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Abstract

Depending on the geological origin, Palygorskite (Pal) is associated with the presence of several accessory minerals and organic
matter that need to be removed so as not to interfere with its final application. In this way, the purification of raw Pal was carried
out through heat treatment. The raw Pal samples were subjected to heat treatment at 100 °C, 300 °C, 500 °C, 700 °C, 800 °C,
and 900 °C for 4 hours using a muffle furnace. The samples were characterized by X-ray fluorescence spectrometry (XRF),
X-ray diffraction (XRD), thermogravimetric analysis (TGA), physisorption employing the B.E.T method, and field emission
gun scanning electron microscopy (FEG-SEM). After the purification process by heat treatment, the reduction of quartz, calcite,
dolomite, and kaolinite was observed. The results of the purification process of raw Pal using heat treatment are promising, fast,
low-cost, environmentally friendly, and high-yield, and can replace the chemical treatments usually used.
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INTRODUCTION

Palygorskite (Pal) is a hydrated clay mineral primarily
composed of silicon, magnesium, aluminum, and oxygen,
characterized by its microfibrous morphology, high surface
area, and low surface charges [1]. Its structure composition
was initially studied by Bradley [2] in 1940, yielding the
theoretical formula of Si O, Mg (Al)(OH),(H,0),*4H,0.
Pal is a fibrous clay mineral, featuring a 2:1 phyllosilicate
strand bonded by apical oxygen inversion in the continuous
tetrahedral sheet, occurring every four Si atoms [3.4,5]. In
contrast to planar phyllosilicates like montmorillonite and
mica, fibrous clays consist of two-dimensional tetrahedral
sheets and discrete octahedral sheets, giving rise to parallel
structural tunnels/channels along the clay fibers [3,6]. The
dimensions of the zeolite channels in Pal measure 6.4 A x
3.7 A [3,7] as shown in Figure 1.

Due to its large specific surface area, natural nano-sized
zeolite pores, and many activation sites, Pal is showing
excellent filling performance and has become a good polymer
carrier, for example. It is easily dryable, non-toxic, tastes,
less, and is of low hardness. These characteristics make it
superior to other inorganic fillers for the modification of
polymers [8, 9].

The geological formation of the Pal favors the presence
of several accessory minerals (mica, quartz, dolomite,
and calcite, among others, in addition to the presence of
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Figure 1: Scheme of morphology and chemical structure of Pal.

organic matter). Depending on the desired application,
it is necessary to separate the main clay mineral from the
impurities (organic matter and accessory minerals), this
process is called purification. The purification of raw Pal can
be carried out in several ways, among them, it is possible
chemical treatments and heat treatments.

When acids are employed in the chemical treatment, this
process is generally referred to as acid activation. Acids such
as hydrochloric acid (HCI), sulfuric acid (H,SO,), and nitric
acid (HNO,) are commonly used for these treatments. This
type of treatment increases the surface area, porosity, and
acidity of the clay surface [10,11, 12, 13].

In our previous work [11] a comparative study of
processes for purification and acid activation of Pal was
carried out, in this study, two processes (milling and
sonication) and two dispersing agents (sodium polyacrylate
and sodium silicate) were tested. As a result, it was found
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that the best methodology to achieve the highest efficiency in
Pal purification was the association of the sonication mixing
process and the use of sodium polyacrylate as a dispersing
agent, followed by activation with hydrogen peroxide
and sulfuric acid. This process did not change the fibrous
morphology after the Pal purification steps and increased its
Pal surface area.

Several studies have investigated the purification of Pal
under various conditions. Barrios et al. [14] treated Pal with
acid concentrations ranging from 1 to 7 M HCI for 1 hour at
room temperature. The clay treated in 7 M HCI underwent
leaching, while treatment with 5 M HCI yielded the best
results, maintaining the crystalline structure of the clay and
increasing the surface area to 280 m?/g. Neto ef al. [15] used
Pal from different deposits in Guadalupe, Brazil, activating
it in solutions of 1 to 7 M HCl at 70°C for periods ranging
from 0.5 to 7 hours. The optimal result was observed for
clay treated with 7 M HCI for 7 hours, which showed no
structural changes and achieved surface areas above 200
m?/g. They also reduced the quartz content through a pre-
hydration and scrubbing process, meeting the specifications
for pharmaceutical use. Boudriche ef al. [16] activated Pal
with HCI at concentrations of 0.5, 1, 3, and 5 M. They found
that at low HCI concentrations (<1 M), the morphology and
crystalline structure of Pal were preserved, and carbonate
dissolution occurred.

