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ABSTRACT

Hinckley index (Hi) can be used to characterize the crystallinity of kaolinite.
Stacking order—disorder in kaolinite can considerably affect its crystallinity. However, the
correlation between Hi and stacking order—disorder in kaolinite has not been reported thus
far. Herein, the correlation between stacking order—disorder in kaolinite and Hi was
investigated via experiments, molecular simulation, and structure refinement. First, we
experimentally discovered that the stacking order—disorder in kaolinite changed the
relative position between two adjacent structural layers, majorly affecting interlayer
forces. When the kaolinite layers are orderly stacked, the interlayer force is higher and the

stacking lattice energy is lower. The lattice energy of kaolinite in different stacking states
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was simulated and analyzed using first-principles calculation. It was determined that the
kaolinite layers are orderly stacked when two kaolinite layers have zero shift and
disorderly stacked otherwise. Finally, through structural refinements, we proposed a new
crystallinity index based on stacking order—disorder in kaolinite (crystallinity index based
on stacking, CIS). CIS was well fitted to Hi (R?> = 0.986), proving that kaolinite
crystallinity, characterized by Hi, is essentially the ratio of orderly stacking to total
stacking (the sum of ordered and disordered stacks). Furthermore, measuring Hi is
difficult when kaolinite crystallinity is poor; however, CIS can be used alternatively. This
study of the crystallinity of kaolinite will have important significance for its industrial
application.

Keywords: kaolinite, stacking, order—disorder, structure refinement, crystallinity
index, first-principles calculation

INTRODUCTION

Kaolinite 1s widely used in ceramics (Hammas et al. 2020), paper-making (Guo et al.
2020), rubber (Qin et al. 2021), petrochemicals (Liu et al. 2020), coatings (Zhang et al.
2021b), and refractory materials (Indahwati et al. 2020) owing to its excellent physical and
chemical properties (Ahmad 2020; Gu et al. 2020; Whittaker 1939; Wigckowski and
Wiewiora 1976). The crystallinity of kaolinite can reflect its physical and chemical
properties, such as whiteness (mainly Fe content; Ahmadson et al. 1954), hardness
(Fernandez et al. 2011), viscosity (Zhou and Ling 1991), particle size (Zadvernyuk et al.
2021), and chemical stability (Liu et al. 2021). Therefore, the crystallinity of kaolinite is
often used to characterize its performance in industrial applications. However, although the

world’s kaolinite reserves are rich, the crystallinity of kaolinite from diverse origins varies
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considerably (Cheng et al. 2018). Therefore, the selection of kaolinite considerably impacts
the performance of products. Although kaolinite can be modified by heat, acid, and ball
milling to adjust its crystallinity (Murray and Lyons 1960), there is no theoretical guidance
for this conclusion. Therefore, to efficiently utilize kaolinite resources, it is necessary to
study their crystallinity.

The crystallinity of kaolinite is mainly related to the stacking order—disorder.
Kaolinite (Als[S14010](OH)sg) (Pauling 1930) is a typical 1:1 dioctahedral layered silicate
mineral stacked in layers along the c-axis and comprising SiO4 tetrahedral sheets and AlO¢

octahedral sheets (a = 5.1577 A, b=8.9417 A, ¢ =7.3967 A, o = 91.672°, B = 104.860°,

and y = 89.898°) (El-Sayed et al. 1990). Kaolinite is very fine grained, so powder X-ray

diffraction (XRD) is the most practical and convenient method for characterizing its crystal
structure (Kogure 2011). Many kaolinite crystallinity indexes determined by XRD have
been reported, including Hi (Hinckley 1963), Range and Weiss (Range and Weiss 1969),
Liétard (Liétard 1977), Stoch (Stoch 1974), Hughes and Brown (Hughes and Brown 2010),
Amig6 (Amigd et al. 1994), Aparicio-Galan-Ferrell (Aparicio et al. 2006), and “expert
system” (Plancon and Zacharie 1990). Hi is the most widely used index (Bergaya and
Lagaly 2013), and it is calculated based on the intensity ratio of (110) and (111) XRD peaks
of kaolinite (Figure 1). The higher the Hi value, the more ordered the kaolinite and the
higher its crystallinity. Kaolinite with different crystallinities have different characteristics
of XRD peaks, which are mainly reflected in the intensity changes of (110) and (111) peaks
in the range of 19°-33° (26) and the morphological changes of diffraction peaks in the
range of 34°—40°. The higher the kaolinite crystallinity, the more diffraction peaks will
show up in the range of 19°-33° and 34°-40° and the peaks will be sharper and well
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resolved (Noble 1971). Among them, diffraction peaks (110) and (111) are particularly
sensitive to kaolinite crystallinity. Therefore, Hinckley (1963) proposed Hi to characterize
the crystallinity of kaolinite.

