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Clays are raw materials with a wide range of applications in modern times. They can be used in various industrial
applications, from the simplest to the most technological, such as in the ceramic industry to functionalizing
components for the intercalation of organic molecules into polymeric matrices. Kaolinitic clays with a 1:1-layer
structure is among the most abundant in the Earth’s crust and are relatively easy to extract. Therefore, studies
aimed at expanding the range of applications through the modification of the microstructure of these clay

minerals have increasingly attracted scientific attention. The microstructural alteration of kaolinite through
high-energy mechanical action can be an interesting method for mineral functionalization, as it leads to an in-
crease in specific surface area and, consequently, the reactivity of the inorganic solid component. For this reason,
this study investigated the effectiveness of the mechanical transformation process using high-purity kaolin,
characterized before and after the high-energy milling process using XRF, XRD, DTA/TG, PSD, FTIR, and SEM
techniques. The results showed that the milling process significantly altered the kaolinitic microstructure,
demonstrating a reduction in particle size under the established experimental conditions, reaching Dgg < 1 pm.
By obtaining a reactive solid with a significantly increased specific surface area (18 x increase through milling), a
2K factorial experimental design was applied to study some variables of the intercalation process, such as the type
of molecule (diaminomethanal - urea and dimethyl sulfoxide - DMSO), stirring time (from 12 to 24 h), and
kaolinite mass (varying from 10 to 50 g) in a 100 mL solution. The microstructural characterization results via
XRD revealed that the use of DMSO resulted in better efficacy in increasing basal spacing (from 7.2 Ato11.3A
with DMSO) and consequently in a possible application with functional groups.

1. Introduction

Clay is the oldest raw material used by humans, defined as a soil that
transforms into a plastic paste when mixed with water. This paste is
easily moldable, and once dried, it becomes hard and brittle, retaining
its shape. Furthermore, when fired, it becomes even more resistant and
impervious to water. Such material is clearly suitable for making items
of all shapes (Worral, 1975).

Thus, these minerals are used as inputs in various economic activities
and have a range of applications. In agriculture, they are primarily
responsible for the fertilizers fixation and serve as a physical-mechanical

support for plants. In livestock farming, they are included in animal
feed. In industry, the application is more diverse and expressive, span-
ning all industrial classifications, from extractive to manufacturing,
providing inputs for construction and even serving as raw material for
chemical processing. The mineral wealth, combined with its great nat-
ural availability and other important properties (Santos de Santos,
1989), broadens its applications, depending on the chemical and
mineralogical composition and the physicochemical characteristics,
such as in cosmetology (da Silva Favero et al., 2019) and as nano-
composites in polymer matrices. In the latter form of application, they
can significantly improve the properties of engineering materials made
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from polymers with low filler content. This technology has been widely
applied commercially and has attracted great attention since the early
2000s (Gao, 2004). Consequently, the use of clay as a filler and rein-
forcement material for the production of polymer compounds has been
extensively studied (Khan et al., 2020; Sanusi et al., 2020; Zare and
Rhee, 2020).

The functionalization of clays is a method aimed at expanding the
applications of these minerals. The organophilization process is the key
step for achieving good dispersion and exfoliation of the clay mineral
layers, which can increase hydrophobicity and the spacing between the
clay layers (Zaharia et al., 2015). The organophilic nature reduces the
specific surface energy and makes the clay more compatible with
nonpolar organic polymers. Additionally, the increased basal spacing
facilitates the intercalation of polymer chains between the clay layers
(de Oliveira et al., 2018).

Studies on the interaction between clay minerals and organic com-
pounds have been conducted since the early 20th century, further
increasing the versatility of these materials. Bentonite is the most
commonly used clay in the preparation of organophilic clays. This is due
to the predominant presence of the clay mineral montmorillonite, which
exhibits more favorable characteristics for interlamellar intercalation
(de Paiva et al., 2008). Due to their high reactivity, they are widely used
for pollutant adsorption as an environmental remediation tool (Gogoi
and Pulikkal, 2022, 2024; Gogoi et al., 2024; Gogoi et al., 2025; Saad
et al., 2025).

