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Abstract: Muscovite has a typical dioctahedral crystal structure. The atoms arranged in different
directions of the crystal lattice will cause the anisotropy of the physical and chemical properties of
the muscovite crystal planes, which also leads to the anisotropy of these crystal planes in flotation.
In this study, Materials Studio 7.0 software was used to optimize muscovite crystal cells, and some
properties of the (002) crystal plane and (131) crystal plane were calculated to obtain the anisotropy
of these two crystal planes in some aspects, so as to further analyze their influence on flotation
behavior. The differences of adsorption between these two crystal planes and octadecamine (ODA)
were analyzed by XRD and flotation. The results showed that (002) has higher surface energy and
was more easily exposed than (131). Compared with Si-O bond, Al-O bond in muscovite had lower
covalent bond composition and was easier to break. O atom was the active site in the flotation of
muscovite, and the (131) crystal plane was more likely to adsorb with ODA than (002) crystal plane.
Through the simulation results, more (131) crystal planes can be exposed in the grinding stage to
improve the flotation efficiency.

Keywords: muscovite; crystal plane; octadecylamine; flotation; adsorption; simulation

1. Introduction

Muscovite is a typical tetrahedron-octahedral-tetrahedral (TOT)-layered silicate min-
eral [1–3], usually in plate or sheet form. It has excellent dielectric properties and high
thermal stability, and is widely used in construction, metallurgy, and cosmetics indus-
tries [4–8]. Flotation plays a very important role in muscovite beneficiation. Among many
flotation agents, the interaction mechanism between cationic collector and muscovite is
widely studied. It was concluded that the longer the carbon chain of alkyl primary amines
is, the better the surface hydrophobicity of muscovite can be improved [9]. Many scholars
have demonstrated this view by combining molecular dynamics simulations. Due to the
differences in chemical and physical properties of muscovite crystals, such as surface elec-
trical properties and wettability and adsorption properties [10–14], the anisotropy of each
crystal plane of muscovite results in different consequences when it interacts with reagents.

Many complex studies have now become readily available using simulation methods. Ma-
terials Studio software enables the inexpensive simulations of certain properties of crystals, and
molecular dynamics (MD) simulations [15–21] are a valuable tool for studying the adsorption
of surfactants on solid surfaces at the microscopic level. The molecular dynamics simulation is
based on density functional theory. After calculating the electronic properties of mineral crys-
tals by density functional theory, the related properties of mineral crystals and their surfaces
can be studied more simply and accurately on this basis, as well as the interaction mechanism
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between different crystal planes and chemical substances. Gao et al. [22] simulated the total
energy of scheelite crystals and the surface energy of different surfaces. The results show that
the order of surface energy of scheelite crystal planes is (001) < (112) < (111) < (110) < (100).
According to the summary of the crystal anisotropy of phyllosilicate minerals and its relation-
ship with flotation, the order of the fracture bond density of phyllosilicate minerals surface is
NAl-O (100) > NAl-O (010) > NAl-O(110), NSi-O (100) > NSi-O (010) > NSi-O(110), and the order
of hydrophobicity is (110) plane > (010) plane > (100) plane [23]. MD simulations are also used
to simulate and calculate the fracture bond density and surface energy of the different crystal
planes of smithite [24], so as to obtain the relationship between them. The simulation results
show that the surface energy increases with the increase in fracture bond density. Not only
that, MD simulations are also used [25] to research the adsorption equilibrium structure of
octadecamine(ODA) on chlorite (001) and plane (100); the results show that chlorite (001) has
a strong adsorption on ODA, while chlorite (100) has a weak adsorption on ODA. Although
many scholars have simulated the adsorption mechanism of muscovite and agents, most of
them focus on a common crystal surface of muscovite crystal, and few people have conducted
comparative studies on the effect of a certain agent on different crystal surfaces of muscovite.
Before flotation, different media or parameters can be selected for the grinding of muscovite
samples [26], so that more crystal planes with strong adsorption of reagents can be exposed,
thus improving the flotation efficiency of muscovite. In this study, the surface energy and
fracture bond density of the (002) crystal plane and (131) crystal plane of muscovite were
simulated by Materials Studio 7.0, and the properties of muscovite crystal were calculated
to obtain the difference between the physical and chemical properties of these two crystal
planes. The adsorption process of ODA on two crystal planes of muscovite was simulated by
molecular dynamics and the differences in ODA adsorption between the two crystal surfaces
were verified by flotation tests.