Many studies have reported disordered stacking in kaolinite due to the relative shift
between adjacent layers. This stacking behavior affords different polytypes of kaolinite.
When the kaolinite layers are precisely stacked along the c-axis (zero shift), the O and OH
groups of adjacent layers can be closely bonded to form hydrogen bonds. When the layers
of kaolinite are translated or rotated relative to each other, O—OH pairs similar to zero shift
can be generated (Bailey and Banfield 1995; Banfield et al. 1995; Barrios et al. 1977;
Bookin et al. 1989; Brindley and Robinson 1946), wherein the polytype with a relatively

stable structure is formed. Accordingly, previous studies proposed the following three

stacking fault models for kaolinite: (1) stacking disorder due to displacements by p3/3 »
is an integer) (Brindley 1980; Brindley and Robinson 1946; Giese 1982; Robert and
Newnham 1961); (2) stacking disorder due to octahedral vacancy displacement (Plangon
and Tchoubar 1977); (3) stacking disorder due to +120° rotations (Murray 1954). They
derived the computed XRD patterns from the stacking fault model to verify its validity.
However, these stacking models do not accurately generate the calculated diffraction
patterns that match the observed ones, where the £120° model has been confirmed to be
unrealistic (Artioli et al. 1995; Bookin et al. 1989).

Previous studies have proved that Hi is related to stacking order—disorder in kaolinite
through infrared (Balan et al. 2005) and thermogravimetric—differential scanning
calorimetry (TG-DCS) (Smykatz-Kloss 1974). However, these studies are mainly

indirectly supported by the stretching vibration of OH groups between kaolinite layers or
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the energy to be overcome by dihydroxylation. There is currently no solid direct evidence
for the relationship between OH groups and stacking order—disorder in kaolinite. Moreover,
there is no agreement on the stacking order—disorder in kaolinite. On the one hand, when

kaolinite is stacked at the zero shift, the hydrogen bonds between adjacent layers are closely

bonded, which should belong to orderly stacking. Alternatively, the p3/3 model has been
reported as a weak stacking disorder in kaolinite (He et al. 2005; Robertson et al. 1954)
and belongs to ordered stacking. A more precise determination of the stacking order—
disorder in kaolinite is required. Therefore, accurately determining the stacking order—
disorder in kaolinite is crucial and the primary focus of this study. The relation between Hi
and the stacking order—disorder in kaolinite has been established herein.

High-quality kaolinite deposits of the world are mainly concentrated in China, the
United States, Britain, Australia, and Brazil (Dewu and Durrance 1993; Murray and Keller
1993; Wilson et al. 2006). This study collected a series of kaolinite exhibiting different
crystallinity from different origins worldwide. We simulated different stacking situations
of kaolinite layers using first-principles calculation (Zhou et al. 2016), and the stacking
order—disorder in kaolinite was defined by the difference in the lattice energy of stacking.
Based on the defined stacking order—disorder in kaolinite, the crystallinity index of
kaolinite was characterized via structural refinement. The new index (CIS) was found to
be strongly correlated with Hi, indicating that Hi may be essentially related to stacking
order—disorder in kaolinite.

Sample and Methods
Experimental and computational details

Herein, we collected six kaolinite samples of different origins and crystallinity from
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China, the United States, and Australia and named them KL1-KL6 (KL for Kaolinite) in
order of increased crystallinity. The samples were provided and purified by China Kaolinite
Co., Ltd and Sinopec Changling Refining and Chemical Company. The samples were dried
at 60°C for 24 h and screened with a 200-mesh sieve to refine the sample particles and
reduce the influence of sample size on the test results.