So, currently studies on clay functionalization are still quite common
with montmorillonites for various purposes (Asgari and Sundararaj,
2018; Kenawy et al., 2018; Apetrei and Camurlu, 2020; Yilmaz et al.,
2020; Pei et al, 2022). However, the possibilities are becoming
increasingly broader, with research on saponite (Carniato et al., 2020;
Chen et al., 2021; Kenne Dedzo et al., 2021; Marchesi et al., 2021),
vermiculite (Ahmed et al., 2020; Ali et al., 2020; Soleimanpour Mog-
hadam et al., 2022), mica/illite (Li et al., 2019; Pazos et al., 2020) and
also, to a lesser extent, kaolinite (Detellier, 2018; Dedzo, 2019; Anju and
Prasad, 2020; Saikia, 2020). The most common delamination and
intercalation methods involve mechanical (Neto et al. de Neto et al.,
2021), magnetic stirring (Zaccaron et al., 2025), as well as sonication
(Chen et al., 2022).

On the other hand, the mechanical modification of kaolin through
high-energy milling has been studied as a way to modify its properties
and expand its application possibilities in different industrial sectors
(Leonel et al., 2014; Hamzaoui et al., 2015; Bombazaro and Bernardin,
2022).

Although kaolin has been widely used as a mineral filler in polymer
matrices in various industrial sectors (Awasthi et al., 2019; Doagou-Rad
et al., 2020; Adeniyi et al., 2023), the study of the organic modification
of kaolin is important because it is a widely available and low-cost clay,
making it an attractive option for many industries. Through organo-
philization, kaolin can be chemically modified to improve its properties,
making it even more versatile and adaptable to different needs. Thus, the
objective of this study was to investigate whether the high-energy
milling process can act as a potential enhancer in the functionalization
of kaolin and which functionalization variables—type of organic mole-
cule, reaction time, and kaolin mass—are most effective in modifying
the basal spacing of the kaolin used.

2. Materials and methods
2.1. Kaolin preparation

For this study, a high-purity kaolin was used. The high-energy
milling (HEM) process was conducted in a controlled milling to obtain
nanometric-scale kaolin (Dgg < 1 pm). A MasterMix agitator and a
Netzsch Discus 30 horizontal mill were used, with a silicon carbide (SiC)
lining and 0.4 mm diameter cerium-stabilized zirconium beads with a
density of 3.8 kg (Netzsch Cerabeads), occupying 65 % of the mill
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volume. To minimize variables, the milling process was carried out
using only deionized water, without the addition of any auxiliary
additives.

The analysis of oxides present in the kaolin was performed using X-
ray fluorescence (XRF), with wavelength dispersive X-ray fluorescence
spectrometry (WDXRF, PANalytical AxiosMax). The loss on ignition (L.
0.1.) was determined at 1000 °C to help in the impurities identification,
accessory minerals, or adulterants that might be present in the kaolin
sample.

The mineralogical characterization, both qualitative and quantita-
tive, was conducted by combining X-ray diffraction (XRD) results with
Rietveld refinement (Rietveld, 1969). This was done using a Siemens
diffractometer (D-5000, Erlangen, Germany) with Cu Ka radiation (A =
1.5406 10\), 40 kV acceleration, and 30 mA, covering a 260 range of 3° to
75° in 0.05°/1 s steps. The TOPAS software, version 5 (Bruker AXS,
Karlsruhe, Germany), was used for the Rietveld refinements, using the
structural models from ICDD files. Finally, the internal standard method
(Riello, 2004; Kern et al., 2012) was used to quantify the amorphous
phase, using 15 % ZnO (zinc oxide) with known purity of 99.0 % (from
Panreac). The degree of crystallinity, a key factor influencing the
intercalation process (Mbey et al., 2020), was evaluated using the
Hinckley Index (HI) (Hinckley, 1962), which quantifies both crystal-
linity and the degree of order/disorder within the kaolinite phase. This
index is derived from the djj9 and dji; reflections in the 26 range of
20°-23°. The HI is calculated by summing the heights of the (111) and
(110) reflections relative to the baseline, along with the height of the
(110) reflection from the overall baseline. Well-defined and intense re-
flections indicate a high degree of ordering in the kaolinite phase, while
increased disorder leads to a reduction in the number of reflections,
along with broadening and decreased intensity, signifying lower crys-
tallinity or greater disorder. HI values greater than 1.0 correspond to
high crystallinity or order, values between 0.5 and 0.25 are considered
low, and HI values below 0.25 are indicative of very low crystallinity
(Aparicio and Galan, 1999). This analysis provides information on the
crystalline structure of the raw kaolin and evaluates its behavior after
the high-energy milling process, allowing for the assessment of surface
modification, diffraction peak shifts or broadening, and the appearance
of additional peaks (Sanchez-Soto et al., 2004; Bombazaro and Bernar-
din, 2022).

