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Abstract: Coal is often adhered to by pyrite during slime flotation, causing an increase in the sulfur
content of clean coal. In order to study the mechanism of pyrite adhesion to coal surfaces, different
coal structural units were built and optimized, and the most stable adsorption model of them on
pyrite surfaces was determined. The mechanism of pyrite particles adhering to the surface of coal
slurries was explored with the method of DFT. The results showed that the interaction mechanism
between pyrite surface and Ph-OH and Ph-O-CHj3 was the result of a weak interaction between the
H atom of Ph-OH and Ph-O-CHj3 and the S atom of the pyrite surface. The interaction mechanism
between the pyrite surface and Ph-COOH and Ph-CO-CHj3 was both as a result of H-S interactions
and weak Fe-O interactions. On the whole, there were weak interactions between pyrite particles and
the coal slurry, and the pyrite particles can spontaneously adsorb on the surface of the coal slurry.

Keywords: interaction; pyrite; coal; density functional theory; desulfurization

1. Introduction

Sulfur causes great harm to the ecological environment; human health; and the quality
of coke, steel, and other industrial products during the utilization of coal. Therefore, it is of
great practical significance to efficiently remove sulfur from coal [1]. With the widespread
application of mechanized coal mining and the continuous deterioration of coal’s geological
conditions, a large amount of high-sulfur coal slime, most of which is pyrite sulfur, is
produced. The pyrite with a fine particle size that is embedded in high-sulfur coal slime is
generally removed by economic and effective flotation methods [2].

Many coal flotation practices of high-sulfur slime have found that there is a large
amount of undissolved pyrite in clean coal subjected to conventional flotation [3]. Due
to inadequate dissociation, the pyrite floats up with symbiotic coal, turning into clean
coal. The combined desulfurization process of grinding and flotation lead to the discovery
that the surface of the fresh pyrite itself is hydrophilic, but a large amount of obviously
dissociated pyrites enter the foam layer. A large number of studies believe that the coal-
pyrite particles undergo electrochemical oxidation on the surface to generate hydrophobic
substances during coal mining, transportation, and washing, and then directly attach to
the bubbles. Through experimental methods, Zhu [4] and R.H. Yoon [5] found that the
sulfide FeSy and sulfur-rich layer formed on the pyrite surface caused the surface to be
hydrophobic. Niu [6] found that at low pH, the oxidation product of pyrite—sulfur—
accounted for a large proportion, with greater hydrophobicity and floatability. Using the
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first-principles method of DFT, the previous study [7] found that a weak Fe-S-O bond was
formed between the iron atom, the oxidized sulfur, and water molecules instead of the
strong Fe-O bond formed on ideal surfaces. Some studies thought that the symbiotic coal
or the carbon defect existing in the lattice had an important effect on the hydrophobicity of
pyrite. Z. Cetinkaya [8] combined bioleaching and chemical experiments to eliminate sulfur
from Sivas Kangal lignite coal, and obtained clean coal with 2.89% total sulfur content.
F. H. Channa [9] obtained a desulfurization rate of about 77.01% utilizing Hardgrove
grinding and taking advantage of the large differences in hardness and grindability. There
was still some dissociated pyrite that entered the clean coal because of the symbiotic coal.
Cao [3] found that it was difficult to observe the monomer-dissociated pyrite in the flotation
concentrate; pyrites only float when they coexist with coal. Previous studies [10-13] have
found that the symbiotic coal transformed coal pyrite to hydrophobic from hydrophilic, and
the carbon defect enhanced its hydrophobicity according to DFT calculations. Other studies
have reported that coal-pyrites were mainly entrained into the foam product by water.
S. K. Kawatra found [14,15] that the fresh monomer-dissociated coal-pyrite mainly entered
into the flotation concentrate due to water entrainment and mechanical entrainment, and
its internal surface hydrophobicity was not the main reason. The above studies explored
the mechanism of coal-pyrite entering flotation concentrate from four perspectives—the
hydrophobicity of the coal-pyrite surface, symbiosis with coal, entrainment, and surface
oxidation. However, it has not been reported how the completely dissociated fine-grained
coal-pyrite captures hydrophobic coal particles in a manner that is as non-selective as
fine-grained clay minerals; that is, the interaction mechanism between fine-grained pyrite
particles and coal particles has not been reported.

