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Abstract:

The defected kaolinite is common in sedimentary kaolin, but its
structure and disorder mechanism remains unclear. In this paper, three
different size distributions of kaolinite particles: 0~300 nm, 200~1000
nm, and 500~2000 nm, were separated and classified from high-defect
sedimentary kaolin, collected from Quaternary sedimentary kaolin in
Guangxi Zhuang Autonomous Region of China. The three particle
sizes of kaolinite have been monitored by particle size analyzer, high-
resolution magic-angle spinning NMR (MAS NMR), small and wide-
angle X-ray scattering (SAXS and WAXS), X-ray diffraction (XRD),
BET surface analyzer, nitrogen gas-adsorption, scanning electron
microscopy (SEM), and high-resolution transmission electron
microscopy (HRTEM). The results revealed that the smallest particle
size of kaolinite exhibited high degrees of broken Al-O-Al and Si-O-Si
bonds, more disordered structure, and elevated specific surface area.
The degree of the structural disorder of kaolinite increases as the
particle size decreases, which can be attributed to the more aluminum
substituted for silicon in tetrahedron sheet in the finer kaolinite crystal,

compared to the coarser kaolinite crystals.
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1. Introduction

Kaolinite, Al>Si20s5(OH)s, with the unit cell parameters: a¢p=0.517 nm,
bo=0.898 nm, c¢=0.735 nm, a=91.68°, p=105.12°, y=89.75° (Richard
and Rendtorff, 2019), is a 1:1 layered dioctahedral hydrous
aluminosilicate that generally exhibits structural order and disorder in
nature (Awad et al., 2018; Bish, 1993; Brindley et al., 1986). Silicon
atoms are organized as ditrigonal rings of silicon-oxygen tetrahedra
and form the tetrahedral sheet. In contrast, aluminum atoms are
organized as aluminum-oxygen octahedra in the octahedral sheet that
also contains one-third of empty octahedral voids, which maintains the
electrical balance of the whole structure. Kaolinite is then an
uncharged structure, even if some samples bear a small permanent
negative charge due to the existence of isomorphic substitutions in
either the tetrahedral or octahedral sheet. Numerous authors have
debated the origin of structural disorder in kaolinite. It was supposed
that disorder in kaolinite is caused by substituting cations within the
lattice, such as replacing A1** with Fe** in alumina octahedral sheet or
Si** substituted by AI** in silica tetrahedral sheet (Brindley et al., 1986;

Newman et al., 1994). The second reason for the structural disorder
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was suggested that the translation between adjacent layers, which is
related to the pseudo-mirror plane, coincident with the long diagonal
of the unit cell (Plangon et al., 1989). The third possibility relies on the
existence of interlayer shifts between two adjacent layers. There are
two types of shifts: #; and ¢z, where #; is a shift of (~-a/3) and #; (~-
a/3+b/3). Such alternating ¢; and ¢, shifts were observed by High-
Resolution Transmission Electron Microscopy (HRTEM) by Kogure et
al. (2010) in sedimentary kaolinite from Brasil. These three types of
defects broaden the reflections observed by X-Ray Diffraction (XRD).
They particularly affect the (02/) and (11/) sequences (20-23° 26, using
CuKa), and the (13/) and (20/) sequences (35-40° 20, using CuKa)
(Aparicio, 1999).

The question of the link between kaolinite particle size distribution
(PSD) and the extent of disorder in the structure remains somehow
open. A better understanding of the potential relationships between
disorder and particle size would provide relevant information to better
assess the geological processes that control the composition of
kaolinite formed during weathering and, therefore, yield data about the

geological background at the time of mineralization (Varajao et al.,
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2001).