Differential thermal analysis (DTA) and thermogravimetric analysis
(TGA) of the samples were conducted using a simultaneous analyzer
(Netzsch 409 Jupiter F3, Germany), with a heating rate of 10 °C/min
from room temperature to 1100 °C in synthetic air, to detect endo or
exothermic event temperatures, and possible phase transitions.

Particle size distribution was determined using the sedimentation
method (SediGraph III Plus V1.00 analyzer) by gravity, monitored by X-
rays; calculations were based on Stokes’ law (Stokes, 1844) and Beer’s
law (Beer, 1852). The analyses were conducted on raw (Kgr) and post-
milling kaolin (Kygy) samples to assess the evolution of cumulative
and class (range) particle size distributions.

Specific surface area was determined by the BET method (Brunauer,
Emmett, and Teller) using a Quantachrome Nova 1200e device, with
liquid nitrogen as the adsorbate, for both raw (Kg) and post-milling
(Kugem) samples. The results complement the particle size distribution
and, with the trend of showing a higher surface area compared to un-
treated kaolinite (Kg), indicate the effectiveness of mechanical activa-
tion in increasing the surface area.

Cation exchange capacity (CEC) for determining the total capacity of
raw and mechanically altered kaolin to hold exchangeable cations
(Chapman, 2016), was carried out using optical emission spectroscopy,
identifying Na, K, Ca, and Mg elements. The sum of these elements in
meq/100 g was determined after sample preparation by dilution in Milli-
Q grade deionized water (Grade I, 0.1 pS/cm at 25 °C). After high-energy
milling of kaolinite, CEC can be significantly influenced by changes in
specific surface area, particle surface charges, and crystalline
microstructure.



A. Zaccaron et al.

Structural differences in kaolin can be detected by spectroscopic
methods. Fourier-transform infrared spectroscopy (FTIR), applied to
clay mineralogy, lies in its ability to characterize functional groups and
the fingerprint region of very small sample quantities (Saikia and Par-
thasarathy, 2010). This analysis was performed on a Shimadzu IR
Prestige-21 device, in powder form by attenuated total reflectance
(ATR) directly on the sample. The range evaluated was 400 to 4000
cm ™, with a resolution of 4 cm™! and a speed of 0.2 cm/s.

Microstructural analysis using scanning electron microscopy (SEM)
was performed on a Jeol JSM 6390 device, with energy-dispersive
spectroscopy (EDS) probe providing the qualitative elemental chemi-
cal composition of the sample, to verify the mechanical alteration
caused by the HEM process. The samples were gold-coated for analysis.

2.2. Intercalation process

The intercalation process was developed based on the adapted
method described by Zhang et al. (2014). To ensure greater reliability,
2K factorial experiments were also applied (Table 1), altering interca-
lation variables such as the intercalating molecule, agitation time, and
kaolin mass (Kygym). The selected chemical compounds were dimethyl
sulfoxide (DMSO, 99.9 %, Synth©, PA-ACS, M.W.:78.13) and dia-
minomethanal (urea, Dinamica©, PA-ACS, M.W.: 60.06) as they had
shown satisfactory results in previous studies (Paiva et al., 2005; Zhu
et al., 2012; Mbey et al., 2013; Elhadj and Perrin, 2021), and are also
low-cost and classified as non-toxic. The agitation time varied between
12 and 24 h, and the kaolin (Kygy) powder mass between 10 and 50 g,
based on previous studies (Zhang et al., 2017; Mako et al., 2019; Leal
et al., 2021). Since these studies showed better intercalation behavior at
60 °C, all experiments were conducted at this temperature.

Initially, solutions of the intercalation agents were prepared in 200
mL glass beakers, with 90 mL of DMSO and 10 mL of deionized water,
and 50 g of urea with 50 mL of deionized water. These solutions were
used for the kaolin intercalation.

After mixing, the dispersions of the solutions were separated by
centrifugation (Excelsa 2 Fanem Centrifuge, model 205 N, at TC3193)
for 10 min, washed twice with ethanol (92.3° INPM), and dried in an
oven (Gigante brand) at 60 °C for 24 h. The obtained samples were
ground in a porcelain mortar and passed through a #325 mesh sieve (45
pm).