In heat treatments, the objective is to modify the
structure and composition of the clay through controlled
heating or cooling. This process results in the removal of
organic matter, adsorbed water, and hydroxyls present in the
structure, consequently increasing its surface area [10].

Sepiolite is another fibrous clay with a mineralogical
structure very similar to Pal, their purification processes
are very close as well. During the heat treatment, Pal and
sepiolite exhibit four distinct temperature ranges, each
associated with dehydration processes and changes in
porosity. The specific temperature ranges can vary widely
based on factors such as the thermal treatment protocol, prior
processing, and the geological origin of the clay under study.
These factors impact the chemical composition (including
the number of isomorphic substitutions), the presence of
accessory minerals, and the overall structure of the clay
minerals [10,11].

In the first stage of dehydration, the zeolite water and
the water adsorbed on the outer surface of the clay are lost
at temperatures below 200 °C [17,18]. Subsequently, in the
second stage, approximately half of the coordination water
is lost, leading to the partial collapse of the clay structure and
a fold of its lattice, occurring around 300-380 °C in sepiolite
and between 200-280 °C in Pal [10,17]. In the third stage,
all coordination water and a portion of the structural water
are removed, accompanied by the elimination of hydroxyls
linked to Fe*" and AI** ions in the octahedral sheet. This
occurs within the temperature range between 380-680 °C
in sepiolite and between 280-580 °C in Pal [10,17,18].
Finally, in the fourth stage, all structural water is eliminated,
resulting in the loss of hydroxyls linked to the Mg?" ion in

the octahedral sheet [17,19,20]. The resulting crystalline
phase is enstatite, formed at temperatures above 800 °C
following the complete dehydroxylation of clays [19,21,22].
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Figure 2: Simplified diagram of the structure of fibrous clays (A)
before and (B) after the bending suftered by the loss of coordination
water.

The silanol groups in sepiolite have high thermal stability
and do not undergo dehydroxylation by heat treatments at
temperatures below 1100 °C; in the case of Pal, the thermal
stability should remain like that presented by sepiolite [23].
Figure 2 shows the structure of the Pal after the elimination
of the first two coordinated water molecules.

The presence of defects is common in the structure
of fibrous clays, Krekeler and Guggenheim [24], using
transmission electron microscopy (TEM), observed three
main types of defects in Palygorskite—sepiolite. These
include the omission of sets of octahedral and tetrahedral
sheets in the form of the 2:1 structure, resulting in the creation
of open channel defects (OCD) and thereby opening the
internal channels of the fibrous clay. Additionally, there are
planar defects and stacking defects in the formation of the
structure. These defects are among the factors contributing
to variations in the properties of fibrous clays from different
regions. They account for differences in water content, the
quantity of stabilizing cations, and the presence of organic
matter within the clay channels. These variations directly
impact the time and temperature required for heat treatment
[9]. Yan et al. [20] noted that most of the Pal hydroxyls
are lost at temperatures below 450 °C and complete
dehydroxylation occurs close to 700 °C, in addition, at
temperatures above 900 °C there is a drastic change in the
crystalline structure of clay.

When all the coordination water is eliminated, the clay
transforms into its anhydride state and loses its hygroscopic
ability. Consequently, rehydration of Pal can only occur if
it has been treated at low temperatures. Kuang et al. [25]
conducting rehydration treatments on clays heat treated
at 150 °C and 300 °C, found through -nuclear magnetic
resonance that clays treated at these temperatures rehydrated
when exposed to water vapor. This process allows them to
regain the structure lost with the removal of zeolitic water.

Furthermore, there is also the possibility of combining
chemical and thermal treatments. Through the combination
of acid activation and heat treatment of sepiolite, Balci
[26] observed that conducting the acid activation and heat
treatment led to the removal of a portion of the adsorbed water
and zeolite water before the final treatment. Additionally,
acid activation limited crystalline deformation during heat



treatment due to the formation of pores through the leaching
of Mg?* ions. This prevented the merging of micropores and
the collapse of the structure. Pal likely experiences a similar
effect from the combined treatments due to the similarity of
their structures.