The particle size of kaolinite platelets is generally < 2 um (equivalent
sphere diameter). Suspensions of kaolinite fine particles display low
viscosity (Rand and Melton, 1977), better rheological behavior (Gupta
et al., 2011; Mpofu et al., 2003), and anti-flocculation performance
(Du et al., 2010). It is worth pointing out that the size of kaolinite
particles used commercially is generally less than 2 um, such as paper
coating kaolin, where 70~90% of the particles used are less than 2 um
(Morsy et al., 2014; Silva et al., 2009). Even finer particles less than 1
pum used for high-performance thermal shock resistance ceramics
(Kobayashi et al., 2000), and 300 nm for high reinforcement of
polymer filler (Zhang et al., 2021a; Zhang et al., 2010). Most
advanced applications of kaolinite derive from its versatility in terms
of particle size, morphology, and microstructure (Jaber et al., 2018;
Liu et al., 2021; Yang et al., 2020; Zhang et al., 2017; Zhang et al.,
2021b). Microstructural features play a significant role in determining
some of the physical and mechanical properties of kaolinite (i.e.,
thermal resistance and deformation indices). Still, until now, little

research has been carried out to investigate the effect of kaolinite PSD
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on microstructure and micromorphology. One of the main reasons is
likely related to the difficulties associated with controlling natural
kaolinite particle size.

Wet sieving and pipette methods are the primary ways to assess the
particle size distribution of clay minerals (Konert and Vandenberghe,
1997; Wen et al., 2002; Yang et al., 2015), but mainly suitable for sizes
ranged from 50 to 2000 pm. For smaller particles and especially for
particles lower than 2 pum, the sedimentation-based pipette method
(SPM) is commonly used. The pipette method defines the particles as
the size of a sphere that settles in the liquid at the same sedimentation
velocity, supported by Stokes’ law (Cheng and Schachman, 1955;
Yang et al., 2015). However, based on Stokes’ law, it will take 180 h to
separate the < 1 um part for a kaolinite suspension with a viscosity less
than 5.7 mpa-s. It is time-consuming for the ultrafine part, and the
results are increasingly unreliable because of the effect of Brownian
motion on the rate of sedimentation (Eshel et al., 2004).

Mechanical grinding, such as ball and planetary milling, was used to
generate ultrafine kaolinite particles (Hamzaoui et al., 2015; Mako et

al., 2001; Suraj et al., 1997). However, elevated grinding times will
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destroy the kaolinite structure. Another option for decreasing particle
size is to perform sonication, however, delamination induced by
ultrasonics increases the (-1/3a+1/3b) translation disorder (Franco et
al., 2004a), and the Hinkley Index (HI) correspondingly decreases
from 1.19 to 0.53 (Franco et al., 2004b). Although grinding and
ultrasonication can yield very fine kaolinite particles, the products bear
numerous non-natural disorder structures. Consequently, such
treatments are not adequate for studying the disordered structure of
natural ultrafine kaolinite.

Bearing this in mind, the objective of the present paper is three-fold: (1)
to separate three classes of kaolinite particles under 2 pum, to yield
“ultrafine” (< 300 nm), “intermediate” (200~1000 nm), and “coarse
particles” (500~2000 nm); (2) to examine the microstructure and
micromorphology of the three particle sizes of kaolinite; (3) to
postulate a mechanism of the structural disorder and verify it through
NMR and XRD experiments.

2. Materials and methods

2.1 Materials

The sample used for this study was a high-defect (“poor-crystallized”)

8
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kaolinite with a Hinckley Index of 0.175, collected from Quaternary
sedimentary kaolin in Guangxi Zhuang Autonomous Region, China.
Before particle size classification, the original kaolin sample consisted
of 82.6% kaolinite, 12.3% quartz, 1.1% anatase, 0.6% rutile, 1.4%
illite, and 2% other minerals (Fig. 1) as derived from Rietveld
refinement of X-Ray Diffractograms.

The chemical composition of the raw kaolin sample was measured by
X-ray Fluorescence (XRF), and the result is summarized in Table 1. It
can be noted that the percentages of the main elements (Al,Os; and
Si02) slightly deviate from the theoretical one predicted by the
structural formula, confirming the relatively low purity of the kaolin
sample inferred from XRD experiments.