Through X-ray diffraction tests, the intensity and position of the
peaks were observed to evaluate the basal spacing opening and confirm
the effectiveness of the molecular intercalation (Gao et al., 2012). These
tests were performed on a Siemens diffractometer (D-5000, Erlangen,
Germany), with Cu Ka incident radiation (A = 1.5406 /0\, 40 kV, and 30
mA), 20 range from 3° to 28°, in 0.05°/1 s steps.

Intercalation typically produces well-defined changes in the X-ray
diffraction pattern of kaolinite, easily observed for the 001 reflection,
altering the lower diffraction angles due to its characteristic d-spacing
value of 7.2 10\, thus allowing the intercalated material to fit (Fafard,

Table 1
Data matrix of the 2 factorial experimental design for analysis of intercalation
parameters.

Experiment Levels Factors
Molecule Time (h) Kyugm mass (g)

1 -1 -1 -1 urea 12 10
2 +1 -1 -1 DMSO 12 10
3 -1 +1 -1 urea 24 10
4 +1 +1 -1 DMSO 24 10
5 -1 -1 +1 urea 12 50
6 +1 -1 +1 DMSO 12 50
7 -1 +1 +1 urea 24 50
8 +1 +1 +1 DMSO 24 50
9 (centroid) -1 0 0 urea 18 30
10 (centroid) +1 0 0 DMSO 18 30
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2018).

To evaluate the increase in the basal interplanar distance of the ex-
periments conducted, Bragg’s Law was applied, according to Eq. (1)
(Bragg and Bragg, 1913).

nA = 2d sinf (€H)

Where:

d = basal spacing (;\);

6 = angle of incidence relative to the considered plane;

n = diffraction order (1);

A = wavelength of the incident radiation (Cu Ka = 1.54 fo\).

The extent of the reaction, commonly referred to as a ratio known as
the “intercalation ratio” (also called the degree of reaction), is estimated
using the peak intensity ratio of the modified 001 reflection compared to
the intensity of the residual unmodified kaolinite. This was obtained
using Eq. (2) (Wiewiora and Brindley, 1969). The ratio assumes the
same degree of particle orientation for both the expanded and unex-
panded phases (Mbey et al., 2013, 2020).

L
IR = ( m(001)
Lin(001) + logoo1)

Where:

IR = Intercalation Ratio;

lo(001) = Original residual peak intensity;

Inoo1) = Shifted peak intensity observed for the functionalized
material.

> %100 @

3. Results and discussion
3.1. Kaolin samples characterization

The chemical analysis of the high-purity kaolin studied (Table 2),
compared to a theoretical kaolin, shows values that are quite close. It is
important to note that the other oxides present are <1 %, with a vari-
ation of little relevance (<0.5 %), associated with the error.

The variation caused by the increase of 0.6 % SiO5 and 0.7 % in L.O.
L., as well as the reduction of 1.7 % Al,O3, may be associated with the
exposure of aluminol groups (Al-OH) during the milling process.

The mineralogical composition obtained by XRD for the raw kaolin
(Kg) and kaolin processed by high-energy milling (Kugwm) are present in
Fig. 1. The predominant presence of the clay mineral kaolinite (ICDD n.
14-164 SiyAl,05(0OH)4) and traces of illite (ICDD n. 29-0370 (K,H30)
(Al, Mg, Fe)z(Si, Al)4010[(OH)2,(H20)]) can be identified.

The amorphization of mineral crystallinity due to the milling pro-
cess, associated with the appearance of a halo formed between angles 20
and 30° 26, is clearly detected in the Kygy sample, (Derouiche and
Baklouti, 2021). According to the Hinckley Index (HI), the crystallinity
of the studied samples can be described as high crystallinity for Kg (HI =
1.32) and low crystallinity for Kygy (HI = 0.30).

Table 3 illustrates the quantification obtained by Rietveld, where an
increase in the amorphous phase content after milling (+23.44 %) can
be observed, indicating the breakdown of the original kaolinite crys-
talline structure and the formation of an amorphous phase. Conse-
quently, there is a decrease in kaolinite content (—29.11 %), along with

Table 2

Chemical analysis obtained by X-ray fluorescence (XRF) of raw kaolin (Kg),
kaolin processed by high-energy milling (Kygwm) and theorical kaolin (according
Murray, 2006).