2. Theoretical and Experimental Sections

In the theoretical part, a series of operational processes for calculating muscovite using
Materials Studio software are shown in Figure 1. For details, see Sections 2.1–2.3.

Figure 1. Flow chart of the theoretical part.

2.1. Models

The structural formula of muscovite is KAl2(AlSi3O10)(OH)2, and its crystalline struc-
ture is a compound silico-oxygen layer with two silico-oxygen tetrahedrons sandwiched by
an alumino-oxygen octahedron [27]. The crystal structure of monoclinic C2/C muscovite
(Figure 2), which serves as the initial input structure for the MD simulation, was obtained
by analyzing the single crystal diffraction data. Muscovite primitive cell parameters were
as follows: a = 5.212 Å, b = 9.042 Å, c = 20.084 Å, alpha = 90◦, beta = 95.78◦, gamma = 90◦.

ODA was used as the collector in the flotation test of muscovite. The molecular formula
of ODA is CH3(CH2)16CH2NH2. The optimized structure of ODA is shown in Figure 3.



Minerals 2023, 13, 519 3 of 15

Figure 2. Original unit cell model of muscovite (the color of yellow, pink, red, purple, and white
represents silicon, aluminum, oxygen, potassium, and hydrogen atoms, respectively).

Figure 3. Molecular structure of octadecamine(ODA).

2.2. Crystal Structure Optimization

MD simulation was performed using Material Studio 7.0 software. Firstly, the CASTEP
module was used to optimize the crystal structure of muscovite, and three
parameters—function, energy cutoff, and k-points—were tested. The energy cutoff was
400 eV, the k-points were 3 × 2 × 1, the mass was fine precision, and other parameters were
not changed. For the generalized gradient approximation under the five density functions
optimization calculation of muscovite lattice parameters, the results are shown in Table 1. It
showed that when the function was GGA-PBESOL, muscovite phase had the lowest energy
and the structure of muscovite was the most stable. Therefore, the function was selected as
GGA-PBESOL.
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Table 1. Lattice parameters and total energy of muscovite optimized by different functions.

Function a/nm b/nm c/nm β/◦ Energy/eV Maximum Error/%

GGA-PBE 5.241 9.073 20.934 95.423 −26,269.677 4.232
GGA-PBESOL 5.197 8.989 20.603 95.389 −26,315.327 2.584

GGA-WC 5.200 8.997 20.696 95.289 −26,228.042 3.047
GGA-PW91 5.232 9.058 20.764 95.430 −26,300.069 3.386
GGA-RPBE 5.287 9.162 21.292 95.667 −26,294.096 6.015

With other parameters unchanged, GGA-PBESOL was selected as the function, and
different energy cutoffs were selected to optimize the calculation of muscovite cells. The
cell parameters and total energy of muscovite obtained are shown in Figure 4. It shows that
the muscovite phase always decreased with the increase in energy cutoff. When the energy
cutoff was 550 eV, the total energy of muscovite reached the lowest value and then began
to decline. When the energy cutoff was higher than 500 eV, the lattice constant error of
muscovite also tended to be stable, at about 0.7, so the optimized energy cutoff of muscovite
was selected as 550 eV.

Figure 4. Total energy and lattice constant errors of muscovite with different energy cutoffs.

The function was selected as GGA-PBESOL, and the energy cutoff was 550 eV. The
k-points convergence tests were conducted, and the obtained muscovite parameter error
and total cell energy are shown in Figure 5. After determining the exchange correlation
function and truncation energy, the change in k-points had little influence on the total
energy of muscovite crystal. The energy changes were all within 0.1 eV, and the lattice
constant errors were all less than 1%. When the k-points were 4 × 3 × 1, the total energy of
muscovite was the lowest, but when the k-points were 5 × 3 × 1, the lattice error was only
0.642%, and the lattice constant was the closest to the experimental value. Therefore, the
k-points chosen for calculating the relevant properties of muscovite were 5 × 3 × 1.

Under these conditions, the calculated total energy of the system was −26,194.856 eV,
and the error between the lattice constant and the experimental value was 0.642%. The
calculation was reasonable. The method adopted and the parameters selected were reliable.
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Figure 5. Total energy and lattice constant errors of muscovite at different k-points.