XRD data of the samples were collected using an X-ray diffractometer (D8 Advance,
Bruker) equipped with a two-stage monochromator and a Cu radiation source (40 kV, 40
mA). As kaolinite is a layered clay mineral, and the conventional positive pressure method
produces the preferred orientation, the scattering method is used in this study to remove
the preferred orientation of the sample. The chemical component of the samples was
characterized using an X-ray fluorescence spectrometer (AXIOS, Panalytical). A
synchronous thermal analyzer was used to analyze the TG—DSC of the samples under the
N> atmosphere, the temperature range was 30°C—1000°C, and the heating rate was
10°C/min. Fourier transform infrared spectrometer (PerkinElmer Spectrum100) was used
to characterize the infrared spectrum of the samples. The mass ratio of KBr to kaolinite

I and 64 scans were

sample was 50:1, the measurement range was 4500-450 cm™
performed. The samples were scanned using an atomic force microscope (AFM) equipped
with a diamond probe at a scanning speed of 0.9 HZ and 256 scanning times.

The program TOPAS 5 (DIFFRAC.TOPAS Bruker version 5) was used for Rietveld
refinement using the fundamental parameters method. The initial structural parameters of
kaolinite were obtained from El-Sayed et al. (1990). The zero error, background, scale,

peak profile, and lattice parameters of the phases were varied to achieve the best fit. The

preferred orientation of (002) correction is based on March (1932). The background was
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fitted by Cheary and Coelho (1992; 1994). Peak profiles were modeled using a Thompson—
Cox—Hastings pseudo-Voigt function described by Young (1993). The kaolinite layers’
stacking model was constructed using the “stacking faults” model in TOPAS 5. The refined
kaolinite cell was used as the initial model, with the number of structure layers set to 22.
Because the kaolinite structure layer is a rigid body that shifts freely in x, y, and z directions,
the occupation of Si» was counted to represent the shift of the structural layer.

The lattice energies of different stackings were calculated with first-principles
calculation in the Perdew—Burke-Ernzerhof (PBE)-type gradient generalized
approximation (Perdew et al. 1996) using the projector augmented-wave method (Blochl
1994) integrated into the Vienna ab initio simulation package (VASP) package (Kresse and
Furthmiiller 1996; Kresse and Joubert 1999). A series of stacking configurations with
different relative shift vectors were set between two adjacent structure layers based on a 2
x 1 x 2 supercell of kaolinite along a, b, and ¢ directions. The cutoff energy was 520 eV
and the k-space was sampled with a mesh of 3 x 3 x 3 by the Monkhorst—Pack method.
Hinckley index (Hi)

Peaks (110) and (111) were selected as references to measure the heights (A and B)
of diffraction peaks and the distance (B:) from the peak of (110) to the dorsal bottom line
(Figure 1). Hi is the ratio of the sum of A and B to By, with the following formula (Hinckley
1963).

A+B

t

Hi= (1)

Relative size estimation of p3/3 stacking defect

pZ/3 can be estimated by the ratio of (020) to (111) diffraction peak intensity in the
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XRD pattern (Bailey 1985).

pB/3=IL2f’ (2)

L
Infrared crystallinity index (OI)

Kaolinite has two types of OH groups, inner surface OH groups and inner OH group,
which are located at 3695, 3668, 3652 cm™!, and 3620 cm™' in the infrared absorption
spectrum of kaolinite, respectively. Because the OH absorption band of the infrared
spectrum of kaolinite in the high-frequency region is susceptible to the 1:1 stacking fault
(Balan et al. 2005), the ratio of the intensity of two absorption bands, 3695 cm™! and 3620
cm™!, is often used to characterize the infrared crystallinity index of kaolinite-OI (Yang
1988).

OI= L 3)

Ho
where H; represents the intensity of the absorption band 3704-3698 c¢cm™! (A1-OH
stretching vibration band on the surface), and H» represents the intensity of the absorption
peak 3628-3620 cm™! (A1-OH stretching vibration band inside the octahedron).
RESULTS AND DISCUSSION

Crystal structure

Figure 2a shows the XRD patterns of kaolinite. The diffraction peaks of kaolinite are
consistent with those in the Standard PDF card, indicating that kaolinite exhibits a pure
phase. Figure 2b shows the XRD pattern of the diffraction zone (26 = 19°-33°) of kaolinite
(027) and (11/). The Hi values of KL1-KL6 calculated according to Equation (1) are shown
in Figure 2b. With an increase in the Hi value, the number of diffraction peaks of kaolinite

increases and the peaks split well. In the XRD pattern of KL1, which has the lowest
8
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crystallinity in the sample, triple peaks { (020), (110) and (111) } in the 19°-22° range are
replaced by double peaks and the (111) reflection peaks are blurred. KL2—-KL6 exhibit high
crystallinity relative to KL1. More diffraction peaks and higher diffraction intensity are
observed in the 19°-33° range. The reflection peak of (02/) and (11/) crystal band obviously
splits as well as the reflection peaks of (111).