With the development of modern physical technology, advanced modern analytical
techniques have greatly facilitated the study of the interaction between minerals, but
the microscopic mechanism of the interaction between minerals has not been explored
at the molecular/atomic level. The first-principles calculation method based on density
functional theory has been widely used in mineral processing, and can reveal the interaction
mechanism between small molecules and minerals at the atomic and molecular level. Using
DFT-D+U, Mkhonto [16,17] found that the covalent bonding was formed by the reaction
between the trithiocarbonate benzothiazole/benzoxazole/benzimidazole S atoms and
the Fe atoms of the pyrite surface. Liu [18,19] confirmed that H,O molecules tend to
adsorb on the Fe atoms more than on the Cu atoms of the chalcopyrite surface, and found
that the chemical adsorption of sodium di(isobutyl) dithiophosphinate (3418A) on the
chalcopyrite surface is stronger than that of dibutyl dithiophosphate (DTP), according to
DFT calculations. Zhang [20] found that the newly developed parameter set achieved a
good balance between computational accuracy and efficiency between typical lead minerals
and flotation reagents according to self-consistent-charge density functional tight-binding
(SCC-DFTB) theory. Feng [21] calculated the synergistic adsorption of ethyl xanthate and
butyl xanthate on pyrite surfaces using DFT and found that the interaction between them
had a stronger effect than that of a single reagent. Chen [22] calculated the adsorption
of quaternary phosphorus salts on the kaolinite (001) surface and found that quaternary
phosphorus salts formed C-H...O hydrogen bonds.

Therefore, this paper intends to study the agglomeration behavior of fine-grained
pyrite and coal particles from the perspective of the fine-grained pyrite cover in the slime
flotation process leading to an increase in the sulfur content of the concentrate. Different
coal structural units were built and optimized, and the adsorption configuration of coal
structural units on pyrite surfaces was calculated, including the frontier orbital, adsorption
energy, bonding analysis, charge transfer, Density of States (DOS), and band structure,
using the method of DFT simulation.
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2. Calculation Methods and Model
2.1. The Frontier Orbital Calculation

To determine the frontier orbital characteristics of refined models of pyrite (100) surface
and coal structural units, the Dmol® module was employed, involving energy optimization.
The Brillouin zone’s k-point sampling utilized the gamma point method. The calculation of
exchange—correlation energy relied on the GGA-PW91 functional, while core electrons were
treated with Effective Core Potentials, and a DNP basis set was employed. The calculations
were performed with high precision, and the self-consistent field convergence criterion was
setto 1.0 x 10 eV /atom.

2.2. DFT Calculation

An in-depth exploration into the adsorption behavior of coal structural units onto
pristine pyrite (100) surfaces was conducted employing density functional theory (DFT)
methodology. This comprehensive analysis leveraged the advanced CASTEP program, in-
tegrated within Materials Studio 2018 software, to ensure precise and accurate calculations
throughout the entire study.

The exchange—correlation interactions among electrons were modeled using the Gen-
eralized Gradient Approximation—Perdew Wang 91 (GGA-PW91) [23,24]. The calcula-
tion focused on valence electrons (Fe 3d°4s? and S 3s?3p*) through the use of ultra-soft
pseudopotentials [25]. A plane wave cut-off energy of 350 eV [26] was employed, and
a Monkhorst-Pack [27,28] k-point grid of 4 x 4 x 4 was utilized. Convergence for the
self-consistent field (SCF) was achieved with a precision of 2.0 x 107 eV per atom. Spin
polarization was included in the simulation. Additionally, the structural units of coal were
optimized within a cubic cell of 20 x 20 x 20 A, with Brillouin zone sampling limited to
the gamma point, as depicted in Figure 1. All other parameters matched those used for the
optimization of the primitive unit cell.

