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Abstract: Clay mineral materials have attracted attention due to their many properties and applica-
tions. The applications of clay minerals are closely linked to their structure and composition. In this
paper, we studied the electronic structure properties of kaolinite, muscovite, and montmorillonite
crystals, which are classified as clay minerals, by using DFT-based ab initio packages VASP and the
OLCAO. The aim of this work is to have a deep understanding of clay mineral materials, includ-
ing electronic structure, bond strength, mechanical properties, and optical properties. It is worth
mentioning that understanding these properties may help continually result in new and innovative
clay products in several applications, such as in pharmaceutical applications using kaolinite for their
potential in cancer treatment, muscovite used as insulators in electrical appliances, and engineer-
ing applications that use montmorillonite as a sealant. In addition, our results show that the role
played by hydrogen bonds in O-H bonds has an impact on the hydration in these crystals. Based
on calculated total bond order density, it is concluded that kaolinite is slightly more cohesive than
montmorillonite, which is consistent with the calculated mechanical properties.

Keywords: clay minerals; kaolinite; muscovite; MMT; electronic structure; bonding; total bond order;
mechanical properties

1. Introduction

Clay-based minerals are extracted from many raw materials from a small to a large
range of composites that make them appropriate for environmental applications and pur-
poses. Clay minerals are formed as crystalline granule infinitesimals. They are a main
constituent of soil and can comprise around 40% of minerals in sedimentary rocks. More-
over, they are hydrous aluminum phyllosilicates, with a general particle size of 2 µm or
less [1]. They have very reactive surfaces that are capable of changing the soil environ-
ment [2]. The understanding of the structure and physical properties of clay minerals has
always been of great interest, particularly in the multidisciplinary fields of physics, chem-
istry, and earth sciences. We need to know the atomic composition, electronic structure,
interatomic bonding, charge transfer, optical properties, and mechanical properties that can
help clarify essential issues such as bond strength, solvation effect, spectral characterization,
optical absorption, elasticity, seismic wave velocities, etc. Even though there have been
considerable experimental studies on clay minerals, detailed information on their structure
and properties is still inadequate, especially in regard to bonding information, total density
of states (TDOS), partial density of states (PDOS), and mechanical properties. Ab initio
computational research seems to be the most suitable way to get such information due to
recent development in supercomputing technology, in contrast to the costly experimental
trial-and-error approach in the laboratory. Some examples of clay minerals, for which
the electronic structure and bonding information are kind of unknown and ripe for such
investigation, include kaolinite, muscovite, and montmorillonite (MMT).

Kaolinite, Al2Si2O5(OH)4, is one of the most common clay minerals. It comprises the
principal ingredients of kaolin (china clay). The kaolin group includes nacrite, dickite, hal-
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loysite, and kaolinite. All of them have an identical chemical composition but in a different
crystalline form. Kaolinite, a classification from the phyllosilicate group, is composed of
alternating sheets of silicates and aluminum hydroxide, as shown in Figure 1. The lattice
parameter, number of atoms, and space group of kaolinite is shown in Table 1. Studying
kaolinite can aid in many important areas such as geology, agriculture, construction, and
engineering applications [3]. Additionally, the world mining production of kaolin in 2016
was 37.0 Mt, making it the most mined clay [4]. Kaolinite is used in the adsorption of some
heavy metals; furthermore, it is used to remove pollutants from water [5]. It is extensively
used in the field of paper production, plastics, paints, adhesives, insecticides, medicines,
food additives, bleach cements, fertilizers, cosmetics, crayons, pencils, detergents, paste,
floor tiles, textiles, and many more [6]. One of the most important potential applications
uses kaolinite in pharmaceutical applications especially for cancer treatment [7]. Addition-
ally, kaolinite has a much simpler crystal structure that is not easily decomposable and has
been studied in different aspects, such as its fiber mechanical properties, kinetics of metal
adsorption [8], and far more. However, to further improve its application, it is important
to conduct a thorough study of the electronic and mechanical properties.

Muscovite, KAl2(Si3Al)O10(OH)2 [9], consists of two tetrahedral sheets to one octahe-
dral sheet, as shown in Figure 1. The lattice parameter, number of atoms, and space group
of muscovite is shown in Table 1. Muscovite crystal has layered structures that enable
nearly perfect cleavage that allows for the formation of a smooth surface at an atomic scale.
Layer properties provide information on the surface interactions and related properties.
There have been only a few studies related to layering so far [10]. Muscovite is present in
metamorphic, igneous, and sedimentary rocks, and is among the most common minerals
of the mica family. It is slightly larger than clay minerals and has a platy shape similar
to clay minerals. It can be easily identified by its bright silvery sparkle and used to add
“glitter” to paints and cosmetics. Since it can resist electricity and heat, it is also used as an
insulator in electrical appliances and in ovens. Moreover, its slightly transparent nature
allows for its high usage in windows and other construction industries.