Table 1 lists the chemical components of kaolinite. The contents of SiO2 and Al>Os,
the main chemical component of kaolinite from different origins, are close to their
theoretical values. Furthermore, the presence of only a small number of impurity elements,
such as Fe, Ti, Ca, Mg, Na, and K, proved that kaolinite is almost pure.

Relation between stacking and Hi

The main interlayer force of kaolinite is hydrogen bonds (Yuan et al. 2013), and the
relative translation of kaolinite layers can change the stacking state of the layers.
Consequently, the relative positions of Si—-O and Al-OH bonds between adjacent layers
differ, the length and angle of the hydrogen bond change accordingly, and the vibrational
properties of the OH groups on the inner surface change accordingly. Therefore, the
infrared absorption spectrum of kaolinite can reflect its crystallinity to a certain extent.

Figure 3a shows the infrared absorption spectrum of kaolinite, and the low-frequency

region of kaolinite is shown in Figure 3b. The absorption bands 1115, 1032, and 1001 ¢cm™

corresponded to the Si—O groups. The 913 cm™!

absorption band was attributed to the
vibrational absorption of AI-OH in the octahedral sheet. The absorption bands located at
794 cm ™! and 754 cm™! were assigned to the stretching vibration of AI-O-Si. The 696 cm™

absorption band is due to the stretching vibration of AI-OH. There are two strong

absorption bands in the range of 550-450 ¢cm™!, in which 537 cm™! was mainly attributed
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to the stretching vibration of Si—~O-Al, while 465 cm™! was attributed to the stretching
vibration of Si—O. Four OH absorption bands exist in the high-frequency region of 3600—
3700, 3695, 3668, 3652 (inner surface OH groups), and 3620 cm™! (inner OH group). As
the crystallinity of kaolinite decreases, the internal structure arrangement becomes irregular,
and the symmetry decreases. In the infrared absorption spectrum, the absorption band is
widened, and the absorption intensity of the spectral band is reduced (Cruz-Cumplido et al.
1982). Figure 3¢ shows that the intensities of the 3668 ¢cm™' and 3652 cm™! absorption
bands of KL1 are extremely low, and the absorption bands are widened, indicating its
disordered crystallization. As the crystallinity of kaolinite increases, the peak patterns of
3695 cm™! and 3620 cm™! absorption bands gradually become sharp. The larger the ratio,
the higher the crystallinity. The fitting of the OI index from the ratio of the intensity of two
absorption bands and Hi (Figure 3d) shows that the OI index is positively correlated with
Hi, indicating that the OH absorption band between kaolinite layers can reflect the
crystallinity of kaolinite to a certain extent.

Additionally, kaolinite can be dehydroxylated into metakaolinite under heat treatment,
and its dehydroxylation temperature increases as kaolinite crystallinity increases
(Smykatz-Kloss 1974). Figure 4a—f shows the TG-DSC analysis of kaolinite. The
endothermic valley at about 176°C can be observed in Figure 4, and its TG curve also
shows a weight decrease at this temperature due to the loss of adsorption water of kaolinite.
Between 400°C and 700°C, a sharp decline can be observed in the TG curve of kaolinite,
and there is a strong endothermic valley between 505°C and 530°C. This is due to the
gradual removal of interlayer crystalline water of kaolinite, and the layered structure of

kaolinite was gradually destroyed and transformed into amorphous metakaolinite.
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Smykatz-Kloss (1974) highlighted that the dehydroxylation temperature of kaolinite was
related to its crystallinity: the higher the crystallinity, the higher the dehydroxylation
temperature. It is generally believed that when Hi > 1, kaolinite crystallizes well, and the
dehydroxylation temperature of kaolinite exceeds 525°C. When Hi < 1, kaolinite
crystallizes poorly, and the dehydroxylation temperature of kaolinite decreases to about
500°C (Figure 5a). In essence, different stacking states will lead to the change of hydrogen
bond strength, which will lead to the different heat absorption energy of dehydroxylation,
so the dehydroxylation temperature of kaolinite will change with Hi.