2.3. Calculation Quantity
2.3.1. Population Analysis

Mulliken population analysis is a data method for analyzing the extranuclear distribution
of electrons in atoms, molecules, and crystals, which can be analyzed by atom population
valence bond properties, orbital hybridization, and electron transfer in chemical changes [28].
The Mulliken population consists of two parts: the overlapping population and atomic
population. The overlap population is a parameter to characterize bond covalence and the
Mulliken charge in an atomic population is a parameter to characterize atomic ion properties.

The CASTEP module was used to calculate the performance of the optimized mus-
covite crystal structure. Properties were selected in the task bar for calculation, and popula-
tion analysis was selected for specific properties. Other parameters remained unchanged.

2.3.2. Surface Energy and Fracture Bond Density

The number of unsaturated bonds per unit area is called the fracture bonds density [29],
which can reflect the degree of mineral cleavage along the direction of a crystal plane. The
lower the fracture bond density, the more easily the mineral cleavage along a crystal plane
direction. Surface energy [30] is the energy required to break the crystal cleavage into two
independent surfaces along the direction of a crystal plane under the action of external forces.

The surface energy and fracture bond density of muscovite were calculated using the
CASTEP module. The surfaces were selected for cleaved surfaces in the build to cut the
(002) and (131) crystal planes of muscovite. Before the calculation of surface energy, the
convergence of layer thickness was tested and the appropriate thickness was selected for
surface energy calculation. The calculation methods of fracture bond density and surface
energy are shown in Formulas (1) and (2) [31,32].

Db = Nb/S (1)

Esur = [Eslab − (Nslab/Nbulk)Ebulk]/2A (2)

where Db is the number of unsaturated bonds in the area of 1 nm2, Nb is the number of
unsaturated bonds in the range of unit cell, and S is the area of unit cell. Esur is the surface
energy, Eslab represents the total energy of the surface structure, Ebulk is the total energy of
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the unit cell, Nslab is the number of atoms of the surface structure, Nbulk is the number of
atoms of the unit cell, and A is the area of the surface structure along the Z axis.

2.3.3. State Density

State density represents the quantity of electrons allowed per unit energy range, that
is, the distribution of electrons in a certain energy range. It shows how atoms interact with
each other and how electrons are distributed in different orbitals. It also reveals information
about chemical bonds. The CASTEP module of Materials Studio was used to select and
calculate the state density of muscovite while conducting lattice optimization.

2.3.4. Electron Density

After the cell parameters and atomic coordinates of the crystal model of muscovite
were optimized using the CASTEP module, the electron density of muscovite was analyzed.
Its computational convergence accuracy was fine. Among electronic parameters, the
sampling point setting (k-points set), SCF iteration error (SCF tolerance) and integration
accuracy were all set to fine. The core treatment was set as all electron, the basis set as DND,
and the atomic orbital radius (orbital cutoff quality) as medium.

2.3.5. Adsorption Energy

When one or more molecules move above the adsorption interface, a certain amount
of energy will be released in the process of its velocity changing from large to small and
finally will be adsorbed on the adsorption interface. The energy is called adsorption energy.
The adsorption energy of different mineral surfaces interacting with the agent varies. As a
result, the strength of the combination between the agent and different mineral surfaces can
be judged by the adsorption energy. In the Forcite module, the adsorption configuration of
ODA on the crystal planes of muscovite (002) and (131) were constructed and optimized. The
adsorption energy calculation method of muscovite surface is shown in Equation (3) [33]:

∆E = Ecom − Esur f − Erea (3)

where ∆E is the adsorption energy; Ecom, Esurf, and Erea are the optimized adsorbed complex,
surface structure, and total energy of adsorbed substance, respectively. If the adsorption
energy is spontaneous, the adsorption energy result is negative, and the smaller the ad-
sorption energy is, the more stable the adsorption is. When the adsorption energy is 0 or
positive, the adsorption cannot be spontaneous.

2.4. XRD

After weighing 0.5 g of muscovite raw ore and muscovite concentrate after flotation
under different conditions, an XRD test was carried out to analyze the intensity changes in
the (002) crystal plane and (131) crystal plane before and after flotation. The analysis was
performed on a Netherlands Empyrean D8 Advance X-ray powder diffractometer with Kα

radiation (λ = 0.15406 nm) at a scanning rate of 10◦/min.