Montmorillonite (MMT), Al2Si4O10(OH)2 [11], is a clay mineral of the smectite group
that consists of two tetrahedral sheets to one octahedral sheet, as shown in Figure 1.
The lattice parameter, number of atoms, and space group of MMT is shown in Table 1.
Weathering of eruptive rock materials leads to the formation of MMT. It is capable of
absorbing cations and is one of the most expandable clay minerals that can absorb a
large quantity of water. Therefore, it can be used in numerous fields such as oil refining,
pharmaceutical preparations, sugar refining, as a catalyst, and as a binder in many fields
such as insulating materials. The major uses of MMT are as a sealant in many engineering
applications, and as a barrier for landfills and toxic waste repositories [12]. In addition,
montmorillonite is used to design polymer-clay nanocomposites, which are capable of
changing their strength and resistance [13]. It can also form composites to biological entities
such as proteins and amino acids. Computational modeling may be the only venue that
can provide useful information about this clay mineral with extremely complex structures.

A deep analysis of the electronic structure in kaolinite, muscovite, and MMT can help
to understand and modify clay minerals, which may significantly improve their surface
properties and consequently increase their capacities and efficiencies in many applications,
such as environmental cleanup applications [14]. This work presents a computational
study on the structure and properties of these minerals. A fundamental understanding of
the electronic structure and physical properties will have a broader impact on scientific
advances in many frontiers. They range from medical applications such as kaolinite’s
use in cancer diagnosis and treatment and electrical applications, muscovite’s use as an
insulator and in engineering applications, and MMT’s use as a sealant. Additionally, they
can be used to improve cements, as data for seismic wave velocities for geoscience, and
much more.



Crystals 2021, 11, 618 3 of 10

Crystals 2021, 11, x FOR PEER REVIEW 3 of 10 
 

 

Table 1. The optimized lattice parameter, number of atoms, and space group of kaolinite, muscovite, and montmorillonite. 

Crystal Chemical Formula 
No. Atoms 

(Space Group) 
a, b, c (Å) 
α, β, γ 

Kaolinite Al2Si2O5(OH)4 17 (P1) 

5.19, 5.18, 7.54 
77.84°, 84.31°, 60.10° 

a. 5.15, 5.15, 7.41 
75.14°, 84.12°, 60.18° 

Muscovite 8[KAl2(Si3AlO10)(OH)2] 168 (C12/c1) 

10.47, 9.10, 20.68 
90°, 96.20°, 90° 

b. 5.19, 9.00 20.10 
90°, 95.18°, 90° 

MMT 2[Al2Si4O10(OH)2] 40 (C121) 

5.21, 9.06, 10.27 
90°, 99.46°, 90° 

c. 5.18, 8.97, 10.07 
90°, 99.50°, 90° 

 Unoptimized lattice parameters of a. kaolinite [15], b. muscovite [16], c. montmorillonite [17]. 

 
Figure 1. Shows ball-and-stick figures using Vesta [18] for (a) kaolinite, (b) muscovite, and (c) montmorillonite. The color 
used to represent the elements are shown in the top left corner. 

2. Methods 
In this study, we used two computational packages, Vienna ab initio Simulation 

Package (VASP) [19] and the Orthogonalized Linear Combination of Atomic Orbitals (OL-
CAO) [20]. Both are established based on density functional theory (DFT). VASP is uti-
lized for the optimization of the structures and for the calculation of elastic and mechani-
cal properties. Projector augmented wave potential (PAW-PBE) [21], as well as general-
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has been very successful in electronic property calculations, especially for large and com-
plex systems, because of the flexibility and the economic use of the basis set. We used a 
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Figure 1. Shows ball-and-stick figures using Vesta [18] for (a) kaolinite, (b) muscovite, and (c) montmorillonite. The color
used to represent the elements are shown in the top left corner.

Table 1. The optimized lattice parameter, number of atoms, and space group of kaolinite, muscovite,
and montmorillonite.

