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Abstract

We developed a new procedure for calculating finite-size kaolinite particles, their associations
with complex surface chemistry, and the natural flexibility of sheets within a particle using the
large-scale atomic/molecular massively parallel simulator (LAMMPS). For the first time, all possi-
ble particle associations previously described in literature were obtained using an atomic method.
The structural configurations obtained were shifted Face-Face, angular Edge-Edge, Corner-Corner,
and shifted Face-Face-Face booklet associations. The simulations showed that if an initial angle
between two interacting particles is less than 45◦, the particles will form layer-to-layer aggregates.
If the angle is larger than 60◦, the particles will form an angular arrangement. The densities of
kaolinite arrangements with dense and loose packings were evaluated as a function of the structure.
The densest structures, as expected, were the layered structures, with four and two layers. The
density of the shifted Face-Face packing was about the same density as the two. The Face-Face-
Face association showed lower density, and the angular Edge-Edge association showed three times
lower density than the densest, four-layer structure.

Keywords: Kaolinite finite particles, Particle associations, Aggregation, Molecular dynamics

1. INTRODUCTION

Climate change is a worldwide, urgent environmental challenge. Electricity production is the
principal source of industrial pollution, which impacts the environment and depletes traditional
energy sources based on fossil fuels. This has been a driving force for research into renewable
energy (RE) sources, e.g., solar and wind power. There is an increasing demand for solar energy5

[1]. Massive solar plants have been built in many places around the world, including the Middle
East, the United States, the United Kingdom, Australia, and others. A significant number of
these plants are located in arid and semi-arid areas of the world with high solar radiation, but
large quantities of dust. This dust is suspended in the air and deposits on solar-device surfaces,
reducing the system’s efficiency [2]. Atmospheric aerosols over desert areas are mainly composed10

of mineral dust coming from suspended soils [3, 4, 5, 6]. A major dust storm could lift in the air
100 Mt of dust. The Middle East alone emits about 500 Mt of dust per year [7]. This includes
Arabian Peninsula deserts [8], where the eastern Red Sea coastal plains alone emit approximately
5–6 Mt of dust annually, including 0.5 Mt of kaolinite mineral [9]. Dust particles lifted by air can
travel thousands of kilometers from their source location, changing weather and climate conditions15

[10, 11, 12], atmospheric chemistry and mineralogy [13, 14], and various other environmental
processes. The effect of particle size distribution and particle composition on the optical properties
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of dust and its impact on human health is discussed in the work of Ukhov et al. [7]. Eventually,
the dust suspended in the atmosphere is deposited back to the surface, resulting in significant
quantities settling on solar PV panels and solar thermal collectors, decreasing their efficiency20

[2, 15, 16]. Dust mineralogy, particle size distribution, the relationship between dust and surfaces,
along with climatic conditions, determine the dust deposition process on solar devices [17]. Better
understanding of this process can inform where to place and how to properly maintain solar devices.
These macroscopic effects of dust rely on dust size, density, and chemical composition, all defined at
the submicron scale. Oke [18] presented the spatial and temporal scales of atmospheric processes,25

ranging between thousands of kilometers to several centimeters. Because of dust’s importance
in the physical system, the spatial and temporal scales must be extended to nanometers and
nanoseconds to account for the fundamental properties of dust particles and their interactions
with each other and surfaces. Although research on dust aggregation and deposition goes back
seven decades [19, 20], past research was mostly empirical, so that the fundamental properties of30

dust, dust particles interactions, and the complicated relationship between dust and solar devices
are still not fully understood or well quantified.

Dust particles can be grouped into different sizes: clay (less than 0.002 mm), silt (0.002 to
0.05 mm), and sand (larger than 0.05 mm). In this work, we will focus on the smallest particles.
Clay dust is characterized by its fine-grained nature and low crystalline order. It is challenging to35

characterize clay minerals accurately by experimental methods due to their small size and lack of
long-range order, especially related to the piling behavior of clay sheets. Clay dust particles are
too small for typical X-ray measurements, and therefore, data on their structure are very limited
[21, 22].