The Pal purification process by chemical treatments is one
of the most used, generally involving acid activation, which
produces a large modification of the surface area, increasing
the number of acid sites [1,12,14]. As a disadvantage, acid
activation generates chemical residue during clay washing
to remove post-treatment acidity. Furthermore, the use of
strong acids for the purification process is not a sustainable
and environmentally promising alternative.

In the case of thermal activation, the modification
of the structure occurs through the elimination of water
molecules present in the clay or adsorbed on its surface.
Furthermore, processes of decomposition of minerals such
as carbonates and volatilization of organic compounds
may end up occurring simultaneously with the dehydration
process. Thermal activation can also produce an increase
in acidic sites in the clay, through the exposure of ions in
the structure, as water molecules are eliminated [10]. As
an advantage of thermal activation, there is no need to use
external reagents, such as acid, eliminating the need for
washing post-treatment clay, thus not generating chemical
residues. The potential for modifying the properties of clays
through thermal activation is still being investigated, and it
is important to expand studies in this area.

In this work, an easy, fast, and low-cost process is being
proposed for the purification of raw Pal. The heat treatment
was carried out in a muffle furnace at different temperatures,
maintaining the same time. The evaluation of the evolution
of the purification process was carried out using different
techniques, making it possible to determine the appropriate
temperature for purifying raw Pal.

EXPERIMENTAL

Raw Palygorskite (Pal) was supplied by Brazil Minas
(Brazil), with specification BRM F 14-EPA 13.04, with a
density ranging from 2.00 to 2.25 g/cm?, and a retention of
< 10 wt% on 325 mesh sieves (with a nominal opening of
45 pm).

The raw Pal used in this work was pre-sieved to 325 mesh.
The raw Pal (Pal(raw)) was heat treated in a muffle furnace
at temperatures of 100 °C, 300 °C, 500 °C, 700 °C, 800 °C,
and 900 °C for 4 hours with a heating rate of 10 °C/min.
The heat-treated samples were named Pal(100), Pal(300),
Pal(500), Pal(700), Pal(800), and Pal(900) according to the
temperature used in the heat treatment.

The chemical composition of the samples was analyzed
using X-ray fluorescence (XRF) analysis using a Zetium
spectrometer (Malvern Panalytical). The samples were
fused with lithium tetraborate, and the calibration ROC-1
(Rocks) was applied. Loss on ignition (LOI) was conducted
at 1020 °C for 2 h.

To identify the crystalline phases, an X-ray diffractometer
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(Ultima IV, Rigaku) was used, with CuKo radiation
(A=1.54056 A). The equipment operated at a scanning rate of
0.2 °/s with a 20 range from 5° to 55°. The interlayer spacing
(d) was determined using Bragg’s equation (2d.sinf =n.1.).

The thermal stability was evaluated by thermogravimetric
analysis (TGA) using TA Instruments, model Q50, from room
temperature to 800 °C, with a heating rate of 20 °C/min under a
constant nitrogen flow of 20 mL.min"'.

The surface area was determined through the analysis
of N, adsorption using the B.E.T. method. The tests were
performed with a gas sorption analyzer (Nova 4200e,
Quantachrome Instr.). The samples were heated to 100 °C
and degassed for 4 hours.

The morphology of Pal(raw) was characterized by a
transmission electron microscope (TEM). For the TEM
sample, Pal(raw) powder was mixed in acetone, followed
by ultrasonication. A drop of the solution was added to the
TEM sample holder and the analysis was performed after
solvent evaporation. A TEM micrograph of Pal(raw) was
obtained using an FEI Eagle Camera attached to the Tecnai
F20 microscope at 200 keV operating voltage.

The morphologies and particle size measurements of
the heat-treated Pal samples were evaluated on a TESCAN-
MIRA3 field-emission gun scanning electron microscope
operating at 10 kV. For the analysis, the heat-treated Pal
powder was affixed onto a conductive carbon tape and
covered with a thin gold layer before imaging.

RESULTS AND DISCUSSION

After the heat treatments, noticeable resulting color
differences were observed between the samples, as shown
in Figure 3. It is evident that as the temperature of the heat
treatment increases, there is a gradual deepening of the shade
of clay. This color change is commonly attributed to water
loss, the thermal decomposition of compounds present in the
clay, such as kaolinite, calcite, and dolomite, and mainly due
to the iron ion typically present in the mineral clay structure
or as accessory minerals (ilmenite and hematite).