(a) (b) () (d)

Figure 1. The model of coal oxygenated structural units. (a) Ph-OH; (b) Ph-COOH; (c) Ph-C=0;
(d) Ph-O-.

The adsorption energy, which measures the interaction between the coal structural
units (adsorbate) and the pyrite surface, can be assessed as follows:

Eads = Ex/stab — Ex — Eglap (1)

In the given context, E, 4 represents the adsorption energy, and X denotes the coal
structural unit. The term Ey /4,1, refers to the energy of the pyrite surface with the ad-
sorbed coal structural units. Eg,p, and Ex are the energies of the pyrite surface and the
coal structural units, respectively. A negative value for E, 45 indicates an exothermic pro-
cess, with a larger magnitude of | E 45| signifying the increased stability of the adsorbed
structure [29-31].

3. Results and Discussion
3.1. Frontier Orbital Analysis
The local position activity was analyzed using frontier orbitals (HOMO and LUMO).

The regions with the highest HOMO distribution were prone to protonation reactions,
while those with the largest LUMO distribution were more likely to undergo deprotonation.
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As an example, the formation of the pyrite surface was examined [10-13]. To explore the
interaction between coal and pyrite, we calculated the frontier orbital energies for the
structural units of both coal and pyrite, as well as their energy differences. The results are
presented in Table 1.

Table 1. The frontier orbital energies of coal structural units and pyrite.

Frontier Orbital Frontier Orbital Energy

Model Energy/eV Difference/eV
HOMO LUMO AE; AE,
Ph-OH —5.692 —2.656 3.023 1.232
Coal Luni Ph-COOH —5.371 —1.030 4.649 0.911
oalstructuralunits  pp_c_ —5.390 —1.027 4652 0.930
Ph-O- —6.361 —2.388 3.291 1.901

Pyrite —5.679 —4.460
Note: AE;, = |Ejwfoce _ padsorbate| Ap, — |padsorbate _ psurface| pape WU and B9 are the HOMO and

LUMO energies of the surface, respectively; Efésorbate and Eadserbate are the HOMO and LUMO energies of different
oxygen structural units, respectively.

Based on the differences in the frontier orbital energies between various coal struc-
tural units and the pyrite surface listed in Table 1, it was observed that the frontier
orbital energy difference AE, for all coal structural units relative to pyrite was consis-
tently smaller than AE1. This suggests that the LUMO orbitals of the coal structural
units are more likely to interact with the HOMO orbitals of pyrite. Additionally, the
values of AE, for different coal structural units showed an increasing trend, whereby
Ph-COOH < Ph-C=0 < Ph-OH < Ph-O-. This trend implies a progressive decrease in the
reactivity of the HOMO orbitals of the coal structural units (Figure 2).

L&

(a)

(1) LUMO

(2) HOMO
(b) (c) (d)

Figure 2. The frontier orbitals of coal structural units. (a) Ph-OH; (b) Ph-COOH; (c) Ph-C=0; (d) Ph-O-.

3.2. DFT Calculation

To explore how coal interacts with pyrite during the slime flotation process, density
functional theory (DFT) calculations were employed to study the adsorption of various
oxygen-containing structural units on pyrite surfaces. This involved determining the
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equilibrium adsorption configurations, calculating adsorption energies, and analyzing
charge transfer and Mulliken charge populations to better understand the interaction
mechanism between pyrite and coal.

3.2.1. Adsorption Configurations and Adsorption Energy

The equilibrium adsorption configurations and adsorption energies of various coal
structural units on different sites of the pyrite (100) surface were analyzed. Table 2 displays
the adsorption energies (Eads) for these coal structural units on the pyrite surface, while
Figure 3 illustrates the most stable equilibrium adsorption configurations. In the figure, the
numbers indicate the distances between the bonding atoms, measured in angstroms (A).

Table 2. The adsorption energy, E, 45, for coal structural units on the pyrite surface.