Kaolinite mineral is found in large quantities in soil and sedimentary formations and impacts40

many geochemical, technological, and environmental processes [23]. Individual kaolinite sheets
could be joined as book-like kaolinite structures, single crystals, or form nanotubes when hydrated.
Scanning electron microscopy (SEM) images, transmission electron microscopy (TEM) images, and
the chemical composition of kaolinite and halloysite (hydrated kaolinite) mineral with hexagonal
shape, defined basal surfaces, and presence of slit- and wedge-shaped pores are shown in Figure 1.45

2



Figure 1: SEM images of single crystals (A) and different kaolinite packings (B) adopted from [24], TEM image of
halloysite nanotubes (C) adopted from [25], chemical composition of tubule halloysite and a platy kaolinite structure
(D) adopted from [26], and SEM image of kaolinite booklets (E) adopted from [27].

An uncompressed kaolinite mineral could consist of a porous network of randomly oriented
particle associations known as a card-house structure [28]. One unit in this structure comprises
different particle associations, including Face-Face, Edge-Edge, Edge-Face, and Shifted Face-Face
configurations [29]. Bergaya described the formation of aggregates from sheets and particles [30].
Due to the clay mineral’s structure, small size, and large specific surface area, clay behavior is50

mostly dominated by interparticle electrical forces rather than the weight of the particles [31].
Molecular simulation offers one of the most suitable tools for obtaining detailed information

about the structure and dynamics of clay minerals at the atomic level [32, 33, 34, 35, 36]. Molecular
modeling could also provide validation of experimental results and lead to further refinement of
numerical models and further understanding of clay processes. While previous clay molecular55

dynamics studies have been successfully carried out across a wide range of scales, almost all of them
were limited to perfect infinite clay lamellae [37]. One of the main reasons is a lack of established
and well-developed methodologies for the modeling of mineral edges [38]. The macroscopic behavior
of clay is controlled by complex interparticle physical and chemical interactions that include long-
range Coulombic and van der Waals forces. The particles themselves are complex, being various60

associations of elemental hexagonal plates. Rigid plate-wall and plate-plate models were used to
obtain the van der Waals force between two interacting clay particles [39, 40]. The cases considered
were Face-Face, Edge-Edge, and Edge-Face contact types. Coarse-grained techniques were also
employed for the modeling of large-sized particles and systems, but without proper consideration
of the interfacial chemistry and flexibility of the kaolinite layer [41, 42].65

At the atomic level, kaolinite is a 1:1 dioctahedral aluminosilicate. The crystallographic struc-
ture of kaolinite is documented and described thoroughly in Mitchell et al. [43]. The kaolinite
particles are anisotropic with a (001) basal cleavage between the sheets, with each sheet composed
of an alumina octahedral layer and a silica tetrahedral layer, as well as an edge [44, 45]. Between
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the individual tetrahedral and octahedral sheets, the nature of bonding is mostly electrostatic with70

the addition of van der Waals forces (including hydrogen bonds) [46, 43].
Here, we talk about elemental plates. In each kaolinite particle, we assigned partial charges

to the atoms. Oxygens in the silica tetrahedral units and hydroxyls in the alumina octahedral
units were shared with their neighbors, creating electrically neutral, large sheets. Practically,
the lateral boundaries of the sheet edges can create structural abruptions, i.e., dangling bonds75

with uncompensated charges. In order to avoid that, we saturated the terminal alumina/silica
(octa/tetra)hedral units with hydroxyl groups [47]. An example of a finite structure with the
alumina octahedral and silica tetrahedral basal planes and edge surfaces is shown in Figure 2. All
surfaces were saturated with hydrogen atoms.

Figure 2: Side view of the atomic structure of two sheets of kaolinite. Hydrogen is white, oxygen is red, aluminum
is pink, and silicon is yellow.

In this study, we simulated kaolinite particles and their associations using a molecular dynamics80

approach and focused on the following questions:
1. How can stable kaolinite particles with the hexagonal platy shape of different diameters and

the different number of sheets be simulated?
2. How can all possible particle associations be obtained at the atomic level, as observed by

SEM?85

3. How does the particles’ geometrical alignment influence the density of the kaolinite fabric?
What is a critical angle of aggregation for each angular arrangement?