2.2 Particle size classification of kaolinite

A series of settlement tests were carried out to obtain particle sizes
under 2 pm. Kaolin (solid content: 20%) was dispersed in water with
1%wt sodium polyacrylate to obtain a slurry (Yang et al., 2020). The
settling velocity v of the kaolinite in the kaolin slurry can be calculated

according to Stokes’ law:

2(p,—
v = 927 (P1=p2) (1)
18u
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2)

18uH
= —_— 3
D \I gt(p1—p2) )

where v is the settling velocity (mh), g is the acceleration due to

H
t

gravity (9.80ms?), D is the equivalent sphere diameter of kaolinite (m),
p1 is the density of kaolinite (kgm?), p» is the density of the liquid, and
u is the viscosity of the slurry system (kgm's'). H is the settling
distance (m), and t is the settling time (h). Based on equation (1), the
particle size of kaolinite is related to the settling time in the same
viscosity system. Six barrels of kaolin slurry were prepared, and the
settling time were fixed at 10 cm/1 h, 10 cm/2 h, 10 cm/3 h, 10 cm/5 h,
10 cm/10 h, and 10 cm/15 h (Fig. S2 Supplementary material).

All supernatants were collected by the siphon method, and part of it
was kept for further analysis.

For size sorting kaolinite, vacuum filtration was performed as follows:
first, a 200 nm membrane was used to filter the < 2 um kaolin slurry.
The filtered solution was referred to as Al. The solids on the
membrane were recovered, mixed with an additional aqueous solution,
and dispersed again by stirring for 30 min. This process was repeated

three times to completely separate the particles from the suspension. A

10



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

450 nm membrane was then used to repeat the same filtering process.
The filtered solution was referred to as A2, while the solids remaining
on the membrane were referred to as A3. These three particle size
fractions, Al, A2, and A3, were finally oven-dried at 105 °C for 24 h.

2.3 Sample characterization

The particle size distribution of kaolinite was evaluated using a laser
particle size analyzer (Mastersizer 2000, Malvern, UK). Prior to
analysis, the sample was sonicated for 5 minutes. Additional
ultrasound was applied for 1 min in the injection cycle, whereas the
total test time was 1~2min.

Small- and Wide-angle X-ray Scattering (SAXS and WAXS)
experiments were performed to determine the microscale structure of
kaolinite platelets. Aqueous suspension samples were sealed in
cylindrical glass capillaries of 1.0 + 0.1 mm diameter (Glas-Technik &
Konstruktion, Germany). SAXS patterns were recorded at the SWING
beamline of the SOLEIL synchrotron (Orsay, France) using fixed
energy of 16keV (A=0.777 A) with two samples-to-detector distances
of 0.5 m and 6 m. Bidimensional patterns were recorded on an Eiger

detector. The radial integration of the scattering patterns yielded the
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evolution of the scattered intensity versus scattering vector g, where ¢

18 :

__4msin®

- (4)

where: A is the X-ray wavelength and 0 is half the scattering angle. In
such conditions, the explored q range extends from 0.0008 Alto 2A.
XRD patterns of unoriented powders were measured using an X-ray
diffractometer (D8 Advance Bruker-AXS, Germany) with CuKa
radiation (A\=1.5405 A). The diffraction patterns were tested over the
range of 2.5-70° (20) with a scan rate of 1°/min.
Brunauer—Emmet-Teller (BET) specific surface areas were deduced
from the nitrogen adsorption isotherm at 77 K using the BET surface
analyzer (Micromeritics ASAP 2460, U.S.A.). Before measurement,
each sample was evacuated under vacuum at 473 K for 2 h. The BET
surface area, total pore volume, average pore diameter, particle size,
pore width distribution, and micropore area are obtained from the
adsorption isotherms. The pore size distribution was acquired from the
desorption branch of the isotherm, supported by Kelvin’s equation
(Kuila and Prasad, 2013).

The morphology of the samples was examined by scanning electron
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microscopy (SEM, Hitachi SU8020, Japan) and high-resolution
transmission electron microscopy (HRTEM, JEOL-2010, 200 kV
Japan). Before TEM examination, the powder samples were dispersed
in ethanol solvent, and a drop of the suspension was deposited onto a
carbon film-coated copper grid to let the kaolinite particles precipitate
homogeneously. Selected-area electron diffraction (SAED) was
recorded with a point resolution of 0.18 nm.