Pal(raw)

Pal(100)  Pal(300) Pal(500)  Pal(700)  Pal(800) Pal(900)

Figure 3: The visual appearance of Pal after heat treatments.

Table I presents the percentage ratio of oxides found
in each of the heat-treated Pal samples. The main oxides
present in the samples are SiO,, AlLO,, Fe,O,, CaO,
MgO, and K,O. SiO, and Al,O, probably originate from
the composition of Pal, along with other clay minerals in
smaller proportions. The presence of a fraction of Fe,O, and
MgO can be attributed to isomorphic substitutions occurring
mainly in the octahedral sheet of clay minerals, involving
Fe’* and Mg?" ions, in addition to fractions that may be

present as accessory minerals. The contents of MnO, K,O,
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Table I. Relationship of oxides present in raw Pal and heat-treated Pal (% mass).

Pal (raw) Pal (100)  Pal(300)  Pal (500)  Pal(700)  Pal(800)  Pal (900)
100 °C 300 °C 500 °C 700 °C 800 °C 900 °C
Si0, (%) 50.80 52.60 53.20 55.60 57.40 59.50 60.80
ALO, (%) 11.80 11.20 11.40 11.90 12.30 12.70 13.00
Fe,0, (%) 5.95 5.53 5.59 5.81 6.00 6.18 6.39
MnO (%) 0.42 0.41 0.42 0.44 0.45 0.47 0.48
MgO (%) 447 4.24 437 4.57 4.70 4.84 4.94
CaO (%) 8.56 7.10 7.40 7.65 7.96 8.25 8.49
Na,0 (%) <0.10 <0.10 <0.10 0.10 0.10 <0.10 0.11
K,0 (%) 2.12 1.97 2.02 2.09 2.18 2.23 2.30
TiO, (%) 0.54 0.51 0.52 0.54 0.55 0.57 0.59
PO, (%) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
LOT* (%) 15.0 15.60 14.0 10.70 7.99 426 1.93

*LOI=loss on ignition (1020°C)

and TiO, must be exclusively associated with the presence
of accessory minerals. CaO and fraction of the MgO-like
stem from accessory minerals.

It is noteworthy that there is an increase in the percentage
of all oxides with the rise in heat treatment temperature
applied to the clays. This rise in percentage can be attributed
to the removal of adsorbed water, zeolite water, coordination
water, structural water, and gases resulting from possible
chemical reactions involving mass loss.

In our previous study [11] with acid purification, it was
possible to confirm the significant reduction of the calcite
content due to acid activation (from 8.56% to about 1%
Ca0) and a slight increase in the contents of ALO, and
Fe O,, which were also present in the Pal composition (both
Al and Fe can make isomorphic substitutions with Mg).

Figure 4 shows the loss of ignition values measured by
XRF after calcination at 1020 °C of raw Pal and heat-treated
Pal at various temperatures. A consistent decrease in loss on
ignition is observed across the heat-treated clays. As the heat
treatment temperature increases, the rate of loss on ignition
tends to be lower in comparison to Pal heat-treated at lower
temperatures, suggesting the occurrence of irreversible
reactions. The most significant rate of loss on ignition
was observed after heat treatment at 500 °C. This fact is
associated with the presence of multiple reactions of clay
mineral structural transformation and the decomposition of
carbonates.

Exanimating diffractograms of the raw Pal and
heat-treated Pal it is possible to observe distinct peaks
representing Pal, kaolinite, dolomite, calcite, and quartz.
The main diffraction peaks for palygorskite occurred at
approximately 8.6° (10.27 A), 19.9° (4.46 A), and 20.9°
(4.25 A); for calcite, the most significant peak appeared

around 29.4° (3.03 A), while for quartz, it was found at
26.7° (3.34 A). Additionally, overlapping peaks are also
noticeable, particularly in the 26 range between 35 and 50°.
These crystalline phases corroborate the presence of oxides
in the chemical analysis (Table 1) and these results are
consistent with prior literature [11-13, 26].