Materials Oxides (%)

SiOy Al,03 L.O.I. other
Theoretical 46.3 39.8 13.9 -
Kr 46.0 39.4 13.7 0.9
Kuem 46.6 37.7 14.4 1.3

L.O.L: Loss on Ignition (1000 °C).
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Fig. 1. Mineralogical analysis obtained by XRD of raw kaolin (Kgr) and kaolin
processed by high-energy milling (Kygy) samples.

Table 3
Mineralogical quantification obtained by Rietveld refinement of raw kaolin (Kg)
and kaolin processed by high-energy milling (Kygy) samples.

Phases (%)/Materials Kgr Kuem
Kaolinite 64.45 35.34
Illite 6.22 11.89
Amorphous phase 29.33 52.77

a noticeable increase in the illite phase (+5.67 %). It is assumed that
during the HEM process, the destructuring of kaolinite results in one
fraction forming an amorphous phase (metakaolinite) and another
fraction becoming illite, which is an intermediate phase characterized
by a slightly more disordered mineralogical structure compared to
kaolinite. It is worth noting that the amorphization of the material be-
comes more evident after milling, as observed in the study by Bom-
bazaro and Bernardin (2022).

The thermal analyses in Fig. 2 show a typical curve for kaolinitic clay
minerals for Ky (Ptacek et al., 2010; Chakraborty, 2014; Liu et al., 2015).
Up to 300 °C, there is a loss of approximately 0.92 % with an endo-
thermic peak at 96.35 °C, associated with the release of surface water
(Ilic et al., 2016; Maruoka et al., 2023). Between 300 and 800 °C, there is
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Fig. 2. Thermogravimetric analysis (TGA) and differential thermal analysis
(DTA) of raw kaolin (Kr) and kaolin processed by high-energy milling
(Kygwm) samples.
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a loss of 16.50 % with an endothermic peak around 600 °C, which is
attributed to the dehydroxylation process of kaolinite (Pacurariu et al.,
2017; Tassongwa et al., 2017).

According to the study conducted by Leonel et al. (2014), the high-
energy milling process significantly alters the thermal behavior of
kaolin, decreasing its thermal stability after the material undergoes the
milling process. For Kygy, the release of surface water begins instantly,
showing a loss of 3.96 % up to 200 °C with an endothermic peak at
97.4 °C. After the milling process, it exhibited greater thermal stability,
with water loss due to the decomposition of hydroxyl groups occurring
in a single step around 570 °C, showing a loss of 16.77 % between 200
and 800 °C. It is suggested that, for this loss, the milling process was able
to expose the aluminol hydroxyl groups of kaolinite, which were
released with less energy (Leonel et al., 2014). Within this range, an
endothermic peak at 566.89 °C was also observed, which may be asso-
ciated with the dehydroxylation of kaolinite and the formation of met-
akaolin (Sahnoune et al., 2012; Katayama et al., 2014; Guatame-Garcia
etal., 2018; Maruoka et al., 2023). Correlating the X-ray diffraction data
with the thermal analysis, the mass loss in the temperature range of
200-500 °C, which, as mentioned earlier, may be attributed to the
premature dehydroxylation of OH groups in partially disordered
kaolinite, presents characteristics similar to illite (Marsh et al., 2018).

Finally, an exothermic peak at 980 °C, present in both samples, is
related to the metakaolin crystallization into a new phase, commonly
referred as mullite I (Stone, 1952; Comin et al., 2021). The intensity of
this peak was lower for Kygy, suggesting that the metakaolin is more
disordered and, therefore, lower mullite I crystallization degree.

The particle size distributions (Fig. 3) and average diameters
(Table 4) present the results of the milling of the studied kaolin (Kg).
This analysis demonstrates the effectiveness of the mechanical process,
reducing the material’s granulometry to Dgy < 1 pm, with an 11.5x
reduction after milling.

It was observed that high-energy milling contributed to refining the
size distribution and morphology of kaolin. The material <1 pm
increased from <9 % to >90 %, reducing the average diameter by
approximately 83 %. It is also important to highlight that the mechanical
activation process tends to lead to the kaolin amorphization (Oze and
Mako, 2023), as observed in the X-ray diffraction (Fig. 1).

The determination of the specific surface area (Table 5) shows a
significant increase after the milling process, rising from 8 to 145 m?%/ g,
an increase of about 18x, a fundamental characteristic for the interca-
lation functionalization process.