'H, #Si, and *’Al Magic angle spinning (MAS) nuclear magnetic
resonance (NMR) spectra were acquired on a Bruker Advance 500
spectrometer operating at Qi =500.50 MHz ('H) and 99.43 MHz (*°Si)
with a 2.5 mm and 4 mm H-X MAS probe. Chemical shifts were
calibrated by the signal position of adamantane (1.85 ppm) for 'H and
tetramethylsilane (TMS, O ppm) for 2°Si as external standards. The 'H
experiment was examined under 90° pulse with a spinning rate of 14
kHz, with several scans of 512 and 1s of recycling delay. The *Si
experiment was performed under 90° pulse with a 'H decoupling
spinal and was recorded at the same spinning rate. The number of
scans was 10240, and the recycling time was 10s. The decomposition

of the spectra was performed using Dmfit-2020 software. The spectra
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were deconvoluted using mixed Gaussian/Lorentzian line fitting
(Massiot et al., 2002; Quillard et al., 2011).

3. Results and discussion

3.1 Particle size classification of kaolinite by membrane
separation

Filter membrane and vacuum filtration classify the kaolin slurry of < 2
um into three particle size grades. Fig. 2 (A) reveals that such a
classification is effective as three distinct peaks of particle size
distribution can be observed in Al, A2, and A3 curves. Al displays
the smallest particle size, with an equivalent average sphere diameter
of around 300 nm. This value is higher than that of the pores of the
filter membrane used in the separation (200 nm), which can be
assigned to the anisotropic nature of kaolin and/or to the partial
aggregation of primary particles. The same trend is observed in the
A2 sample, where the equivalent diameter of the largest particles
(1000 nm) is higher than the membrane pore size (450 nm). Fig. 2 (B)
displays the cumulative percentage frequency distributions for the
three fractions. A2 particles are distributed in the 200~1000 nm range,

whereas the size distribution for A3 particles ranges between 500 and
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2000 nm.

3.2 Morphology

The reduction in particle size associated with size classification is
clearly illustrated in the scanning electron micrographs (Fig. 3). A2
and A3 particles display a roughly hexagonal shape and significant
size heterogeneity, whereas the smallest size fraction displays more
homogeneous and rounded particles (Fig. 3 (a)). The sub-rounded
platy shape suggests the existence of numerous crystalline defects that
are particularly common in transported kaolinites. Compared with A2
(Fig. 3 (b)) and A3 (Fig. 3 (¢)), the lateral distance between platelets
in Al is lower, and more gaps under 50 nm are visible. The kaolinite
lamellae (Fig. 3 (a)) of Al display a thickness of 50-300 nm and the
stack of layers are linked to each other forming compact face-face
associations after settling. This is in good agreement with Zbik and
Gupta’s observation (Gupta et al., 2011; Zbik et al., 2008).

Fig. S3 (Supplementary material) displays more selected TEM
images of particles belonging to the three classes of kaolinite particles.
In agreement with the SEM observations, the platelet size decreases

from A3 to Al. The images also clearly reveal a turbostratic
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arrangement of stacked crystallites. The selected area electron
diffraction (SAED) pattern shown in Fig. S3 (a) confirms the disorder
structure of kaolinite, and the rings correspond to the (020), (-130), (-
113), (014), (3-11), and (-333) lattice plane.

3.3 XRD

XRD patterns of the raw kaolin sample are in good agreement with the
standard PDF card of JCPDS 78-2110 (Fig. 1) and reveal the presence
of some impurities that should be at least partially eliminated by
sedimentation. Still, as revealed by the XRD patterns of the different
classes (Fig. 4), significant amounts of mineral impurities are still
present in the coarser fraction A3. Fraction A2 still contains small
amounts of quartz, which likely corresponds to very fine particles. In
contrast, the smallest fraction with an average particle size of 300 nm
is completely devoid of any impurities, and the corresponding XRD
pattern only exhibits kaolinite diffraction peaks (Fig. 4). Between 19°
and 22° (20), the reflections (02/), (11/) are weak and broaden with
decreasing particle size. These reflections are very sensitive to the
abundance of translation defects, both random and specific