The analysis of infrared and TG—DSC of kaolinite can indirectly indicate that Hi may
be related to the stacking order—disorder in kaolinite. However, the interlayer forces of
kaolinite are derived from hydrogen bonds between tetrahedral sheets and adjacent
octahedra sheets and include van der Waals forces and electrostatic forces. Thus, the OI
index mainly reflects the vibration state of the OH group. At the same time, kaolinite
dehydroxylation mainly overcomes the interlayer hydrogen bond energy and the covalent
bond energy between Al-OH, both of which are difficult to reflect the genuine relation
between interlayer force and crystallinity. Therefore, although the experimental results of
infrared and TG—DSC have a specific correlation with Hi, it can be indirectly proven that
Hi may be related to the stacking order—disorder in kaolinite, but there is no more direct
evidence.

Therefore, to obtain more direct evidence, we used AFM to count the average
thickness of kaolinite and fit it to Hi. Figure 5b shows the correlation between the stacking
thickness of kaolinite and Hi. The Hi value positively correlates with the stacking thickness

and is highly fitted (R? = 0.902). The average stacking thickness of kaolinite increased
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from 22 to 76 nm as the Hi value increased. When kaolinite crystallinity is poor, the
stacking is relatively disordered, and the lattice energy of layer stacking is high, which
leads to the thin thickness of layer stacking. With the stronger crystallinity of kaolinite,
stacking becomes orderly, and the lattice energy of layer stacking decreases so that the
stacking of kaolinite is easier to grow thick (De and Navrotsky 1999; Zhang et al. 2021a).

In conclusion, the stacking order—disorder in kaolinite will directly affect its lattice
energy. When the stacking of kaolinite is orderly, the lattice energy decreases, the crystal
thickness increases, and the Hi value increases. Therefore, it can be inferred that Hi is
directly affected by the stacking order—disorder in kaolinite.
Determination of stacking order—disorder in kaolinite

To determine the stacking order—disorder of the kaolinite layer, a series of kaolinite
supercell structures with different stacking states were constructed by relative translation
of two adjacent layers, and the lattice energy was calculated using first-principles
simulation. Kaolinite is a typical 1:1 clay mineral, in which layers are held together by
hydrogen bonds either than dispersive interaction. It has been found that the inclusion of
dispersive interaction can improve the prediction of unit cell volumes and cell parameters
(Tunega et al. 2012). However, the improvement is not so significant like talc and
pyrophyllite, in which dispersion force is very important. Meanwhile, the dispersive
interaction corrections lead to a significant underestimation of the length of the vector ¢ of
kaolinite, the deviations are even more than the overestimation of the length of the vector
c in the standard PBE method. As cell parameter c is one of the most important indices for
kaolinite, so it is hard to say the dispersive interaction corrections can bring positive profit.

The calculations including dispersive interactions based on PBE-D2 (Grimme 2006) and
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vdW-TS (Tkatchenko and Scheffler 2009) approaches have been tested for several
configurations. The results show that the lattice energies change a lot compared to that
performed based on the standard PBE method with no dispersive interactions, but the
lowest configuration is not changed. Furthermore, the DFT calculations are only a very
small part of this study, which aims to determine the ordered shift type. Usually, vibrational
and configurational entropy corrections should not be ignored under finite temperatures
although they are occupied only a very small percentage of free energy. But this study is
not a detailed thermodynamical computational study, so the lack of vibrational and
configurational entropy corrections does not affect the main viewpoints of this study.
Because DFT calculations with standard PBE functional also can provide relatively good
accuracy for hydrogen bonds (Tunega et al. 2012), and also considering the computational
cost, all the calculations in this study used this scheme without dispersive interactions,
vibrational and configurational entropy corrections.