4. What could be a macroscopic property of the arrangements?
The paper is organized as follows. In Section 2, we describe the simulation method and all

simulation parameters required to perform the kaolinite atomic simulations. Then, we present90

the construction of the kaolinite finite particle models, the energy minimization procedure, and
the molecular dynamics simulations needed to obtain stable platy hexagonal structures, i.e., the
Building Blocks. We chose a suitable long-range parameterization to simulate the kaolinite atomic
structures, with the determined accuracy and damping oscillations coefficient, in order to obtain
structures similar to the optically observed macroscopic structures. In Section 3, we present our95

results of the stable minimum Building Block, four initial configurations of the Building Blocks, and
the obtained associations of the kaolinite particles, including all possible macroscopic configurations
described in the literature. In Section 4, we present our results of the relative density of the
obtained packings using Korsawe’s oriented minimal bounding box algorithm. In the final section,
we present our conclusions and discuss possible extensions of our work.100
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The results of this work develop a basis for future investigations of the more complex kaolinite
networks observed in dust deposition and aggregation processes.

2. METHODOLOGY

2.1 Kaolinite Finite Particle. We built the kaolinite structure based on the crystallographic
data of Bish [48]: P1 space group symmetry, Si2Al2O5(OH)4 composition (Z = 2); a = 5.1554105

Å, b = 8.9448 Å, c = 7.4048 Å, α = 91.700◦, β = 104.862◦, and γ = 89.822◦ lattice constants.
We developed a specific code for creating hexagonal kaolinite structures of different diameters and
different numbers of sheets. First, we created the rectangular particle prototype, then we displaced
the next layer of −2a

5
, where a is the side of the hexagon. All the dangling bonds were saturated,

and the total charge of each kaolinite particle was zero. The procedure of creating a kaolinite110

particle is shown in Figure 3. After we defined the coordinates of the structure, we assigned the
partial charges to every atom according to atom type. We used the VMD molecular visualization
program to visualize the structures [49]. We used a Tcl script executed in the VMD software to
assign partial charges for kaolinite particles for the large-scale atomic/molecular massively parallel
simulator (LAMMPS) simulations.115

Figure 3: Kaolinite finite nanoparticle construction: A) infinite kaolinite layer; B) rectangular prototype of kaolinite
particle; and C) finite kaolinite particle.

Kaolinite models of 2 nm, 5 nm, and 10 nm in diameter with one, two, and four sheets were
considered candidates for a platy hexagonal kaolinite Building Block, which we used for simulating
interactions between particles. When increasing the particle diameter, we increased the ratio
of the bulk to the interface, edge, and corner atoms, to see if the interface area dominated the
structural behavior. These structures were built for temperature T = 0 K and are not dynamically120

equilibrated. We used them as the initial condition for molecular dynamics simulations.
2.2 Simulation Methodology. All molecular dynamics simulations in this study were per-

formed using the LAMMPS package [50]. LAMMPS is a code that allows users to choose different
modeling systems with customized settings to solve a variety of scientific problems. Each user-
defined setup influences the accuracy and speed of the simulation, structural behavior, etc. In the125

present work, these parameters included the cutoff distance, a method for calculating long-range
interactions, a prescribed desired relative error in forces, accuracy, and damping of the atoms’
oscillation during molecular dynamics simulations.
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The force field used in this work to model kaolinite systems was ClayFF, parametrized by Cygan
[51]. The force field treated cations within the clay layer as nonbonded ionic species [51]. ClayFF130

consists mostly of nonbonded electrostatic and van der Waals interactions that allow reasonable
flexibility within the clay sheets [52]. The SPC water model was used to describe the hydroxyls, the
only type of bonded interactions explicitly defined in the force field. Their stretching and bending
motions, needed for modeling the flexibility of the interlayer hydroxyl groups, were described as
determined by Teleman [53]. The ClayFF potential energy, Epotential, can be represented by the135

addition of Coulombic interactions, van der Waals interactions, and bonded interactions as follows:

