be ascribed to the roughness and heterogeneity of the true coal surface.
The roughness and heterogeneity of the coal surface used for measuring the contact angle can result in
hysteresis which does not occur for the smooth and uniform coal surfaces in the simulation. In addition,
both the MDS advancing and receding contact angles decrease as the hydroxyl content of the coal
surface increases, demonstrating that the increase of hydroxyl content results in a more hydrophilic coal

surface.
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Fig. 6. Density profiles of water molecules along the z-axis for different coal surfaces

4.3 MDS interfacial water structure
4.3.1 Density profile of water molecules

In order to obtain the distribution of water molecules at different coal surfaces, the density profiles of
water molecules in the entire water drop for different coal surfaces were calculated along the z-axis, and
the results are shown in Fig. 6. These density profiles reflect the interfacial water structure at different
coal surfaces. It is apparent from Fig. 6 that all the profiles have one distinguishable peak near the coal
surface followed by one weak peak. The first peak for the “CA_more OH’ system is much stronger than
that for the other two systems, suggesting that a larger number of water molecules are polarized at the
hydroxylated coal surfaces having the highest content of oxygen. These results explain the higher
wettability of the coal surface for the ‘CA_more OH’ system due to the largest number of polar OH
groups. In addition, the water molecules located in the range of the first peak are considered as the
interfacial water molecules, which are examined in subsequent discussions.
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4.3.2 Dynamic properties of water molecules

Mean square displacement is always used to reveal the dynamic properties of molecules/atoms. Fig. 7
shows the displacement curves for molecules in water drops at different coal surfaces. These results
were calculated from Eq. 1 (Xu et al., 2011; Li et al., 2015):

. 1 N 2
1 = —_— - - I;
Mean square displacement (t) N él <|I’I (t)—r, (0)| > (1)

where N is the number of water molecules, and r;(t) denotes the position of molecule i at time ¢. It is
clear that mean square displacement indicates the motion of molecules with respect to their original
position, and the mean square displacement value is related to the diffusion coefficient (D) as follows:
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Fig. 7. Mean square displacement (the mean square displacement of the particles with respect to their original
position is obtained as the second moment of their distribution at t >0) of water molecules in different systems

Table 4. Diffusion coefficient (D) for interfacial water molecules at different coal surfaces as obtained from their

mean square displacements

System D (10-5 cm?/s)
CA_no OH 6.697+0.001
CA_original 4.072+0.001

CA_more OH 3.145+0.001

From the mean square displacement curves shown in Fig. 7, it is obvious that the mobility of water
molecules significantly slows down with an increase in the hydroxyl content of the coal surface. The
displacement and motion of interfacial water molecules are related to the existence of hydroxyl sites at
the coal surface, which interact with water molecules through hydrogen bonds and slow the water
motion. The diffusion coefficients (D) obtained from their mean square displacements are listed in Table
4, and support the previous statements. The diffusion coefficients of water molecules are consistent with
the strength of the wetting characteristics of the coal surface (Xu et al., 2011). The higher the hydroxyl
content of the coal surface, the more slowly the interfacial water molecules spread.

4.3.3 Radial distribution functions

The structure and ordering of water molecules in water drops at different coal surfaces can be observed
from the radial distribution function (RDF) (Li et al., 2013; Chong and Dutt, 2014). Fig. 8 shows the
oxygen-hydrogen radial distribution functions for interfacial water molecules at different coal surfaces.
It is observed that all the curves have one notable peak at a distance of 0.98 A, after which several broad
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weak peaks appear (Fig. 8). The first peak represents the first tight layer of hydrogen atoms from other
water molecules around one oxygen atom. It is clear from Fig. 8 that the peak for the ‘CA_no OH’ system
is about the same as that for the “CA_original’ system, and both of these cases are significantly higher
than that for the ‘CA_more OH’ system, elucidating that the structure and ordering of the interfacial
water layer is dramatically influenced by the density of oxygen atoms at the coal surfaces.
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In order to obtain more information about the influence on interfacial water structure by the oxygen
content of the coal surfaces, the RDFs of water hydrogen atoms from coal surface oxygen sites were
calculated, and are shown in Fig. 9. Although the RDF for the ‘CA_no OH’ system is similar to that for
the ‘CA_original” system, the RDF increases with the hydroxyl content of the coal surface, suggesting
that many more hydrogen atoms of interfacial water molecules prefer to be around the hydroxyl groups
at coal surfaces, resulting in the disruption of the original water structure. It is noted that there are no
notable peaks for the results presented in Fig. 9. It appears that the hydrogen atoms of interfacial water
molecules cannot form a tight layer around the oxygen atoms at the coal surfaces. This may be because
the area of the coal surface is much larger than the spreading area of the water droplet and partial
hydroxyl groups of coal surfaces are exposed to air which cannot interact with the water molecules.
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4.3.4 Hydrogen bonds

The hydrogen bond (HB) network can also provide further information about the structural topology
of interfacial water layers at coal surfaces. In this study, the geometric description was used to define
hydrogen bonding: a hydrogen bond is considered to be formed if the distance between the donor and
acceptor is less than 3.5 A, and the donor-hydrogen-acceptor angle is greater than 120° (Jorgensen et al.,
1983; Hower et al., 2006). The number of hydrogen bonds formed between interfacial water molecules
and each oxygen-containing functional group at the coal surfaces are calculated and listed in Table 5,
which shows that the number of hydrogen bonds is mainly related to the number of hydroxyl sites at
the coal surfaces (see Table 2). In particular, it can be seen that the number of hydrogen bonds formed
between water molecules and hydroxyl groups at the coal surface significantly increases with an
increase in the hydroxyl content of the coal surface. In order to evaluate the interaction between water
molecules and each oxygen-containing functional group, the hydration number of each surface
functional site was calculated, and listed in Table 6. The results show that the average number of
hydrated water molecules per hydroxyl group is significantly larger than that of the other oxygen-
containing groups, showing that the interaction between water molecules and surface hydroxyl groups
is the greatest for all these surface sites considered.