Crystal Chemical Formula No. Atoms
(Space Group)

a, b, c (Å)
α, β, γ

Kaolinite Al2Si2O5(OH)4 17 (P1)

5.19, 5.18, 7.54
77.84◦, 84.31◦, 60.10◦

a. 5.15, 5.15, 7.41
75.14◦, 84.12◦, 60.18◦

Muscovite 8[KAl2(Si3AlO10)(OH)2] 168 (C12/c1)

10.47, 9.10, 20.68
90◦, 96.20◦, 90◦

b. 5.19, 9.00 20.10
90◦, 95.18◦, 90◦

MMT 2[Al2Si4O10(OH)2] 40 (C121)

5.21, 9.06, 10.27
90◦, 99.46◦, 90◦

c. 5.18, 8.97, 10.07
90◦, 99.50◦, 90◦

Unoptimized lattice parameters of a. kaolinite [15], b. muscovite [16], c. montmorillonite [17].

2. Methods

In this study, we used two computational packages, Vienna ab initio Simulation
Package (VASP) [19] and the Orthogonalized Linear Combination of Atomic Orbitals
(OLCAO) [20]. Both are established based on density functional theory (DFT). VASP
is utilized for the optimization of the structures and for the calculation of elastic and
mechanical properties. Projector augmented wave potential (PAW-PBE) [21], as well as
generalized gradient approximation (GGA) potential, was used for the exchange and
correlation part of the DFT potential. A relatively high energy cutoff of 600 eV, with
electronic force convergence at 10−5 eV, was used. The KPOINTS used were 6 × 6 × 4, 2 ×
2 × 1, and 2 × 1 × 1 for kaolinite, muscovite, and MMT, respectively.

We used the optimized structure obtained from VASP as input into OLCAO for
the calculation of the electronic structure, interatomic bonding, and optical properties.
OLCAO is another DFT-based package, in which the atomic orbitals are used in the
basis expansion [20]. The OLCAO method, in combination with VASP for structural
relaxation, has been very successful in electronic property calculations, especially for large
and complex systems, because of the flexibility and the economic use of the basis set. We
used a full basis (FB) for the self-consistent potential, total density of state (TDOS), partial
DOS (PDOS), and band structure calculations. For the bond order (BO) calculation, we
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used a minimal basis (MB) based on the Mulliken scheme. BO is the overlap population
ραβ between any pair of atoms (α,β).

ραβ = ∑
m, occ

∑
i,j

C∗m
iα Cm

jβSiα,jβ (1)

where Siα,jβ are the overlap integrals between the ith orbital in the αth atom and jth orbital
in the βth atom. The Cm

jβ are eigenvector coefficients of the mth band and jth orbital in the
βth atom. Equation (1) defines the bond’s relative strength. A summation of all BOs of the
crystal results in a total bond order (TBO), and by normalizing the TBO by the crystal’s
volume, the total bond order density (TBOD) is generated. TBOD is a single metric that can
be used for the evaluation of the interior cohesion of a crystal and can be further divided
into the partial bond order density (PBOD) for different types of bond pairs. For optical
properties, we used extended basis (EB), which includes a shell of unoccupied orbitals in
addition to the FB. The interband optical properties are usually presented in the form of a
frequency-dependent complex dielectric function.

ε(h̄ω) = ε1(h̄ω) + i ε2(h̄ω) (2)

where the real part ε1 (h̄ω) is obtained from ε2 (h̄ω) through a Kramers–Kronig transfor-
mation [21]. The effective charge Q∗ and the partial charge (PC) for every atom in these
systems were obtained by using following equation.

∆Q = Q0 − Q∗ (3)

For the calculation of the elastic and mechanical properties, a stress (σj) vs. strain
(εj) response analysis [22,23] scheme is applied to the fully relaxed structure to obtain the
elastic coefficients Cij (i, j = 1, 2, 3, 4, 5, 6). From εj and the calculated σj, Cij is appraised by
solving the linear equation.

σj =
6

∑
j=1

Cijεj (4)

From the elastic coefficients Cij, we can obtain mechanical properties: the bulk modu-
lus (K), shear modulus (G), Young’s modulus (E), Poisson’s ratio (ï) and Pugh modulus
ratio (G/K). The Pugh modulus ratio (G/K) is calculated using the Voight–Reuss–Hill
(VRH) polycrystal approximation [24,25]. The Voight approximation assumes uniform
strain distribution in the structure, which results in an upper limit of the polycrystalline
bulk moduli. On the other hand, the Reuss approximation assumes a uniform stress
distribution, resulting in the lower limits. The average of these two limits gives the so-
called Hill approximation, which is more realistic and can be compared with measured
elastic parameters.