Epotential = ECoul + EvdW + Ebond stretch + Eangle bend (1)

where ECoul, the Coulombic energy, and EvdW , the van der Waals energy, represent the nonbonded
energy components, and the final two terms represent the bonded energy components related to
bond stretching, Ebond stretch, and angle bending, Eangle bend. The Coulombic energy is represented
by140

VCoul =
e2

4πε0

∑
i 6=j

qiqj
rij

(2)

where qi and qj represent the partial charges of the two interacting atoms, e is the electron charge,
and ε0 is the permittivity of a vacuum. The van der Waals energy is expressed as the Lennard-Jones
(12-6) function:

VvdW =
∑
i 6=j

D0,ij

[(R0,ij

rij

)12
− 2
(R0,ij

rij

6)]
(3)

where rij is the distance between atoms i and j and R0,ij is the equilibrium distance between atoms
i and j. The distance parameter is145

R0,ij =
1

2
(R0,i +R0,j) (4)

and the energy parameter, the value of VvdW at the minimum in the interaction curve, is

D0,ij =
√
D0,iD0,j (5)

All atoms are defined as point charges having complete translational freedom within ClayFF.
The oxygen and hydroxyl charges depend on their local and bridging environments. The energy
component related to hydroxyl bond stretching is described by a simple harmonic oscillator based
on the Hookes law:150

Ebond stretch ij = k1(rij − r0)
2 (6)

where k1 denotes a force constant and r0 is the equilibrium bond length. The energy component
related to angle bending is also described in a simple harmonic form:

Eangle bend ijk = k2(θijk − θ0)
2 (7)

where k2 is a force constant, θijk is the bond angle for the metal-oxygen-hydrogen, and θ0 represents
the equilibrium bond angle.
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ClayFF has been extensively used to model the bulk properties of clays. However, usage of155

ClayFF to model particle edges requires either additional terms to describe their terminal structure
(that are in early development stage) or saturating dangling bonds with hydroxyls, as in the present
work. Since the bonds were saturated, there was no need to correct the ClayFF partial charges
provided for periodic infinite systems. All the structures have a neutral charge in total.

Since each atom interacts with all the other atoms in the system, cost-effective methods for160

computing the pairwise forces are essential. The first choice method for electrostatic interactions
of large-atom systems is the particle-particle particle-mesh (PPPM) method [54], which allows us
to efficiently model interactions, even between relatively distant particles. This method computes
interactions by splitting the pair potential into short-range and long-range parts. The short-range
part is calculated from particle-particle interactions, and the long-range part is calculated from165

particle-mesh methods. The charges are assigned to the grid points using a weighting function. The
Poisson equation is solved for the potential using the fast Fourier transform algorithm. The electric
field is calculated as a gradient of the potential and assigned back to the system. The cutoff radius
for the short-range van der Waals interactions and the short-range part of the Coulomb interactions
is chosen to optimize accuracy as well as computational costs. Both cuts off are chosen to be 14170

Å. The Coulombic cutoff of 14 Å means explicit consideration of pairwise interactions within this
distance, otherwise interactions are considered in reciprocal space.

The final structures depend not only on the interactions themselves but also on the simula-
tion parameters defined at the beginning of molecular dynamics simulation. We tested different
PPPM accuracies, 10−4, 10−5, and 10−6, in order to compare the structural characteristics to the175

macroscopic particles observed in SEM images. We tested oscillation damping coefficients of 1.0
and 2.0 during the molecular dynamics simulations to avoid significant oscillations of atoms in the
structures.