Adsorption Configuration of Coal

. . _1
Coal Structural Units Eads/k]-mol Structural Units

24.90 F

24.82 P
Ph-OH/FeS, 2.84 LPS
1.85 HPS

—2357 F

14.46 P
Ph-COOH /FeS, —62.19 LPS
~1.99 HPS

2539 F

7.40 P
Ph-CO-CHjs/FeS; —10.77 LPS
7.92 HPS

4249 F

4255 P
Ph-O-CHj /FeS, 25.82 LPS
19 HPS

Note: For ease of reference, the following symbols denote different configurations for the initial adsorption sites
of coal structural units: “F” signifies a position above the Fe atom, “P” indicates that the plane of the benzene ring
is perpendicular to the pyrite surface, “HPS” denotes a site above the high-position S atom, and “LPS” represents
a site above the low-position S atom.

For Ph-OH, the E, 45 on the HPS sites of the pyrite surface was 1.85 k] /mol, smaller
than F, P, and LPS, which demonstrated that the former adsorption configuration was most
stable. The E,45 values of Ph-COOH on different sites of the pyrite surface were —23.57,
14.46, —62.19, and —1.99 k] /mol. The E, 45 values on LPS sites were the smallest, and their
adsorption configuration was the most stable, as shown in Figure 3b. The smallest E, 4
value of Ph-CO-CHj on different sites of the pyrite surface was —25.39 kJ/mol, whose
adsorption configuration is shown in Figure 3c. The smallest E,45 value of Ph-O-CHjs
on different sites of the pyrite surface was —1.90 kJ/mol, which was very close to the
results of Ph-OH. It demonstrated that the adsorption of Ph-O-CHj was as stable as that
of Ph-OH. The physical adsorption strength of different coal structural units on the pyrite
surface decreased from Ph-COOH, Ph-CO-CHj;, and Ph-OH to Ph-O-CHjs, whose results
were the same as the frontier orbital energies of coal structural units and pyrite. From the
macroscopic view, although the pyrite surface was hydrophobic and difficult to float itself
during the slime flotation, the fine pyrite particles can adhere to the surface of coal particles
and float upwards.
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Side view

(a)

Top view

Side view Side view Side view

(b) (© (d)

Figure 3. Adsorption configurations of different coal structural units on the pyrite (100) surface.
((a) Ph-OH; (b) -COOH,; (c) -C=0; (d) -O-).
3.2.2. Analysis of Bonding

Furthermore, taking the most stable adsorption configurations as the objects of study,
we further calculated the Mulliken population [32] and length between different coal
structural units and the pyrite (100) surface, as shown in Table 3.

Table 3. Mulliken population and length of different coal structural units.

Adsorption Model Interaction Population Length/A
Ph-OH/FeS, H-S 0.00 2.990
Ph-COOH /FeS, o o 2797
Ph-CO-CHj /FeS, IE:S oo i
Ph-O-CHs /FeS, e b, >505

For Ph-OH and Ph-O-CHj3, the Mulliken population between both the S atom of
the pyrite (100) surface and the H atom of the hydroxyl group or ether bond on the
benzene ring was 0.00, and the bond lengths were long. There was no bond and even
no interaction formed between the H atom and the S atom. It illustrated that there was
almost no interaction between Ph-OH, Ph-O-CHj3, and the pyrite (100) surface, and even
the interaction was repulsive. The adsorption of Ph-OH and Ph-O-CHj3 on the pyrite (100)
surface will not occur during the process of coal flotation desulfurization.

For Ph-COOH and Ph-CO-CHj3;, the Mulliken population between both the Fe atom
of the pyrite surface and the O atom of the carboxyl or carbonyl group on the benzene
ring was 0.13, and a weak interaction between the Fe atom and the O atom was formed.
In addition, the S of the pyrite surface also interacted with the H of the hydroxyl group
or carbonyl on the benzene ring, and a weaker H-S interaction was formed. However, the
population between the S atom and the H atom of Ph-COOH was 0.05, which was bigger
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than that of Ph-CO-CHj3. This illustrated that there was a weak interaction between Ph-
COOH, Ph-CO-CHg3, and the pyrite surface. The adsorption of Ph-COOH and Ph-CO-CHj3
on the pyrite (100) surface will occur during the process of coal flotation desulfurization,
and the adsorption of Ph-COOH on the pyrite (100) surface was more stable. This may be
due to a physical adsorption between the adsorbate and the adsorbent.