It is noteworthy that the specific surface area values for kaolinite are
commonly between ~10 and 50 m2/g (Uehara and Gillman, 1981; Yong
et al, 1992), and these values can significantly influence the
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Fig. 3. Particle size distribution of raw kaolin (Kgr) and kaolin processed by
high-energy milling (Kygm) samples.
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Table 4
Granulometric distribution and average particle diameter of raw kaolin (Kg) and
kaolin processed by high-energy milling (Kygy) samples.

Materials ~ Dgg Dso Dao Dio
(um)  (pm)  (pm)  (pm)

Daverage (bm) % <10 % <1

Kgr 4.49 1.60 1.18 1.02 1.10 98 9
Kuem 0.39 0.22 0.18 0.18 0.18 100 94
Table 5

Specific surface area results of raw kaolin (Kg) and kaolin processed by high-
energy milling (Kygy) samples.

Materials Kg Kuem

Specific surface area (m?/g) 8 145

functionalization of clays, providing more sites for interaction with
functional molecules. A larger specific surface area allows for greater
contact between the clay and the functionalizing agents, increasing the
efficiency of the functionalization process. A larger surface area can lead
to better adsorption properties, stability, and resistance of the func-
tionalized clay suspensions. Furthermore, it may facilitate the formation
of three-dimensional networks and greater aggregation, which are
decisive aspects for improving the rheological properties of the clay
(Mohammed et al., 2021; Khan et al., 2023; Sarkar et al., 2023).

The values for the cation exchange capacity (CEC) of the Kg and Kygym
samples (Table 6) indicate an increase from 0.56 to 4.64 meq/100 g after
milling. The CEC of kaolinite strongly depends on the particle size,
thickness, and diameter (in the 001 plane), as well as the pH value (Yong
etal., 1992; Mitchell and Soga, 2005), with these potentiometric charges
increasing as the kaolinite diameter decreases (Chi and Eggleton, 1999).

Hydroxyl groups exposed along the alumina faces of kaolinite may
also be able to exchange H ions for some cations. The total alumina face
charges are higher when the number of kaolinite layers linked together
is smaller. Additionally, a permanently negative charge along the silica
faces may result in the substitution of AI** ions with Si** ions within the
crystal lattice (Chi and Eggleton, 1999; Coles and Yong, 2002), although
this source of charge is considered minimal (Bohn et al., 1985). In a
previous study on HEM in kaolin, Bombazaro and Bernardin (2022)
suggest that the change in CEC may be due to the release of Na*, Mg2*,
and Ca®* ions with the mineral deconstruction of the clay phase during
milling. It is important to note that typical CEC values for kaolinite reach
up to 15 meq/100 g (Grim, 1968; Coles and Yong, 2002; Hussin et al.,
2018). The purity of the material studied may be associated with a low
CEC compared to the natural variation of kaolinite, not indicating any
detectable isomorphic substitution (Chi and Eggleton, 1999).

The Fourier Transform Infrared (FTIR) spectrum of the kaolin sam-
ples studied (Fig. 4) illustrates the bands and the degree of absorbance,
with the possible influence of milling. It is important to note that a
typical kaolin spectrum shows four bands at 3697, 3669, 3645, and
3620 cm ™! (Saikia and Parthasarathy, 2010), and when these charac-
teristic bands are well-defined, the kaolinite structure is ordered.
However, when the band at 3669 cm ™ * disappears, the kaolinite struc-
ture becomes disordered and more easily dehydrated (Bich, 2005).

In both Kg and Kygy, bands around 3669 and 3620 cm™! were
observed, which may be associated with stretching vibrations of

Table 6
Cation exchange capacity (CEC) analysis of raw kaolin (Kg) and kaolin processed
by high-energy milling (Kygm) samples.

Materials Cation exchange capacity (meq/100 g)
CEC Na* CEC K+ CEC Ca** CEC Mg?>* CEC Total
Kr 0.20 0.06 0.10 0.20 0.56

Kuem 1.98 1.18 0.86 0.63 4.64
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Fig. 4. FTIR analysis of raw kaolin (Kg) and kaolin processed by high-energy
milling (Kygym) samples.

hydroxyl (OH) groups. The intensity and specific wavenumber of these
bands can provide information about the concentration and environ-
ment of the hydroxyl groups in the analyzed material (Tironi et al.,
2012).