displacements of type ¢; (~-a/3) and t; (~-a/3+b/3) (Kogure et al.,
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2010), and their weakening and broadening decrease the HI. The Al
sample, therefore, has low crystallinity and is the most disordered
among the three fractions. This may be due to either recrystallization
in low concentration solution or to weathering of large kaolinite
particles. Whereas all patterns display a decrease in the intensities of
all XRD reflections, the (060) peak at 61.5°-63° (20) is less affected
when kaolinite becomes more disordered. As shown by Brindley and
Kurtossy (1961), the Ion/Loso) ratio (/=1 or 2) allows the evaluation of
the primary orientation of the disorder. In the case of sample Al, the
narrowing of the (060) reflection and broadening of the (001) indicate
a increasing dimensions along the b axis and decreasing along the ¢
axis. This means that the finest particles have a higher aspect ratio.

3.4 SAXS and WAXS

Fig. S displays the SAXS and WAXS results obtained by presenting
the evolution of the scattered intensity as a function of the scattering
vector q for the three size-sorted kaolinite samples. On a logarithmic
scale, the SAXS intensity dependence follows a power-law decay. At
high q, the three systems display a power law behavior where I scale

as g3 for the two larger sizes and as q*7 for the smaller size. Such
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behavior is close to Porod’s law which states that the evolution for

sharp interfaces should scale as q*.

The deviation from Porod’s law
can be assigned to the surface roughness of the samples. In that
context, the smallest particles appear to be slightly rougher than the
two other classes. For A1 and A2 particles, a crossover towards a
lower slope around q is observed around 0.03 A for A2 and 0.07 A™!
for Al. This indicates a scattering by slightly aggregated randomly
oriented platelets with a high aspect ratio (Duijneveldt et al., 2005;
Hotton et al., 2021; Pasco et al., 2021), which agrees with the TEM
observations. For the smallest size (Al), the beginning of a Guinier
plateau is observed for q = 1.5 107 A", This suggests that the largest
objects in this class of kaolinites have a size of around 4000 A Q@n/15
103A™") , which concurs with the laser diffraction results (Fig. 2).

In the high g-range from 0.5 to 2 A!, the WAXS profiles provide
information about the crystalline structure. A clear peak at q=0.88 Al
corresponds to a characteristic distance of 7.14 nm is observed. It can
be assigned to the d(001) of kaolinite.

3.5 Adsorption isotherms

Fig. 6 shows the adsorption-desorption isotherms of N> at liquid N»
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344

(77 K) temperature for the three particle sizes. The shapes of the
isotherm provide a qualitative assessment of the porous structure of
the samples. Sample A3 displays an almost reversible Type II nitrogen
isotherm. The isotherm shape indicates that this sample does mainly
contain macropores, with non-existing micropores and few mesopores.
Indeed, the hysteresis is extremely narrow, indicating the presence of a
few large mesopores. The situation changes with decreasing particle
size. Indeed, both Al and A2 powders display significant hysteresis
patterns without any plateau at high P/Po and can then be assigned to
Type IV or Type IIB isotherms (Rouquerol et al., 2013). In such cases,
the sample contains both mesopores accountable for the hysteresis and
macropores, which explain the absence of any plateau at high relative
pressure. The volume uptaken at P/Po near 1.0 indicates the total
porosity of Al and A2 for pore sizes < ~200 nm. As shown in Table 2,
sample Al has the most pores. Besides, it has more micropores than
A2 powder, as shown by a larger adsorbed volume at an extremely low
relative pressure (P/Po < 0.01).

The H3 hysteresis loop (according to IUPAC classification) of A1 and

A2 are examples of Type II(b) isotherm, indicating the presence of
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aggregates of plate-like particles.