According to Bradley [2], the Pal theoretical formula
is Si,0, Mg (Al)(OH),(H,0),°4H,0, in which AP* ions
substitute Mg?* in octahedral sheets. Furthermore, it is
possible that AI** substitutes the Si* ion in the tetrahedral
structure; similarly, ions Fe?" substitute Mg?" in the
octahedral sites. Cations such as K*, Na*, or Ca* normally are
present to ensure a balanced charge in clay minerals. These
substitutions are fundamental in determining the chemical
and physical properties of clay minerals. In this sense, SiO,
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Figure 4: Loss on ignition of heat-treated clays at 1020 °C.
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present in Table 1, is sourced from palygorskite, kaolinite
(ALSi,0,(OH),), and quartz; Al,O, from palygorskite and
kaolinite mostly; Fe,O, mainly from isomorphic substitution
in clay minerals, since there were not identified iron-based
minerals at the diffractogram (Figure 5). The main fraction
of CaO is attributed to calcite, and in a minor amount from
dolomite (less intense peak). Based on rational analysis,
the estimated amount of palygorskite in natural clay
(Pal(raw)) is 19%, calcite around 15%, and quartz 55%; the
remainder is related to other minerals, such as kaolinite and
dolomite. Figure 5 shows a focused diffractogram within
the 20 range of 6 to 31°, providing a clearer view of the
variation in peak intensity. Notably, there is a reduction in
the characteristic peak (110) of the raw Pal (Pal(raw)) at
8.5°, nearly disappearing in the Pal(900). This indicates that
Pal underwent a structural transformation through the heat
treatments, eventually losing nearly all of its structure when
treated at 900 °C.

- Calcite
- Kaolinite
- Dolomite
- Palygorskite
- Quartz

ODUVOXO
Q(o11)
Intensity

6 8 10 12 14 16 18 20 22 24 26 28 30

20 (degree)
Figure 5: The diffractogram of raw Pal and heat-treated Pal with 20
ranging from 6° to 31°.

Figure 5 illustrates that the characteristic peak (001)
of kaolinite at 12.3° disappears in the sample Pal(700),
indicating the decomposition of kaolinite within the
temperature range of 500 °C to 700 °C. According to the
literature [27], kaolinite dehydration typically occurs
between 200 °C and 500 °C, resulting in the transformation
into metakaolinite, and the loss of two water molecules, as
represented in reaction (A).

ALSi,O, (OH), > ALSi,0,+2H,0 (A)

The reduction of the calcite peak (104) at 29.5° in the
Pal(700) sample also indicates that its calcination process
started at a temperature above that of the clay heat-treated
at 500 °C. The calcination process was completed during
the heat treatment at 800 °C, where the characteristic
peak (104) was no longer discernible. This suggests that
the calcination process occurred within a temperature
range of 500 to 800 °C. This result corroborates the result
of the loss on ignition, as depicted in Figure 4. According
to the literature [28], the calcination of calcite initiates at
temperatures around 700 °C and reaches completion close

to 800 °C, although the geological genesis of the mineral
and consequently its degree of crystallinity, may affect this
decomposition temperature range. In this process, calcium
oxide is generated while carbon dioxide is released. The
calcination reaction is represented in reaction (B).

CaCO, = CaO+CO, (B)

In the case of dolomite, the peaks present in the
diffractograms were relatively faint, making it difficult to
notice them. The dolomite peak disappeared in the sample
Pal(800), indicating that dolomite likely underwent some
decomposition reaction at temperatures below 800 °C.
According to the literature [29], the decomposition of
dolomite can occur in several steps or as a one-step process
(between 650-850 °C, especially for high rates) depending
on the processing conditions and the heating rate of the
thermogravimetric analysis.

The characteristic peak (011) of quartz at 26.5° exhibited
no significant changes in intensity in any of the heat-treated
Pal samples. This indicates that quartz remained unaffected
by heating up to 900 °C. Consequently, it can be inferred that
the majority of the peaks observed in Pal(900) are attributed
to quartz, as the peaks of kaolinite, calcite, and dolomite
were no longer discernible at this temperature.

It is possible to evaluate in a semi-quantitative way the
structural alterations suffered in the structure of the clay,
through the calculation of the ratio between the main peaks
of the samples, generating a value of relative intensity
between them. As the intensity of the quartz peak (011)
showed little variation at different treatment temperatures,
the main peak of this phase was used as a reference to
evaluate the structural change of the other minerals.