3. Results and Discussion
3.1. Electronic Structure and Interatomic Bonding

We obtained the atomic coordinates for kaolinite, muscovite, and MMT from Hess et al. [15],
Radoslovich et al. [16], and Subramanian et al. [17], respectively. The calculated band
structures of those three clay minerals’ crystal structures are shown in Figure 2. The
bandgap results clearly show that they are insulators. According to the calculations, the
bandgaps of kaolinite, muscovite, and MMT were 4.84 eV, 4.67 eV, and 5.11 eV, respectively.
Our band gap results are consistent with a theoretical study [26] for kaolinite, which
was 4.8 eV. In addition, for the muscovite, our findings are in accordance with a DFT
study [27] with values ranging from 3.96 eV to 5.02 eV, which is significantly lower than
the experimental value of 7.85 eV [28]. For MMT, our bandgap value was close to two
other calculations, which were about 5.35 eV [11] and 5.52 eV [29]. All of them had a direct
bandgap except for kaolinite. Among the three crystals, MMT had the widest bandgap. In
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muscovite, the bottom of the conduction band (CB) had a curvature, whereas the top of the
valence band (VB) was very flat.
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Figure 2. Shows band structures for (a) kaolinite, (b) muscovite, and (c) montmorillonite. Muscovite and MMT show a
direct bandgap, whereas kaolinite shows an indirect bandgap.

The calculated TDOS and further resolved PDOS for the three crystals in the energy
ranged from −25 eV to 25 eV and are shown in Figure 3. The PDOS shows the relative
contribution of each element to the TDOS, which helps to understand the bonding. Among
the three crystals, kaolinite and MMT have same set of four elements, H, O, Si, and Al.
Besides these four elements, muscovite also consists of K, which was responsible for the
sharp peak at energy −11 eV, which was due to semi-core nature of the K-3p orbital. Most
of the states and peaks in the TDOS for the three crystals were from O atoms. The states of
Al, Si, H, and K in the same energy range with O atoms showed their bonding.
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The interatomic interaction as BO vs. bond length (BL) distribution of these three
crystals is shown in Figure 4. All of these three clay mineral crystals had O-H, Si-O, and
Al-O, whereas O-K bonding was only present in muscovite, as depicted in Figure 4b. O-H
bonds were the strongest bond in the three crystals, with a BO of 0.29 e and a BL of around
0.94 Å. Si-O bonds had a higher BO in muscovite at 0.30 e and MMT at 0.29 e, in comparison
to kaolinite. Al-O bonds in muscovite were more scattered in comparison to kaolinite and
MMT. In addition, there were some O-H bonds in the range between 2.8 and 3.4 Å, which
represented hydrogen bonding.
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Figure 4. BO vs. BL of three clay mineral crystals for (a) kaolinite, (b) muscovite, and (c) montmorillonite.

The PBOD and TBOD of these three crystals are shown in Table 2. The TBOD is the
sum of the BO values of all bond pairs divided by the volume of the crystal. TBOD is
a good parameter to gauge the internal cohesion in the system [30]. The TBOD values
for these three crystals were similar. However, kaolinite was slightly more cohesive than
MMT and muscovite. TBOD can be further resolved into PBOD to identify the impact of
different bonding in the system. Si-O bonds had higher contribution, which was followed
by Al-O bonds in the three crystals. The O-H bonds in muscovite and MMT showed the
same PBOD value of 0.003 e/Å3 and a much lower value of 0.007 e/Å3 in kaolinite.

Table 2. TBOD and PBOD for kaolinite, muscovite, and MMT.

Crystal Vol (Å3) Bond PBOD
(Electron/Å3) TBO TBOD

Kaolinite 171.91
O-H 0.007

5.446 0.032Si-O 0.013
Al-O 0.012

Muscovite 1957.66

O-H 0.003

57.096 0.031
Si-O 0.015
Al-O 0.013
O-K 0.001
Al-H 0.000

MMT 478.36
O-H 0.003

14.273 0.030Si-O 0.019
Al-O 0.008

The PC of each atom is defined as the deviation of the effective charge from the neutral
charge. The PC for every atom of the three crystals is shown in Figure 5. It is noted that
O had a negative PC in all three crystals and the other elements had a positive PC, as
expected. It simply means that the oxygen gained more electrons from the other positively
charged atoms. Minor variations in the PC of O, Al, and Si represent site variation.
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The optical behavior of the real (ε1) and imaginary (ε2) dielectric function of these
three minerals is shown in Figure 6. We can obtain the static dielectric constant from
the calculated dielectric functions by taking the zero-frequency limit of the real parts of
the dielectric function. The refractive index (n) is calculated by taking the square root of
ε1(0). The refractive indexes for kaolinite, muscovite, and MMT are 1.60, 1.58, and 1.52,
respectively. Figure 6 presents the calculated energy-loss functions (ELF) for all three
crystals. It shows the collective excitation of electrons at high frequency. The main peak of
ELF is defined as the plasma frequency (ωp). Among the three crystals, muscovite had the
highestωp at 23.59 eV and kaolinite had lowestωp at 21.38 eV.
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3.2. Mechanical Properties