Figure 6a shows several characteristic stacking states of kaolinite. The position of the

initial layer is fixed. (O shows the second layer translates nd along d relative to the initial
layer or does not translate, where n is an integer (Figure 6a). Conversely, @ indicates the
second layer translates ?b relative to the initial layer along the direction of 30/150° with

respect to b (Figure 6a). In these two stacking states, the projections of two adjacent layers
in the ¢ direction coincide (Figure 6b), which are equivalent structures and are denoted as
zero shift. In Figure 6a, @ and ) are stacking translations along b at pz/3 (Figure 6c,

Table 1), respectively. We constructed an approximate potential energy surface of kaolinite

in plane a—b (the surface parallel to (001)) from the lattice energy of the different stacking
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states of kaolinite (Figure 7). Si2 (*) in the initial layer is set as the origin, and the second
layer is translated relative to the origin. The coordinates in Figure 7 show the occupying
position in Si2 in the second layer. It can be observed from Figure 7 that zero shift stacking
has the lowest energy, and the occupying position can form a hexagonal lattice, which

according to the crystal structure characteristics of kaolinite, should be identified as ordered
stacking. The p3/3 stacking defect has the second lowest energy. However, the amount of

p3/3 stacking defect gradually increases with decreased Hi value (Table 1), so it should be
identified as disordered stacking. The lattice energy of other stacking states is higher than
that of these two stacking states, so they all belong to disordered stacking.
Analysis of the CIS

To relate Hi to the stacking order—disorder in kaolinite, we propose a crystallinity
index based on the stacking (CIS) order—disorder in kaolinite. Mathematical fitting of CIS
and Hi can reflect the relation between Hi and the stacking order—disorder in kaolinite.
Kiibler (1967) defined crystallinity as the degree of order in a crystalline substance lattice.
From the perspective of stacking order—disorder, kaolinite crystallinity should be the
proportion of the ordered stacking number in the total stacking number. Therefore, we
define zero shift as ordered stacking, and its proportion in the total stacking number
represents the CIS (Equation 4).

i N No “
Ns Ns

where Nos represents the number of ordered stacking, Ns represents the total stacking, and
Noa represents the number of zero shift stacking.
According to the stacking lattice energy obtained by simulation calculation, the

stacking energy of zero shift is the lowest, and the lattice energy is the same when the
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relative position difference is <0.1 A (displacement of the projection of Si2 on two adjacent
layers on a—b plane) with zero shift stacking. Therefore, zero shift stacking (<0.1 A) can
be used as orderly stacking. According to the definition of the CIS, we first need to obtain
parameters of Nos and Ns, which can be obtained from XRD data by structural refinement.
Structure refinement is a method of resolving crystal structure by fitting the XRD patterns
using the least square method (Young et al. 1977). The structure information of kaolinite
stacking can be obtained using a supercell for structural refinement (Cockayne et al. 2021).
Therefore, the structure refinement method can be used to fit a series of XRD data of
kaolinite with different crystallinity by supercell. Subsequently, the stacking state of the
kaolinite layer can be obtained.

When kaolinite crystallizes well, the number of diffraction peaks increases and the
peaks become sharper, narrower, and more symmetrical (Agyei-Tuffour et al. 2014; Chen
et al. 2004; Frost et al. 2002). As kaolinite crystallinity decreases, gentle hump-like peaks
appear, as some diffraction peaks may not be resolved (Li et al. 2019; Sanchez-Soto et al.
2000). Therefore, there is often a significant error in the structure refinement of kaolinite
with low crystallinity (Paz et al. 2018). When the number of layers of the constructed
supercell is large enough, the structure information of kaolinite will be obtained, and the
error of the structure refinement will be reduced. However, with the increase of stacking
layers of supercells, the computation amount of structure refinement also increases
exponentially, and the time cost of structure refinement also increases significantly.
Therefore, the structural refinement method calculated the diffraction pattern of KLL1 (with
the lowest crystallinity), and the changes of CIS values were simulated under the stacking

number of 5-25 layers and repeated three times, respectively, to select the optimal number
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of supercell layers for structural refinement. Figure 8 shows the influence of structural
refinement of different layers of kaolinite supercell on the CIS (average value). When the
number of stacking layers is small, the CIS fluctuates sharply with increased stacking
layers. At this stage, the standard deviation of repeated structure refinement is considerable.
When the number of stacking layers further increases, the fluctuation flattens, and the
standard deviation gradually decreases. It indicates that increasing the number of stacking
layers of the structure refinement can improve the repeatability and stability of the data.
The CIS tends to be balanced until the number of stacking layers is 22. Therefore, we used
kaolinite supercells of 22 stacking layers to refine the structure of KL1-6 to obtain the
structure information of the stacking of kaolinite layers.
CIS