2.5. Flotation Test

An XFGC suspension flotation machine was used for a single mineral flotation. The
mixing speed was kept at 2000 rpm. A total of 2 g muscovite was weighed for each experiment.
After adding samples, the pulp was stirred for 3 min until fully mixed. The pH was adjusted
and the pulp was stirred for 3 min; then, ODA was added and the pulp was stirred for another
3 min. Finally, the bubbles were aerated and scraped for 4 min. Finally, the concentrate and
tailings obtained by flotation were dried, weighed, and the recovery was calculated.

The particle size of muscovite used for flotation is shown in Figure 6. The average of
the sample is 4.02 um and P80 is 8.45 um. The particle density of the muscovite sample is
2.86 g/cm3.
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Figure 6. Grain size of muscovite.

3. Results and Discussion
3.1. Population Analysis and Electron Density of Muscovite

The population analysis of the optimized muscovite atoms is shown in Table 2, in
which H, Al, and K atoms had two configurations, O atom had seven configurations, and
Si atom had three configurations. Although there were many kinds of configurations, the
charge changed little and the law was the same. H, Al, Si, and K atoms lost about 0.4, 1.7,
1.9, and 1.5 electrons, respectively, and were electron donors. O obtained about 1.1 electrons
and was an electron acceptor.

Table 2. The Mulliken population analysis of muscovite atoms.

Species Ion s/e p/e d/e f/e Total/e Charge/e

H 1 0.59 0.00 0.00 0.00 0.59 0.41
H 2 0.60 0.00 0.00 0.00 0.60 0.40
O 1 1.84 5.25 0.00 0.00 7.09 −1.09
O 2 1.85 5.29 0.00 0.00 7.15 −1.15
O 3 1.84 5.16 0.00 0.00 7.00 −1.00
O 4 1.86 5.30 0.00 0.00 7.16 −1.16
O 5 1.83 5.31 0.00 0.00 7.14 −1.14
O 6 1.84 5.29 0.00 0.00 7.13 −1.13
O 30 1.87 5.31 0.00 0.00 7.18 −1.18
Al 1 0.50 0.81 0.00 0.00 1.31 1.69
Al 2 0.47 0.85 0.00 0.00 1.33 1.67
Si 1 0.67 1.34 0.00 0.00 2.01 1.99
Si 5 0.68 1.36 0.00 0.00 2.04 1.96
Si 6 0.66 1.31 0.00 0.00 1.97 2.03
K 1 2.02 5.48 0.00 0.00 7.50 1.50
K 3 2.02 5.49 0.00 0.00 7.51 1.49

The ionic and covalent properties of the interatomic bonds of muscovite can be re-
flected by the Mulliken bond population value. If the population value is greater than 0,
the atoms form bonds. The larger the population value, the more covalent components of
the bonds, and the smaller the ionic bonds, the more components. Table 3 illustrates that
only Al and Si atoms in muscovite bond with oxygen, and the population value between O
and Si was 0.61, indicating more covalent components, while the population value between
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O and Al was 0.30. More O-Al ionic bonding components compared to O-Si, so when
muscovite was destroyed, O-Al was more likely to fracture than O-Si.

Table 3. The Mulliken bond population analysis of muscovite atoms.

Bond Population Length/Å

Al-Al −0.37 2.9872
Si-Si −0.17 2.9872
O-O −0.03 2.9902
O-K −0.04 2.9660
H-Si −0.01 2.9480
Al-Si −0.19 2.9379
H-Al −0.02 2.8398
H-O −0.01 2.8384
O-Al 0.30 1.9618
O-Si 0.61 1.5213

Figure 7 shows the electron density diagram of muscovite simulated by CASTEP.
The blue part indicates that the atom lost electrons, while the grey part indicates that the
atom gained electrons. As can be seen from Figure 7, in the alumino-oxygen tetrahedron and
silico-oxygen octahedron of muscovite, only the oxygen atom has charge and presents a state
of negative charge, indicating that the oxygen atom was a relatively active atom in muscovite.
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3.2. Anisotropy of Fracture Bond Density and Surface Energy at (002) and (131) Planes of Muscovite

After the convergence test of layer thickness, the atomic layer thickness of 3.877 nm and
vacuum layer thickness of 1.400 nm were selected to calculate the surface energy of (002)
crystal plane. For (131) crystal plane, an atomic layer thickness of 1.793 nm and vacuum layer
thickness of 1.200 nm were selected to calculate the surface energy, as shown in Figure 8. The
crystal plane models of (002) and (131) are shown in Figure 9, and the surface energy and
fracture bond density calculated according to Formulas (1) and (2) are shown in Table 4.