As such, this demonstrated that the coal units can adsorb on the pyrite surface and
the coal-pyrite interactions are a physical adsorption. It was more difficult for Ph-OH and
Ph-O-CHj than Ph-COOH and Ph-CO-CHj to adsorb on the pyrite (100) surface, which is
consistent with the adsorption energy results. The fresh monomer-dissociated coal-pyrite
will enter into the flotation concentrate during the process of coal flotation desulfurization
due to the interaction between coal and pyrite.

3.2.3. Charge Transfer

The Mulliken charge population (MCP) [33] refers to the loss and transfer of electrons
between the atoms interacting with each other. The MCP results before (B) and after (A)
adsorption of different coal structural units on the pyrite (100) surface are shown in Table 4.

Table 4. MCP of the bonding atoms between different coal structural units and the pyrite (100) surface.

Adsorption Model Atomic Label Adsorption Status s P d Total Charge/e
H B 0.46 0.00 0.00 0.46 0.54
A 0.48 0.00 0.00 0.48 0.52
Ph-OH/FeS,
S B 1.86 4.26 0.00 6.12 —0.11
A 1.86 4.26 0.00 6.12 —0.11
I B 0.44 0.00 0.00 0.44 0.55
A 0.52 0.00 0.00 0.52 0.48
S B 1.84 4.26 0.00 6.12 —0.12
A 1.82 4.19 0.00 6.01 —0.01
Ph-COOH/FeS;
F B 0.35 0.44 7.14 7.93 0.07
¢ A 0.34 0.44 7.12 7.90 0.10
o B 1.82 4.74 0.00 6.56 —0.57
A 1.82 4.72 0.00 6.54 —0.54
u B 0.66 0.00 0.00 0.66 0.33
A 0.72 0.00 0.00 0.72 0.27
S B 1.86 4.26 0.00 6.12 —0.11
A 1.86 424 0.00 6.08 —0.09
Ph-CO-CH3 /FGSZ
E B 0.35 0.44 7.14 7.93 0.07
¢ A 0.34 0.44 7.12 7.90 0.10
o B 1.82 4.70 0.00 6.52 —0.52
A 1.82 4.68 0.00 6.50 —0.49
o B 0.68 0.00 0.00 0.68 0.31
A 0.78 0.00 0.00 0.78 0.23
Ph—O-CH3 /F852
S B 1.86 4.26 0.00 6.12 —0.11
A 1.86 4.26 0.00 6.12 —0.11

For Ph-OH and Ph-O-CHj, the H 1s orbit of the former obtained 0.02 e, and the latter
obtained 0.10 e. The S 3p orbit of the pyrite surface had no change. A weak H-S bond was
formed after adsorption on the pyrite surface. After Ph-COOH and Ph-CO-CHj adsorbed
on the pyrite surface, the O 2p orbit of them lost 0.02 e and the Fe 3d of the pyrite surface
lost 0.03 e, with a strong Fe-O bond being formed. Meanwhile, the H 1s orbit of Ph-COOH
and Ph-CO-CHj; obtained 0.08 e and 0.06 e, respectively. The S 3p orbit of the pyrite surface
each lost 0.11 e and 0.04 e; a weak H-S bond was also formed after adsorption (Figure 4).



Processes 2024, 12, 2125

8 of 12

(@)

(d)

(b) (©) (d)
(2) Charge density difference

Figure 4. Electron density and charge density difference map after different coal structural units
adsorption on the pyrite (100) surface: ((a) Ph-OH; (b) -COOH; (c) -C=0; (d) -O-).