Figure 9a—f shows the projection of the layer translation of kaolinite on a—b plane.
We counted the projection of Si2 in each layer on a—b plane, representing the translation
of each layer on a—b plane. Furthermore, 1-22 represents the number of stacking layers,
the first layer is the initial layer, and the remaining 21 layers are translated freely within
the range of supercell. When the kaolinite crystallinity is low (Figure 9a—b), the number of
characteristic translations is small, and most of them are irregular translations, indicating
that the stacking is very disordered. When the crystallinity gradually increased (Figure 9c—

e), the number of O and @ type translations (Figure 6a) gradually increased, and the

number of ordered stacking in the supercell gradually increased. When the crystallinity is
further increased (Figure 9f), the translation of layer in supercell is mostly of type O

(Figure 6a), and the number of ordered stacking increases further.

According to the stacking state of kaolinite in Figure 9a—f, we counted its CIS, fitted
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it against Hi, and found that the fitting was excellent, with an R? as high as 0.979. The CIS
and Hi correlate well in mathematics, indicating that their physical meanings are similar.
Therefore, Hi can be used to reflect the degree of ordering in kaolinite stacking. We
repeated the CIS six times to verify its repeatability of CIS and averaged the repeated
structural refinement data in 2—6 groups (Figure 10a). The CIS and Hi’s fitting reached an
R? = 0.986 when the average of four repeated structural refinements was taken (Figure 10b).
However, more repeated structural refinement did not bring considerable improvement.
Therefore, performing at least four repeated structural refinements when using CIS to
characterize kaolinite crystallinity is necessary.
IMPLICATIONS

Characterizing the crystallinity index of kaolinite using Hi is simple and feasible. Thus,
Hi is widely used in the industry to investigate the physical and chemical properties of
kaolinite. Through infrared (Balan et al. 2005) and TG-DSC (Smykatz-Kloss 1974), it can
be inferred that Hi may be related to the stacking order—disorder in kaolinite; however,
there is no direct evidence to prove this thus far. Additionally, there is no agreement on the
classification of the stacking order—disorder in kaolinite.

Herein, the lattice energy of kaolinite with different stacking states was calculated
using first-principles simulation. The lattice energy of ordered stacking was the lowest.
Thus, it is inferred that only the zero shift stacking is ordered, and the rest are disordered
stacking. Utilizing structure refinement, supercells of 22 stacking layers were constructed
to fit the XRD pattern of kaolinite, and the stacking state of kaolinite was simulated. A new
CIS crystallinity index was established by dividing the order—disorder of stacking. The CIS

has good repeatability and fits well with Hi; thus, it can supplement Hi, particularly for
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kaolinite with low crystallinity. Further, direct evidence of the order—disorder correlation
between Hi and the stacking of kaolinite layers is presented for the first time. On this basis,
modifying kaolinite to adjust its crystallinity has theoretical guidance. The industrial
application of kaolinite with different crystallinity due to different origins is no longer
limited. Therefore, this paper is important for efficiently utilizing kaolinite resources.
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LIST OF FIGURE CAPTIONS

FIGURE 1. Illustration of the calculation of Hi. The diffraction pattern is fragment of
KL6 with high crystallinity and clear diffraction peak.

FIGURE 2. X-ray diffraction (XRD) patterns of kaolinite (a), 19°-33° region of the
XRD pattern of kaolinite, which is very sensitive to changes in crystallinity (b).

FIGURE 3. Infrared spectrum of KL1-KL6 (a), low-frequency region of the infrared
spectrum, where the major groups of kaolinite are labeled (b), high-frequency OH region
of the infrared spectrum, which is sensitive to the change of crystallinity of kaolinite (c),
the relation between Hi and OI index (d).

FIGURE 4. TG-DSC analysis of KL1-KL6 (a—f). It is mainly used to characterize
the dehydroxylation temperature of kaolinite, which is affected by the crystallinity of
kaolinite.