In the context of clay minerals, the Al-O-H stretching vibration is
observed in the range of 1200-700 em ! (Jozanikohan and Abarghooei,
2022). Thus, the band observed around ~1030 cm ™! may be attributed
to interference related to the stretching vibrations of silicon-oxygen
(Si—0) bonds, while the band observed in the 914-936 cm ™! range
corresponds to Al-OH bending vibrations, as well as intertetrahedral Si-
0-Si bonds in SiO, between 780 and 798 cm ™. Finally, the absorbance
bands between 430 and 530 cm ™! may be associated with Si—O bending
and Al-O-Si bending vibrations (Diko et al., 2015).

It is clearly observable that there was a reduction in the absorbance
degree after the milling process. The literature (Liang et al., 2023)
provides evidence that mechanical alteration can modify the structure
and composition of kaolin, leading to a reduction in the absorption
degree. Therefore, it is believed that the amorphization achieved by
high-energy milling influenced the infrared spectrum, causing changes
in the stretching bands of the hydroxyl O—H (Derouiche and Baklouti,
2021). Studies conducted some time ago (Hlavay, 1978; Aglietti et al.,
1986) describe that OH groups are irreversibly displaced during me-
chanical processing, as observed in the thermal analysis (Fig. 2).
Therefore, as illustrated by Hamzaoui et al. (2015), the peaks recognized
in the stretching region decrease sharply in intensity during the milling
process, indicating the cleavage of the simple O—H bonds.

The micrographs obtained by Scanning Electron Microscopy (SEM)
of Kg and Kygy are presented in Fig. 5. It is observed that plate-like
particles resulting from the lamellar structure of kaolinite crystals are
dominant in Kg. The morphology of kaolin particles changed with the
milling process, as the SEM image of Kygy shows agglomerated parti-
cles, possibly formed by the delamination of the kaolinite structure,
making them more rounded and smaller (Fig. 5b). The literature (Oze
and Mako, 2023) illustrates that with prolonged milling, coalescence
and agglomeration are more prevalent than particle fracture, so a sig-
nificant fraction of the particles becomes aggregates with porous
surfaces.

The mechanical activation caused the delamination of kaolinite and,
therefore, the breakdown of its structure. It is also emphasized that the
delamination process occurs with localized heating (Derouiche and
Baklouti, 2021), resulting in partial dehydroxylation. After the combi-
nation of OH units, the formed water adsorbs and coordinates the highly
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Fig. 5. Micrographs obtained by scanning electron microscopy (SEM) of (a) raw kaolin (Kg) and (b) kaolin processed by high-energy milling (Kggm) samples.

surfactant sites of the delaminated kaolinite, increasing the effective
solubility of organic compounds, of which the spherical shape of the
particles was a result of adsorption at the interface between immiscible
phases (Gonzalez Garcia et al., 1991).

The micrographs and EDS spectrum (Fig. 6) show that the Kg appears
more dispersed compared to the agglomerated Kygy;, as a result of the
high-energy milling process. The same behavior can be observed for
both samples, with the presence of Al + Si, the key elements of kaolinite,
with similar peak intensities.

3.2. Characterization of Kygy-intercalated with Urea and DMSO
Fig. 7 illustrates the mineralogical analyses by X-ray diffraction of

the experiments conducted on Kygy, intercalated with urea (a and b)
and with DMSO (c and d). As discussed previously, the milling process
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amorphized the material, which is also evident in these diffractograms.
In Fig. 7(a), the appearance of new peaks is possibly associated with the
presence of urea, which does not occur in the DMSO intercalation (Fig. 7
(c)). It should be noted that urea is a crystalline organic compound.

Fig. 7(b and d) illustrate more specifically the shift of the d(y1) peaks
of kaolinite for both intercalating molecules (urea and DMSO). It be-
comes evident that, even with lower intensity, peak shifts occurred,
indicating that intercalation took place with HEM for the functionalized
materials. The residual peaks at around ~12.3° 26 can be related to the
fractions of kaolin that were not intercalated.

Table 7 shows the values found for the increase in basal spacing (d)
from the experiments that occurred through peak shifting, as well as the
intercalation ratio (IR) content. Originally, kaolinite exhibits a basal
spacing of d = 7.2 A, and the milling process did not alter this condition.

For the intercalation of the molecules, the increase in the basal
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Fig. 6. Micrographs and energy-dispersive spectroscopy (EDS) spectrum of (a) raw kaolin (Kg) and (b) kaolin processed by high-energy milling (Kygy) samples.
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Fig. 7. Mineralogical analysis of the experiments conducted on kaolin processed by high-energy milling (Kygy) intercalated with (a and b) urea and (c and d) DMSO.