We first performed an energy-minimization procedure on the cold structures with T = 0 K. This
technique helps to remove excessive strain in structures and avoid overlapping atoms. The energy180

was minimized using the steepest descent algorithm [55]. After this procedure, we obtained the
well-defined structures that corresponded to minimums on the potential energy surface. Then, we
used these optimized structures as starting points for the molecular dynamics simulations. After
energy minimization, we performed molecular dynamics simulations in a NVT ensemble until the
fluctuations in the total energy subsided [56]. The time step was set to 1 fs, and the motion of185

atoms was integrated using a Verlet leapfrog algorithm [57]. Three-dimensional periodic boundary
conditions were employed. We subjected the system to a thermal pulse from T = 0 to T = 100,
since T = 100 is still low and will not cause significant movement of the atoms. Slowly we increased
the temperature of the optimized systems from 100 K to the desired temperature of 300 K before
beginning an equilibration stage at 300 K. This helped us avoid giving a ‘thermal shock’ to the190

system and allowed stable thermal equilibration. For each system, different lengths of simulation
were considered, depending on the total energy fluctuations. The simulations were stopped when
the energy drift became negligibly small. During the molecular dynamics simulation, the dynamic
trajectory was recorded, and the total energy of kaolinite structures was obtained.

3. RESULTS AND DISCUSSION195

3.1 Kaolinite Finite Building Block. The results from the molecular dynamics simulation
of a single-layered structure showed too much curvature and could not be models of a platy-
shaped Building Block particle. These results are supported by experimental and computational
findings [58, 59]. Separated kaolinite sheets are known to curl and form nanoscrolls in order
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to compensate the structural mismatch between their tetrahedral and octahedral layers [60, 61]:200

according to crystallographic data, the octahedral layer is slightly shorter than the tetrahedral.
Also, the absence of interlayer hydrogen bonds also favors curling in the case of a single-layered
structure. We found that a PPPM convergence parameter of 10−4 was too coarse, and 10−6 was
too computationally expensive. An oscillation coefficient of k = 2 gave a more stable platy-shape
structure, without too many corner and edge effects, than undamped simulations and simulations205

with a coefficient of k = 1. The equilibrated structures of 2 nm and 5 nm showed morphologies
different from the structures observed in the SEM images, which were flat and had a hexagonal
shape. Therefore, they could not be Building Blocks for our study.

The results of simulations of single-, two-, and four-layered structures are shown in Figure
4. During the molecular dynamics simulation, the single-layered structure transformed into a210

scroll, which was expected due to the separate kaolinite layer. The equilibrated structures of
two and four sheets were both stable, consistent, and showed a resemblance to macroscopic platy
structures. We chose the two-layered structure as a minimal stable Building Block, as it requires
fewer computational resources. We considered the four-layered structure as a particular case of a
two-layered structure.215

Figure 4: Building Block candidates.

The total energy value is used to prove that the structure reached equilibrium, i.e., there is
no systematic drift in the total energy value. The normalized energy per atom can be used to
compare different configurations. Absolute and normalized total energy graphs of the two-layered
structure with a diameter of 10 nm, the chosen simulation parameters, an accuracy of 10−5, and
an oscillation coefficient of d = 2, are shown in Figure 5.220
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Figure 5: Energy graphs of two-layered structure during a molecular dynamics simulation: A) structural evolution
from 1) the initial structure, 2) the structure after reaching T = 300 K, and 3) the final equilibrated structure; and
B) normalized total energy graphs, where E is the total energy, Eeq is the total energy of the equilibrated structure,
and N is the number of atoms in the structure.

3.2 Kaolinite Particle Associations. Accurate calculations of the particle-particle interac-
tions are crucial for predicting the possible particle associations and formations of large clusters.
Modeling the kaolinite clusters at scales ranging from individual particles to aggregates, and then
to a complex network, is essential in understanding clay behavior. To the best of our knowledge,
the clustering of kaolinite particles with complex surface chemistry has not been studied at the225

atomic level. When two particles come close to each other, their interaction is controlled, as in the
case of a single kaolinite particle, by long-range Coulombic and van der Waals forces [62, 43, 31],
which are accounted for in this work at the atomic level. Our molecular dynamics simulations
considered the detailed structure of kaolinite particles as well as motion at the level of individual
atoms, and therefore, provide unique information about the formation of structural associations.230

Due to the anisotropic structure of the sheets, the balance between forces occurring between the
kaolinite surfaces can form different types of particle associations [62, 63]. Therefore, we assume
various initial positions of particles that could spontaneously occur and model the corresponding
particle associations.