The energy required to dissociate a mineral crystal along a crystal plane and split
into two separate planes under the action of external forces is called surface energy. The
smaller the surface energy, the more stable the crystal plane. Cleavage usually occurs along
surfaces with relatively low surface energy. According to Table 4, the surface energy of
the (002) crystal plane of muscovite was 1.349 J/m2, lower than that of the (131) crystal
plane, indicating that the (002) crystal plane was the normal texture plane of muscovite.
There was a positive correlation between the fracture bond density and the surface energy
of the crystal. The higher the fracture bond density was, the higher the surface energy was.
According to the analysis of surface energy and fracture bond density, compared with the
(131) crystal plane, the (002) crystal plane of muscovite was more easily exposed when
damaged by an external force.
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Figure 8. Surface energy calculation models of muscovite (002) and (131) crystal planes.

Figure 9. Calculation model of the fracture bond density of muscovite (002) and (131) crystal planes.

Table 4. Surface energy and the fracture bond density of muscovite (002) and (131) crystal planes.

Crystal Planes Surface Energy/J·m−2 Fracture Bond Density/nm2

(002) 1.349 8.581
(131) 1.426 8.642

3.3. State Density of Muscovite

Figure 10 shows the total state density of muscovite crystal and the splitwave state
density of each atom. It can be seen that each atom contributed to the total state density of
muscovite. In combination with Figure 10b–d, and comparison with Figure 10a, the valence
band is mainly composed of the p orbitals of oxygen atoms, and the orbitals of aluminum
and silicon atoms contribute less. The conduction band was mainly composed of the p
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orbitals of silicon and aluminum atoms, and the s and p orbitals of oxygen atoms had little
contribution. The main contribution of the adjacent region of the fermi level consists of the
p orbital of the oxygen atom, so the oxygen atom had strong activity and was the active
part of flotation beneficiation.

Figure 10. Muscovite state density ((a) total state density diagram (b) Al state density diagram (c) Si
state density diagram (d) O state density diagram).

3.4. Adsorption Energy of Muscovite (002) and (131) Crystal Planes

The simulated adsorption energy results of the (002) crystal plane and (131) crystal
plane with ODA are shown in Table 5. It indicates that the adsorption energy between the
two crystal planes and ODA was negative, explaining that ODA can be adsorbed on both
crystal planes, and the adsorption energy of the (131) crystal plane was much lower than
the (002) crystal plane, showing that compared with the (002) crystal plane, the (131) crystal
plane was more likely to adsorb ODA.

Table 5. Adsorption energy of muscovite (002) and (131) crystal planes.

Crystal Plane
Adsorbed Complex

Energy
/kJ·mol−1

Energy at the Bottom
of the Crystal Plane

/kJ·mol−1

Energy of
Agent

/kJ·mol−1

Adsorption
Energy/kJ·mol−1

(002) 86,164.948 85,905.960 391.248 −132.259
(131) 49,649.868 50,185.722 22.052 −557.906

3.5. Adsorption Difference of ODA on (002) and (131) Crystal Planes of Muscovite

In order to obtain the adsorption morphology of ODA on two crystal planes of mus-
covite, the dynamic simulation of the interaction between the two crystal planes and the
agent was carried out, and the adsorption changes of the agent on the crystal planes were
obtained, as shown in Figures 11 and 12. After the adsorption of ODA on muscovite,
the amine group head was closer to the crystal plane. The reason for this may be that the
potassium ions between muscovite layers would lose part of the cleavage process, resulting in
the electronegativity of muscovite (002) and (131) planes. The ammonium ion head group had
positive charge and there was electrostatic attraction between it and the negatively charged
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muscovite surface. The cationic polar head group of the collector would approach muscovite
and finally be adsorbed stably on the surface of muscovite. The (131) crystal plane might be
more exposed to potassium ions, more electronegative, and easier to adsorb with ODA.