Table 7
Basal spacing (d) and intercalation ratio (IR) of the experiments performed on
kaolin processed by high-energy milling (Kygm).

Experiment d @) IR (%)
El 10.9 9.43
E2 11.3 7.32
E3 10.9 7.23
E4 11.3 10.54
E5 10.7 6.34
E6 11.3 10.29
E7 10.7 6.24
E8 11.4 9.90
E9 10.9 6.99
E10 11.3 8.96

spacing of kaolinite was from 7.2 Ato~10.8 A with urea and to ~11.3 A
with DMSO. These values were also observed in studies by Zhang et al.
(2017), Seifi et al. (2016), Mahdavi et al. (2014), Valaskova et al. (2007)
and Mako et al. (2009) for urea, and Zhang et al. (2015), Mbey et al.
(2020), Fang et al. (2005), (Mbey et al., 2013), de Macedo Neto et al.
(2023) and de Faria et al. (2009) for DMSO.

The calculated intercalation rates were < 10 %, and several factors
may be linked to this, where for samples with the same granulometry,
the preparation conditions likely determine the intercalation ratios
(Mbey et al., 2013), also related to the material’s crystallinity (Mbey
et al., 2020). It is clear that amorphization has a direct impact on the
intercalation of organic molecules, affecting the effectiveness of this
step, being proven as one of the factors that influence the degree of

intercalation (Franco and Ruiz Cruz, 2004).
4. Conclusion

The milling process effectively altered the structure of the kaolin
studied. In the particle size distribution analysis, the Dgg of the studied
samples decreased from 4.49 pm (Kgr) to 0.39 pm (Kygy), reaching
values <1 pm as expected after high-energy milling (HEM). This process
increased the specific surface area of the studied solid more than 18
times, from 8 to 145 m?2/g. The structural breakdown altered the ma-
terial’s crystallinity, making it more amorphous, as observed in the X-
ray diffraction analysis. Similarly, in the morphology, the traditional
plate-like structure of the clay disappeared, giving way to agglomerates,
despite energy dispersive spectroscopy showing the same presence of Si
+ Al on the material’s surface. Through phase quantification by Riet-
veld, it was observed that the amorphous phase content increased (~23
%) with the mechanical milling treatment, while the kaolinite phase
content decreased (~29 %). Another significant factor was the increase
in the illite phase (~5 %), formed from the HEM transition of a fraction
of kaolinite into illite and another into the amorphous phase (meta-
kaolinite). It is important to highlight that illite can be considered
mineralogically as an intermediate phase formed from kaolinite’s
structural breakdown by HEM. This hypothesis is aligned with the
changes observed in the thermogravimetric analysis (TG) curve of the
Kygm sample, particularly the significant mass loss between 200 and
500 °C, which could be attributed to the early release of water (OH
groups) from partially deconstructed kaolinite, resembling illite in the X-
ray diffraction analysis. The structural breakdown of the kaolin was also
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evident in the FTIR test, with the minimization of intensity in the OH
group bands, which were irreversibly shifted during the mechanical
processing, and in the thermal analysis, which showed the instant mass
loss.

Further analysis by X-ray diffraction revealed that the shift of the 001
peak of kaolinite on the 26 axis indicated that organic intercalation did
indeed occur, aiming to increase the basal spacing (d) of the experiment,
which is the main objective of organofilization. Kaolinite, which natu-
rally has a d of 7.2 10\, reached a d of ~10.8 A (urea) and ~ 11.3 A
(DMSO) after the intercalation experiments, values commonly found in
the literature. These results were obtained between 12 and 24 h, con-
trasting with the typical period of 48 h to 7 days reported in the liter-
ature. Interestingly, these results were not influenced by the milling
process, where it was proven that HEM was not a determining factor in
assisting basal spacing (d) opening.

For evaluating the intensity of the kaolinite 001 peaks, the interca-
lation ratio (IR) was obtained, which revealed the percentage of organic
molecule intercalation on the surface of the kaolin studied. Intercalation
rates of <10 % were observed for Kygy with IR, effectively intercalated
or inserted into the interlayer spaces of the clay minerals during the
organofilization process. It is evident that kaolinite amorphization
directly impacted the amount of organic molecules introduced into the
experiment. However, considering the fact that the d reached values
similar to other studies, it is assumed that kaolinite with a higher specific
surface area, and consequently higher reactivity, required a lower
intercalation rate to achieve the same result as highly ordered kaolinite.
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