Figure 6 shows the relative intensity between the peaks
of Pal(110), calcite (104), and quartz (011). A constant
decrease in the ratio P/Q (Pal/quartz) is observed between
the Pal(100), Pal(300), and Pal(500) samples. This suggests
a significant structure change of the Pal occurred during the
heat treatments at 300 °C and 500 °C; after that, no significant
changes were observed in the P/Q ratio. Additionally, the
C/Q ratio for samples treated at 100 °C and 500 °C is very
close, highlighting the stability of the calcite and quartz
minerals in this temperature range. After 500 °C, the C/Q
ratio decreases and reaches a very small value, due to the
thermal decomposition of the carbonate and consequently
the relative increase in the quartz content.

At a temperature of 300 °C, an inconsistency in the C/Q
relationship was observed. It is important to note that a
sample used to carry out this heat treatment was obtained
from a second batch of commercial clay, and there may be
variations in the calcite content of this batch or even in the
quartering operation to obtain this sample. As the P/Q ratio
is consistent with the other results, it is unlikely that any
deviation from the ideal diffraction condition occurred [30].

Figure 7 presents the TGA and DTG curves for Pal(raw)
and heat-treated Pal at different temperatures. Figure 7A
shows a continuous mass loss for Pal(raw) and Pal heat-treated
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Figure 6:. The ratio of peak intensities between Palygorskite (P),
calcite (C), and quartz (Q) peaks.

at 100 °C and 300 °C, it was associated with dehydration
and dehydroxylation of Pal, in addition to the decomposition
reactions of accessory minerals, such as calcite and dolomite,
which release significant amounts of CO, in the process. For Pal
heat treated at 500 °C, 700 °C, and 800 °C, it was observed a
significant mass loss after 600 °C (6.86%, 6.38%, and 4.48%
respectively), indicating that the main processes of dehydration
and dehydroxylation had already occurred and the mass loss
after this temperature (600 °C) is related to the decomposition
of accessory minerals. Pal heat treated at 900 °C exhibits a
very discreet loss mass in all ranges of temperatures. The
same behavior of mass variation was also observed in the
loss of ignition in Figure 4. These reactions were confirmed
by the XRD diffractograms in Figure 5, where the absence
of detectable calcite and dolomite peaks in Pal(900) further
supports this result.

Figure 7B shows the DTG curves of Pal(raw) and Pal
after heat treatment. Four distinct characteristic peaks with
significant mass loss are observed. The first peak occurs
between 60 °C and 150 °C, corresponding to the loss of
adsorbed water and a portion of the zeolite water. The second
peak occurred in the range between 180 °C and 240 °C,
attributed to the complete removal of zeolite water and partial
loss of coordination water. The third peak, ranging from 350
°C to 550 °C, is associated with transforming kaolinite into
metakaolinite, the beginning of clay dehydroxylation, and
the loss of the last two coordination water molecules. The
fourth peak, ranging from 580 °C to 800 °C, corresponds
to the end of dehydroxylation and the decomposition of
calcite and dolomite. These findings corroborate the results
obtained in the XRD analysis (Figure 5) and are consistent
with the data presented in Table 2 [19,31].

The final mass loss observed in the thermogravimetry
analysis was a bit different from that observed in the loss on
ignition obtained in the XRF analysis. It is important to note
that the techniques use different amounts of samples to perform
the test and this may have affected the results. However, in
both analyses, the mass loss values decreased with increasing
heat treatment temperature of the clay samples.
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Figure 7. (A) TGA and (B) DTG curves for Pal(raw) and Pal after
heat treatment.

Table II shows the mass loss of the samples. The analysis
was divided into four temperature ranges that were chosen
according to data and literature [11,21,24,32]. Samples
Pal(raw), Pal(100), and Pal(300) exhibited considerable
mass losses in the temperature range of 60-150 °C, which can
be attributed to the hygroscopic property of Pal. However,
samples Pal (500), Pal(700), Pal(800), and Pal(900) showed
very low mass loss in this temperature range, indicating that
above 500 °C the clay lost its hygroscopic capacity.

Pal(100) and Pal(300) exhibited similar mass loss
to Pal(raw) in the temperature range of 60-150 °C. This
similarity indicates a possible total rehydration of the
heat-treated clay, suggesting that there were no significant
changes in its structure.

Thermal treatments that eliminate all water coordination
led to the transformation of the clay, transforming it into an
anhydride state and losing its rehydration capacity [17]. In
the case of Pal(700), there was a drastic reduction in mass
loss in the temperature ranges of 60-700 °C. This indicates
that the clay has been transformed into an anhydride



state. Furthermore, there was a reduction in mass loss in
the temperature range above 680 °C, suggesting partial
decomposition of calcite and partial dehydroxylation
of clay, as there were still significant mass losses in this
temperature range.