3.6 Specific surface area and pore size distribution

The measured specific surface area values for A1 and A2 (40.65 and
27.13 m%/g, respectively) exceed the range of 10~20 m?/g of refined
natural kaolinite reported in the literature (Cases et al., 1986; Gregg
and Packer, 1954). The increase in the specific area of Al and A2 is
mainly due to the decreased particle size of these fractions. For all
samples, the average particle size calculated from Nz-adsorption
(Table 2) is close to the size distribution deduced from laser
diffraction (Fig. 2A and B).

Fig. 7 displays the BJH-HJ Py,SD (partial volume V of each pore
diameter D) obtained from the adsorption isotherm of the three
powders. The parameter dV/d (logD) is used to access the partial
porosity for each pore diameter range (Kuila and Prasad, 2013;
Mintova et al., 2015). For kaolinite powder Al, the distribution is
bimodal, with a major peak between 50~100 nm and a minor but
noticeable peak around 2~3 nm. Compared with Al, A2 displays a
similar pore size distribution, with the main peak located around

70~100 nm and the peak at 2~3 nm with lower intensity than in the
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case of Al.

Combing the results of B.J.H. pore size distribution (Fig. 7) and pore
structure parameters (Table 2), it is clear that sample Al had higher
BET, larger pore volume, and smaller average pore radius than
samples A2 and A3.

This variety of pore structures can be attributed to the presence of
more internal defects in ultrafine nano-kaolinite (Fig. S3).

3.7 Solid-state NMR

Solid-state NMR was used for probing the local environment and
short-range order in size-sorted kaolinites. 'H MAS NMR spectra of
the three particle sizes of kaolinite were obtained at 500.5 MHz (Fig.
8). They can be decomposed into 6 or 7 Gaussian/Lorentzian peaks.
Peak 1 located at ~6.40 ppm, indicates the presence of residual water
in the three kaolinite samples (Zhu et al., 2016). A second peak at
4.3~4.5 ppm can be assigned to physically adsorbed water on the
external kaolinite surface. Both kinds of water will be easily
dehydrated overnight under a vacuum at 100 °C. In the range of
around 2 ppm, two peaks are observed at 2.79~2.65 ppm and at

1.81~1.80 ppm for the three samples of Al, A2 and A3. Peak 3 at
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2.79~2.65 ppm is assigned to inner surface hydroxyls that form a
hydrogen bond with oxygens from the SiOj tetrahedra, whereas peak 4
at 1.80 ppm corresponds to inner hydroxyls, with no linkage with any
chemical groups in agreement with previously reported data (Fafard et
al., 2017; Zhu et al., 2016). The integral areas (S) of peak 3 of A1, A2,
and A3 are 38.48%, 21.31%, and 17.02%, respectively. S3a1> S3a2>
S3as3 indicate that the degree of broken Al-O-Al and Si-O-Si bonds of
particles evolve as Al1> A2> A3. This seems to concur with the
appearance of samples as observed by SEM and TEM. It must be
pointed out that for an ideal Al>Si2Os(OH)4 kaolinite structure (Fafard
et al., 2017), the ratio between the integrated signals of inner surface
hydroxyl protons and inner hydroxyl protons should be 3:1 (Fig. 8 (h)).
The ratios obtained for A1, A2, and A3 are significantly lower (0.97:1,
0.75:1, and 0.63:1, respectively), which may be attributed to the highly
disordered structure and fine particle size of the studied kaolinite. In
addition, these ratios decrease with increasing particle size, which
suggests that the smaller the particles, the higher the number of
hydroxyl groups.

In the range 0~2 ppm, the 'H resonance peak displays two chemical
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shifts (i) peak 5 around 1.3 ppm ( 1.38, 1.35 and 1.32 ppm for Al to
A3, respectively) assigned to (Alvi)2-OH; (i1) peak 6 between 0 and 1
ppm (6 0.85, 0.56 and 0.60 ppm for Al to A3, respectively) assigned
to the singly coordinated hydroxyl of Alvi-OH (Huittinen et al., 2013).
The integral areas of this latter signal for A1, A2, and A3 are 15.5%,
8.68%, and 9.97%, respectively, which proves again that Al has the
most edge hydroxyl groups. For the two large of A2 and A3, an
additional strong, sharp signal exists at 1.01 ppm, which can be
attributed to small isolated SiO> particles bearing hydrogen-bonded
hydroxyl groups (Si-OH-Si1) (Viani et al., 2017).