3.2.4. Density of States (DOS) and Band Structure

For Ph-OH and Ph-O-CHj, the interaction between the coal units and the pyrite surface
primarily involved the H atom of the coal units and the S atom of the pyrite. Consequently,
the Partial Density of States (PDOS) for the H and S atoms was plotted before and after
adsorption, as shown in Figure 5a,d. In contrast, for Ph-COOH and Ph-CO-CHjs, the
interaction was mainly between the O atoms of the coal units and the Fe atoms of the pyrite
surface, as illustrated in Figure 5b,c. Thus, the Density of States (DOS) for the O and Fe
atoms was analyzed before and after adsorption, with the Fermi level (Ef) set at 0 eV. For
Ph-OH and Ph-O-CHj, there was minimal change in the DOS of H 1s and S 2p, indicating
a weak interaction between these units and the pyrite surface. However, Ph-COOH and
Ph-CO-CHj3 showed slight changes in the DOS of O 2s and S 3p, with interaction energy
between O and Fe ranging from 5 eV to 15 eV. These findings are consistent with the charge
transfer and Mulliken population results.

From the band structure after different coal structural units adsorption on the pyrite
(100) surface in Figure 6, for Ph-OH, Ph-O-CHj3, Ph-COOH, and Ph-CO-CHj, the band gaps
were very close, at around 0.670 eV, from 0.664 eV, 0.675 eV, and 0.673 eV to 0.671 eV. The
band structure showed an extremely large energy range, in which all bands looked pretty
flat. These findings were consistent with the DOS results (Figure 5).
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Figure 5. Density of States (DOS) before and after different coal structural units adsorption on the
pyrite (100) surface: ((a) Ph-OH; (b) -COOH; (c) -C=0; (d) -O-).
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Energy (eV)

gy (eV)

Ener

(c) Band gap is 0.671 eV (d) Band gap is 0.675 eV

Figure 6. Band structure after different coal structural units adsorption on the pyrite (100) surface:
((a) Ph-OH; (b) -COOH; (c) -C=0; (d) -O-.

4. Conclusions

The entrainment mechanism of fine pyrite into clean coal was studied from the view
of quantum chemistry by simulating the adsorption process of the coal structural units on
the pyrite surface.

(1) After the coal structural units were adsorbed on the pyrite surface, the E,45 value
of Ph-OH and Ph-O-CHj3 was positive and the E, 45 value of Ph-COOH and Ph-CO-CHj3;
was negative, which implied an endothermic reaction and an exothermic reaction. The
adsorption energy of different coal structural units on the pyrite surface decreased from
Ph-COOH, Ph-CO-CH3, and Ph-OH to Ph-O-CHjz. The physical adsorption stability of
different coal structural units on the pyrite surface decreased.

(2) The interaction between the Ph-OH and Ph-O-CHs molecule and the pyrite surface
is extremely weak and the interaction between the Ph-COOH and Ph-CO-CHj3 molecule
and the pyrite surface is slightly stronger. Such a weak interaction between them cannot be
a chemical bond. The coal-pyrite interactions are a physical adsorption.

(3) On the whole, the charge transferred from the pyrite surface to coal structural units.
For Ph-OH and Ph-O-CHj, the electrons were mainly gathered around the S atoms of the
pyrite surface. After Ph-COOH and Ph-CO-CHj3 were adsorbed on the pyrite surface, the
electrons were mainly gathered around the Fe atoms of the pyrite surface and the O atoms
of coal structural units. The occurrence of electron accumulation made it possible for coal
structural units to adsorb on the pyrite surface.

(4) The fresh monomer-dissociated coal-pyrite entered into the flotation concentrate
partially due to the interactions between the coal particles and the fine pyrite particles.
Therefore, mixing measures and the action of adding the efficient dispersants and inhibitors
can be taken to avoid natural adsorption to improve the subsequent desulfurization rate
and the selectivity of mineral flotation. Then, the concentrate grade can be improved and it
will bring greater economic benefits.
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