Table 5. Number of hydrogen bonds (HBs) formed between interfacial water molecules and different oxygen-
containing functional groups at coal surfaces

Systems -COOH -C-O-C- -C=0 -OH
CA_no OH 5 4 1 0
CA_original 6 6 1 75

CA_more OH 4 9 0 326

Table 6. The hydration number per surface site and the corresponding interaction energy

. Hydration Number (water Interaction Energy
Surface sites )
molecules per surface site) (KJ/mol)
-OH ~2 3.517
-COOH ~1 0.304
-C-O-C- ~1/2 0.156
-C=0 ~1/3 1.443

4.3.5 Interaction energy

Further insight into the interaction between water molecules and surface sites can be described by
consideration of interaction energies. The energy profile between water molecules and each surface site
is usually expressed by potential of mean force (PMF), which is calculated by the radial distribution
function, g(r), through the equation E(r)=-ksTIng(r) in this work (Ghosh et al., 2001; Yan et al., 2010),
where kg is Boltzmann’s constant, and T is the simulation temperature (K). The RDF and PMF obtained
for each surface site in the ‘CA_more OH’ system are shown in Fig. 10. From Fig. 10(a), the stronger
peaks of RDF also indicate that more water molecules are accumulated around the hydroxyl sites when
compared to the other surface sites. For the PMF curves shown in Fig. 10(b), the first peak relates to the
interaction energy between the water molecules and each surface site. Points A, B, and C in Fig. 10(b)
represent the contact minimum (CM), the barrier of solvent layer (BARR) and the solvent-separated
minimum (SSM), respectively (Li et al., 2017a). As previously reported (Yan et al., 2010), the binding
energy barrier for the water molecule-surface site corresponds to the SSM and BARR, AE=Egarr-Essm,
which is also related to the interaction energy between the water molecules and surface sites. The
obtained interaction energies for different surface sites are also listed in Table 6. It can be seen from
Table 6 that the interaction energy between water molecules and hydroxyl groups is larger than that for
other oxygen-containing groups.
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The analysis with respect to hydrogen bonds and interaction energies suggests that the wetting of
the coal surface by water is determined by the hydroxyl content of the coal surface, and the process is
driven via hydrogen bonds formed between the water molecules and hydroxyl sites at the coal surface.

°

@

12 A —=— OH RDF
10
8

]
1
1

a0

.

o

i

(b)

—o— OH PMF

gl

—=—COOH RDF o~ COOH PMF

S hbomnmsoobbbbonvann

8 &~ C-0-C RDF —— C-0-C PME

bhhbonsnedNG hbon s oo B

—6— C=0 PMF

10 N —e— C=0 RDF

Potential Energy (KJ/mol) Potential Energy (KJ/mol) Potential Energy (KJ/mol) Potential Energy (KJ/mol)

e g
10 15 2 5 10
r(A) r(A)

Fig. 10. (a) RDFs for water at different surface sites, (b) the corresponding PMF curves calculated from the RDFs.
The online version of this paper has the Fig. in color for clarification of data

5. Conclusions

In summary, the effect of oxidation on the wetting of coal surfaces by water was investigated by contact
angle measurements combined with molecular dynamics simulations. Different coal surfaces each with
a different oxygen content were obtained by using hydrogen peroxide as an oxidant under different
oxidation conditions. A new strategy using graphite was employed to construct a flat coal surface for
simulation. The oxygen content of the coal surface was changed by varying the number of hydroxyl
groups. Our results showed that the simulated advancing and receding contact angles were very
similar, and are consistent with the experimental receding contact angle values, indicating that both the
configuration of the systems, and the set of parameters were appropriate to simulate the wettability of
coal surfaces by water. Both advancing and receding contact angles notably decreased when the
hydroxyl content of the coal surface increased. The coal surface with the higher hydroxyl content was
strongly hydrophilic, resulting in more water molecules being accommodated at the coal surface and
the mobility of water molecules being restricted. Compared with other oxygen-containing functional
groups (-COOH, -C-O-C-, -C=0), the hydroxyl group sites could hydrate more water molecules through
hydrogen bonds and exhibited a much higher interaction energy. Therefore, an extended understanding
of the effect of oxidation on the wetting of coal surfaces by water is provided at the atomic/molecular
level. Additional MDS study will involve more coal surfaces with different oxygen content adjusted
through varying the number of functional groups, -COOH, -C-O-C-, etc. In this way fundamental
details will be further established, and the design of improved fine coal flotation should be possible.
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