The #Si NMR spectra between -90~ -92.5 ppm can be decomposed
into three components. A weak one located at about -89 ppm can be
assigned to Q3(1Al) (Cadars et al., 2012; Magi et al., 1984; Thompson,
1984) and corresponds to the presence of one tetrahedral Al connected
to three tetrahedral silicon atoms via bridging oxygen atoms, and to
the octahedral sheet by an apical oxygen atom (see details in Fig. 10).
The relative intensity of this signal increases with diminishing particle
size. Considering that the radius of AIP*(IV) (0.39 A) is larger than

that of Si** (Radii=0.26 10%), the presence of more Al for Si substitution
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in the finest particles could explain at least partially the high degree of
disorder displayed by Al particles. At a slightly lower chemical shift,
all samples exhibit a wide signal that can be decomposed into two
components with almost equal intensities (see Fig. 8 (b), (d), and (f))
that are both ascribed to Q*(0Al). The fact that the signal is split in two
reveals that Si sites in SiO4 tetrahedrons, i.e., are not strictly equivalent,
which agrees with previous studies (Magi et al., 1984; Thompson et al.,
1992). In addition, samples A2 and A3 display additional resonances
at 0 -107.23 ppm and -107.17 ppm that correspond to Qs signals
assigned to the presence of silica impurities.

The ?Al NMR spectra (Fig. 9) display a strong peak at =3 ppm
assigned to six-coordinated Al (AI(VI)) and a much weaker signal at
0=70 ppm assigned to AI(IV) (Newman et al., 1994; Thompson, 1984).
This latter signal is rather weak in agreement with the structure of
kaolinite, but its intensity increases with decreasing particle size,
which confirms the results obtained from the analysis of 2°Si spectra,
i.e., that Al for Si substitution is more important in smaller particles.

4. Conclusion

Three different particle sizes of kaolinite were separated from high-

24



440

441

442

443

444

445

446

447

448

449

450

451

defect raw sedimentary kaolin through sedimentation and vacuum
membrane filtration, that is, A1 (<300 nm), A2 (200~1000 nm), and
A3 (500~2000 nm). The comprehensive studies reveal that the degree
of the structural disorder of kaolinite increases as the particle size
decreases. The smallest particle size of kaolinite possessed high
degrees of broken Al-O-Al and Si-O-Si bonds, a more disordered
structure, and an elevated specific surface area. The high disorder
degree of tiny kaolinite crystals can be attributed to the more
aluminum substituted for silicon in the tetrahedron sheet of their

structure, compared to the coarser kaolinite crystals.
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Table 1 Chemical composition of original kaolin in the study (wt%) .

Sample SiO: ALOs TiO2 Fe20O3  P20s KO CaO MgO SO  Cr03  LOI

Kaolin 4992 31.29 1.79 1.15 0.16 0.12 0.09 0.09 0.06 0.027 15.1

673
674
675
676
677  Table 2 BET and pore structure parameters of three different particle
678  sizes of kaolinite.
‘BET Surface | *Pore Volume | °Pore size “Nanoparticle Size
Area (m?%/g) (cm¥/g) (nm) (Average Particle Size, nm)
Al 40.6572 0.178006 17.51289 147.5753
A2 27.1262 0.136377 15.67295 430.963
A3 11.0345 0.035655 10.92476 1087.4934
679
680  a: Single point adsorption total pore volume of pores less than 127.7428 nm
681  diameter at p/p° of A1=0.984750664;
682  Single point adsorption total pore volume of pores less than 122.8734 nm
683  diameter at p/p° of A2=0.984134123;
684 Single point adsorption total pore volume of pores less than 160.7880 nm
685  diameter at p/p° of A3 = 0.987934275;
686  b: Adsorption average pore diameter (4V/A by B.E.T.);
687  c: Average Particle Size.
688
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