Figure 11. Changes in ODA before and after adsorption on the muscovite (002) crystal plane
((a) pre-adsorption and (b) post-adsorption).

Figure 12. Changes in ODA before and after adsorption on the muscovite (131) crystal plane
((a) pre-adsorption (b) post-adsorption).

3.6. Flotation Test Results and XRD under Different Flotation Conditions

Figure 13 shows the XRD pattern of muscovite, and the crystal plane represented by
its peak is labeled. Because the (002) crystal plane of muscovite was more exposed during
grinding, the (002) crystal plane had a stronger peak. Among them, (002), (004) and (006)
were parallel crystal planes with the same properties. Therefore, crystal planes (002)
and (131) of muscovite were selected for subsequent simulation calculation to study the
adsorption difference of ODA on these two planes.

When the concentration of ODA was 140 mg/L, under different pH conditions, the
flotation recovery of muscovite changed. Figure 14 states that the recovery of muscovite
increased significantly when the pH was from 2 to 4, and reached the peak value of 90.23%
at pH 4. When the pH continued to rise, the flotation recovery began to decline [34].
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Figure 13. The XRD pattern of muscovite.

Figure 14. Relationship between the flotation recovery of muscovite and pH (concentration of ODA:
140 mg/L).

Figure 15 illustrates the effect of the ODA concentration on the recovery and contact
angle of muscovite at pH 4. The recovery of muscovite increased with the increase in
the ODA concentration [35]. In the range of low ODA concentration, the recovery of
muscovite showed an upward trend, but when the ODA concentration reached 160 mg/L,
the recovery of muscovite reached a relatively stable state. When the concentration of ODA
was 180 mg/L, the recovery reached 96.55%. The contact angle of muscovite increased
with the increasing concentration of ODA. When the concentration of ODA was 140 mg/L,
the contact angle of muscovite was 50.5◦. The increasing contact angle proved that the
hydrophobicity of muscovite was increasing, which was consistent with the law of recovery.

Based on the previous research results, with a view to further investigate the influence
of the difference of crystal plane properties on its flotation behavior, XRD tests were
conducted on muscovite under different flotation conditions to observe the changes in
the strength of crystal plane after flotation. The results are shown in Figure 16. It showed
that the strength of the (002) crystal plane of muscovite decreased after flotation, but the
degree of decline varied according to different flotation conditions. When the pH was 4,
the decline of the muscovite (002) crystal plane slowed down with the increase in the ODA
concentration. When the ODA concentration was 180 mg/L, the decline of the (002) crystal
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plane was the lowest. When the ODA concentration was 140 mg/L, pH increased from
4 to 8 and the decline of the (002) crystal plane decreased. When pH increased from 8 to
10, the decline of the (002) crystal plane increased. The strength of the muscovite (131)
crystal plane increased after flotation, but the strength increased little with the change in
conditions. After flotation by ODA, the change law of the two crystal planes of muscovite
showed that the strength of the (002) crystal plane decreased and that of the (131) crystal
plane increased as a whole, which proved that the adsorption of the (131) crystal plane was
stronger than that of the (002) crystal plane during ODA flotation, which was consistent
with the simulation results.

Figure 15. Flotation recovery and contact angle of muscovite in relation to ODA concentration (pH = 4).

Figure 16. The XRD of muscovite (002) and (131) crystal planes under different flotation conditions.

4. Conclusions

Some properties of two crystal planes of muscovite (002) and (131) were simulated and
explored, and the results showed that the (002) crystal plane had lower surface energy and
fracture bond density. The adsorption energy of the (131) crystal plane was lower and more
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easily adsorbed ODA. Single mineral flotation tests were carried out on muscovite, and the
optimum flotation conditions were determined as pH 4, ODA concentration 180 mg/L, and
the recovery was 96.55%. The XRD results of the muscovite concentration under different
flotation conditions showed that the strength of the (002) crystal plane decreased, while
that of the (131) crystal plane increased. This was consistent with the simulation results,
proving that in the flotation process, the (131) crystal plane was more likely to interact with
ODA. This study has certain guiding significance for the flotation of muscovite, and can
expose more of the (131) crystal plane before flotation to improve flotation efficiency.
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