Four initial configurations, Face-Face, Edge-shifted Edge, Face-Edge (angular) and a more235

complex Face-Face-Edge, are considered in this study and shown in the Figure 6.
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Figure 6: Initial configurations of finite particles.

3.2.1 Face-to-Face initial configuration. Aggregate with an overlapping area. The initial and
final configurations of two two-layered structures, with diameters of 10 nm and normalized total
energy evolution, are shown in Figure 7. Two particles tend to aggregate, forming a shifted Face-
Face aggregate with an overlapping area, as shown in Figure 7. This association is confirmed by240

numerous SEM images, which include high-density kaolinite fabric.

Figure 7: Aggregation of two two-layered structures from the initial configuration to the final equilibrated structure
with A) top view, B) side view, and the evolution of the normalized total energy on the equilibration stage at
T = 300 K.

The total energies of the four-layered structure and the Face-Face aggregated structure are
compared in Figure 8. The graphs show the same shape and gradual decrease of the total energy.
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Figure 8: Comparison between the total energies of the four-layered structure and the shifted Face-Face aggregated
structure.

3.2.2 Edge-to-Edge initial configuration. Two particle associations, angled Corner-Corner and
Edge-Edge, formed from the initial Edge-shifted Edge configuration, as shown in Figure 9. The245

total energy of the first configuration was higher than that of the second one, leading us to conclude
that the second association was more stable than the first one. We assume that the Corner-Corner
association was an intermediate metastable, and expect that it would transform into an angular
Edge-Edge association if the simulation time was extended.

Figure 9: Evolution of the Edge-shifted Edge initial configuration to A) Corner-Corner and angular Edge-Edge
equilibrated configurations, and B) a comparison of the total energies of the obtained configurations.

3.2.4 Face-Edge (angular) arrangement. The critical angle for aggregation. Two-layered struc-250

tures could form an angular configuration or a shifted Face-Face aggregate, depending on the
initial angle at which the structures were placed. At 90◦ and 60◦ initial angles, the final structure
had an angular arrangement. However, when the angle was changed to 45◦, we obtained a shifted
Face-Face aggregate. Therefore, we conclude that if an initial angle between interacting particles
is less than 45◦, then the structures will form aggregates. In the range of 45◦ and 60◦, there is a255
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critical angle of aggregation; when the angle is larger than 60◦, we obtain an angular arrangement.
Different particle arrangements of 10 nm in diameter are shown in Figure 10.

Figure 10: Initial angular particle arrangements and the final configurations.

3.2.3. Face-Face-Edge configuration. The three-particle association. The Face-Face-Edge initial
configuration is an example of a more complex network. The simulation shows that the Face-Face-
Edge initial structure is transformed reasonably fast into a shifted Face-Face-Face structure, similar260

to the booklet kaolinite structure observed in SEM images [27].

Figure 11: Formation of a booklet structure.

A schematic of the initial configurations forming into aggregates and angular structures is
presented in Figure 12.
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Figure 12: Formation of different types of particle associations from the Face-Face-Edge initial configuration.

These associations are widely observed in literature [62]. The Face-Face aggregations typically
form a high-density fabric, and the Edge-Face associations form loosely packed fabric.265

4. MACROSCOPIC PROPERTIES

4.1 Density of the Packing. The packing defines the macroscopic properties of a particle
association. We calculated the density of packing as a macroscopic characteristic of packing. We
defined this as a mass contour contained in the smallest cuboid that comprises an associated
particle. In order to calculate this characteristic, we needed to define the smallest cuboid that270

encloses a structure and calculate its volume. The most precise algorithm for the 3D minimization
problem, published by O’Rourke in 1985 [64], requires O(N3

V ) operations. O’Rourke’s algorithm
is too slow to be used in practice and is known to be very hard to implement [65, 66, 67].