FIGURE 5. The relation between Hi and dehydroxylation temperature of samples (the
values were obtained from the DSC) (a) and layer-stacking thickness of samples (the values
were obtained from the AFM) in relation with Hi (b).

FIGURE 6. Characteristic stacking states of kaolinite, the first layer does not move,
and the second layer slides according to the marks in the figure (a), zero shift stacking
marked with D@ (b), pb/3 stacking marked with @®) (c).

FIGURE 7. Potential energy surface of kaolinite under different stacking states. The
more ordered the stacking, the lower the lattice energy. Therefore, ordered stacking can be
obtained by characterizing the lattice energy of stacking.

FIGURE 8. Effect of stacking layers on the CIS to find the optimal number of layers

for structure refinement.
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FIGURE 9. Projection of each kaolinite layer on plane a—b to visualize the
displacement of the layers, KL1-KL6 (a—f), and a fitting plot of CIS against Hi to prove
that Hi 1s mainly affected by the stacking order—disorder in kaolinite (g).

FIGURE 10. Influence of times of structure refinement on the correlation between Hi
and CIS (a), and a linear fitting of CIS (the average of four repeated structural refinements)

against Hi (b).
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TABLES
TABLE 1. Quantitative estimation of chemical component (wt%) and structural defects

of kaolinite

sample number KL1 KL2 KL3 KIL4 KL5 KL6 theoretical values

origin China China China America Australia Australia -
Si02 51.18 53.97 5046 56.81 54.78 51.08 54.09
ALO; 46.39 43.88 47.3 40.55 44.2 48.17 4591
Fe2Os .13 097 0.12 0.82 0.2 0.12 -
TiO; 0.08 0.07 0.09 1.17 0.26 0.21 -
CaO 0.03 0.02 0.09 0.04 0.01 - -
MgO 0.06 0.05 0.04 0.05 0.05 0.05 -
NaxO 0.05 0.02 - 0.13 0.04 - -
K:0 0.37 0.69 0.1 0.2 0.35 0.29 -
Hi 0.04 051 076 0.83 1.11 1.17 -
pl_))/3 1.33 123 096 0.82 0.81 0.68 -

#*The theoretical value of the chemical component of kaolinite is calculated by its molecular
formula. The structural water content in the theoretical value is removed to better compare

with the experimental characterization data of kaolinite.
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FIGURE 1. llustration of the calculation of Hi. The diffraction pattern is fragment

of KL6 with high crystallinity and clear diffraction peaks.
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FIGURE 2. X-ray diffraction (XRD) patterns of kaolinite (a), 19°-33° region of the

XRD pattern of kaolinite, which is very sensitive to changes in crystallinity (b).
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FIGURE 3. Infrared spectrum of KL1-KL6 (a), low-frequency region of the
infrared spectrum, where the major groups of kaolinite are labeled (b), high-frequency
OH region of the infrared spectrum, which is sensitive to the change of crystallinity of

kaolinite (c), the relation between Hi and OI index (d).
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FIGURE 4. TG-DSC analysis of KL1-KL6 (a—f). It is mainly used to characterize
the dehydroxylation temperature of kaolinite, which is affected by the crystallinity of

kaolinite.
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FIGURE 5. The relation between Hi and dehydroxylation temperature of samples
(the values were obtained from the DSC) (a) and layer-stacking thickness of samples (the

values were obtained from the AFM) in relation with Hi (b).

FIGURE 6. Characteristic stacking states of kaolinite, the first layer does not move,

and the second layer slides according to the marks in the figure (a), zero shift stacking

marked with D@ (b), pb/3 stacking marked with @®) (c).
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FIGURE 7. Potential energy surface of kaolinite under different stacking states. The

more ordered the stacking, the lower the lattice energy. Therefore, ordered stacking can

be obtained by characterizing the lattice energy of stacking.
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FIGURE 8. Effect of stacking layers on the CIS to find the optimal number of layers

for structure refinement.
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FIGURE 9. Projection of each kaolinite layer on plane a—b to visualize the
displacement of the layers, KL1-KL6 (a—f), and a fitting plot of CIS against Hi to prove

that Hi is mainly affected by the stacking order—disorder in kaolinite (g).
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FIGURE 10. Influence of times of structure refinement on the correlation between
Hi and CIS (a), and a linear fitting of CIS (the average of four repeated structural

refinements) against Hi (b).
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