One of the important factors in clay mineral study is obtaining the elastic properties
and the sound velocity, which will help to understand the seismic and sonic log [31]. We
calculated the elastic coefficients from VASP relaxed structures for the three crystals. From
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the elastic coefficients, the mechanical parameters for these crystals were obtained. They
were the bulk modulus (K), shear modulus (G), Young’s modulus (E), Poisson’s ratio (η),
Pugh’s modulus ratio (k = G/K), and Vicker’s hardness (HV) and are summarized in Table 3.
The calculated bulk modulus for kaolinite was 46.93 GPa, which falls in the experimentally
obtained range of 21 to 55 GPa [32,33]. The higher the bulk modulus, the less compressible
the crystal is. The shear modulus represents the modulus of the rigidity of the material
and Young’s modulus represents the stiffness of the material. Among the three crystals,
muscovite had the highest bulk modulus, Young’s modulus, and shear modulus. Pugh’s
modulus ratio (G/K) estimates the brittleness or ductility of the material from comparative
analysis. In Pugh’s modulus ratio approximation, an empirical boundary value of 0.571
could be defined to classify metallic materials as brittle (>0.571) or ductile (<0.571) [34]. The
calculated Pugh’s modulus ratio (G/K ratio) for kaolinite, muscovite, and MMT was 0.678,
0.715, and 0.745, respectively. MMT is more brittle than kaolinite or muscovite. This could
be a result of the difference in composition and structure. Vicker’s hardness for the three
crystals was calculated using Tian et al.’s [35] equation HV = 0.92k1.137G0.708. Muscovite
had a higher Vicker’s hardness in comparison to kaolinite and MMT (shown in Table 3).
The Young’s modulus and shear modulus are further shown in a three-dimensional plot
in Figure 7. The Young’s modulus for the three crystals showed an anisotropic nature
and the shear modulus showed a more complex nature, with both translucent blue and
green colors.

Table 3. The calculated bulk modulus (K), shear modulus (G), Young’s modulus (E), Poisson’s ratio
(η), Pugh’s modulus ratio (k = G/K), and Vicker’s hardness (HV) in GPa for kaolinite, muscovite,
and MMT.

Crystal K(GPa) G(GPa) E(GPa) η G/K HV(GPa)

Kaolinite 46.93 31.83 77.88 0.2235 0.6782 6.853
Muscovite 53.47 38.24 92.64 0.2112 0.7152 8.293

MMT 31.85 23.74 57.049 0.2015 0.7453 6.198
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Once we obtained the elastic tensors for the three kaolinite, muscovite and MMT
minerals, it was also imperative to obtain the sound velocities. We obtained the transverse
sound velocity VT and longitudinal sound velocity VL by using the following equations.

VT =

√
G
ρ

, VL =

√
K + 4

3 G
ρ

(5)

where ρ is density. The calculated VL, VT, and ρ values for those minerals are listed in
Table 4. Both VL and VT were greater in muscovite than the other two. These values could
be useful in the geosciences area and used for seismology databases.

Table 4. Values of density and sound velocities VL and VT.

Crystal ρ (g/cm3) VL (m/s) VT (m/s)

Kaolinite 2.58 5885 3512
Muscovite 2.71 6208 3756

MMT 2.76 4797 2933

4. Conclusions

We presented detailed results on the first-principles calculation of the electronic struc-
ture, interatomic bonding, partial charge, optical properties, and mechanical properties.
The three crystals had wide band gaps, showing their insulating nature. The O-H bonds
were the strongest bond, with the largest BO of around 0.29 e in the three crystals. In
addition, Si-O bonds were reasonably strong and had the highest percentage contribution
in the three crystals. Based on TBOD, kaolinite was slightly more cohesive than MMT
or muscovite. Muscovite had the highest plasmon frequency of 23.59 eV. Despite similar
compositions specifically in kaolinite and MMT, we obtained somewhat different results
for their mechanical properties. Muscovite had a higher bulk, shear, Young’s modulus,
and Vicker’s hardness. As a result of the higher Pugh’s modulus ratio, MMT was more
brittle than kaolinite or muscovite. The presented work is the first step in understanding
the structure and properties of these three clay minerals. We plan to extend this study to
include the influence of dopant Mg and Na.
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