In this work, we used the Korsawe minimal oriented bounding box (OBB) algorithm [68] for
finding the smallest cuboid. This method searches for a bounding box, where one side of the box275

coincides with the face of the convex hull and incorporates a search through each edge that is
parallel to the edge of the box. The minimal box with right angles around a defined set of points
in 3D is computed quickly for all considered structures.

We calculated the density of the packing using the following formulas:

m =
ma

NA

(8)

where m is the atomic mass in g/atom, ma is the atomic mass in g/mol, and NA is the Avagadro280

constant, (atom/mol);

Melement = Natoms ·m (9)

where Melement is the total atomic mass of the element, (g), and Natoms is the number of atoms of
the same element in the structure;
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M =
∑

Melement (10)

where M is the total mass of elements in the structure; and

ρ =
M

V
(11)

where ρ is the density of the packing, (g/cm3), and V is the volume of the minimal OBB, (cm3).285

The relative densities of the packing for all final structure configurations fitted to the smallest
cuboid are shown in Table 1, from the densest configuration to the most loosely packed structure.

Table 1: Density of packing for different particle associations.

Four-Layered Two-Layered
Shifted

Face-Face
Face-Face-

Face
Angular

Edge-Edge

Relative
Density

1 0.78 0.78 0.65 0.33

OBB,
cm3,×10−19

3.97 2.56 5.08 9.14 11.91

Top View

Side View

The densest structures, as expected, were the layered structures. The relative density of the
shifted Face-Face packing showed the same relative density as the two-layered structure. The two-
layered structure showed some curvature due to the anisotropic nature of the kaolinite layer, which290

led to an increased OBB and, hence, decreased relative density. The Face-Face-Face association
showed even lower density, and the angular Edge-Edge association had three times lower density
than the densest, four-layered structure.

5. CONCLUSIONS

We developed a new procedure for obtaining, at the atomic level, finite kaolinite particles of295

hexagonal shape with complex chemistry. We described in detail the methodology and parameters
required for the molecular dynamics simulations. The finite kaolinite particle, 10 nm in diameter
with pronounced edges and a platy hexagonal shape, was chosen as a minimum fundamental
Building Block. We built associations using different particle preconditions. The larger particle
associations were built by random placements of Building Blocks. We obtained shifted Face-Face,300

angular Edge-Edge, Corner-Corner, and shifted Face-Face-Face booklet associations. For the first
time, we obtained all possible particle associations previously described in the literature using
an atomic method. The critical initial angle for forming the aggregates was provided for the
arrangements as 45◦, 60◦, and 90◦ angles. If the initial angle between interacting particles was less
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than 45◦, the particles formed aggregates. In the range of 45◦ and 60◦, there was a critical angle305

of aggregation. When the angle was larger than 60◦, the particles formed an angular arrangement.
We evaluated the relative densities of the kaolinite arrangements with dense and loose packings

as a function of structure. We used the Korsawe minimal oriented bounding box (OBB) algorithm
to find the smallest volume cuboid containing a particle. The densest structures, as expected, were
the four- and two-layered structures. The relative density of the shifted Face-Face packing was310

about the same as that of the two-layered structure. The Face-Face-Face association showed lower
density, and the angular Edge-Edge association had three times lower density than the densest,
four-layered structure.

Particle associations define the density of the packings and, therefore, their mechanical proper-
ties. In the future, we plan to investigate the influence of particle arrangements on the mechanical315

properties of the different packings. Our results could be useful in various applications, includ-
ing quantifying the interactions of the obtained structures with solar device surfaces and their
nanocoatings, simulation of the cementation process of clays on surfaces, and understanding the
breaking mechanism of complex particle aggregates when in contact with a surface. The results of
this study will help better understand the life cycle of dust particles, their size distribution, and320

health effects, as well as better quantify their impact on renewable solar energy devices. This work
provides a theoretical and modeling basis for further studies of other macroscopic properties, such
as associations among particles and with surfaces of solar devices.
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R. Théron, Soiling Loss Rate Measurements of Photovoltaic Modules in a Hot and Humid335

Desert Environment, Journal of Solar Energy Engineering 143 (3) (2021) 031005.
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