For the Pal(800) and Pal(900) samples, the loss of
hygroscopic capacity observed in the Pal(700) sample was
maintained, indicating that during the heat treatments, the
calcite decomposition and dehydroxylation processes were
completed at temperatures below 800 °C, with no natural
means of reversing these processes.

The specific surface area and pore volume of the samples
were determined through the adsorption and desorption of
nitrogen gas for the heat-treated samples as shown in Table
III. The heat treatment modified the surface area of the raw
Pal. Pal (raw) has a surface area of around 200 m?/g and heat
treatment reduces significantly this value. It is possible to
note that the specific surface area of Pal(100) is quite similar
to that of Pal(300). This result suggests that the elimination
of zeolite water and part of the coordination water molecules
did not cause significant structural alteration in the clay. It
further implies that the clay did not undergo a dehydration
of coordination water exceeding 50% to 65%, which would
result in a bending of its lamellar structure and a reduction
in surface area [33].

For Pal(500), a significant reduction in clay surface
area is observed. This can be attributed to the extensive
elimination of coordination water molecules, likely reaching
a critical value that leads to the collapse and bend of the
clay structure. The value of 77 m?g complements the results
observed from XRD analysis (Figure 5), indicating that the
structural change seen in Figure 6, specifically the decrease
in the P/Q ratio between Pal(300) and Pal(500) samples is a
result of the folding of the clay structure [33].

The thermal process decreases the surface area of the
PaL, while studies [1,34,35] demonstrate that this value is
increased with the acid treatment in which the increase is
attributed to the dissolution of carbonates that produces an
increase in the related proportions of the palygorskite.

Figure 8 shows the physisorption curves of heat-treated
samples. The folding of the structure resulted in a slight
increase in the volume of pores larger than 20 nm and a
slight reduction in the volume of pores with a smaller size,
as is evident in Figure 8A. In Figure 8B, it is possible to
observe that the heat treatment at temperatures from 300 °C
led to a decrease in the volume of micropores within the
size range of 2 to 12 nm. This reduction is a consequence of
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Table III - Specific surface area (S
(V, ;) of Pal after heat treatment.

ser) and pore volume

Sample Sy (m¥/g) V05 (cm’/g)
Pal(raw) 200 0.998
Pal(100) 149 0.200
Pal(300) 117 0.169
Pal(500) 77 0.151
Pal(700) 65 0.142
Pal(800) 10 0.022
Pal(900) 10 0.042

the partial elimination of the coordination water molecules,
which caused the collapse of micropores.

The small decrease in surface area observed for Pal(700)
suggests that the completion of the process of removing
coordination water molecules, as observed in DTG (Figure
7B), did not result in significant structural changes in the
clay. Additionally, this fact supports the observation that
dehydroxylation, also noted in DTG, was completed in
the temperature range between 700 °C and 800 °C. This is
evident from the drastic reduction in surface area and pore
volume observed in the Pal(800) and Pal(900), which was
caused by the collapse of the clay channels [1].

Figure 9 shows (A) FEG-SEM and (B) TEM micrographs
of Pal(raw). It is possible to observe a fibrous morphology
of rod crystals with lengths between 0.5 and 4 pum
(predominantly 1 um). It is also possible to observe a strong
tendency for particles to agglomerate, due to secondary
bonds and electrostatic forces between the fibrillar crystals.
Darker traces in the morphology showed that the impurities
are concentrated at the edges and inside the hollow fibers.
The morphology observed for Pal(raw) corroborates other
studies [11,32,36,37,38].

Figures 10 and 11 present the micrographs of the heat-
treated clays, magnified at 50,000x and 100,000x, respectively.
In Figure 10, the needle-like shape of the clays and their
distribution in the form of clusters with different needle sizes
are noticeable. Between temperatures of 100 °C to 300 °C, no
observable changes in the structure of the clays. However,
for Pal(500), the folding in the clay structure caused by the
partial loss of coordination water leads to a slight shrinkage
in the size of the clay’s needles [19].

In the micrographs, significant differences between the
structures of Pal(500) and Pal(700) samples resulting from
the removal of all coordination water were not evident.

Table II - Loss of mass (%) of Pal samples along the thermogravimetric analysis.

Pal(raw) Pal(100) Pal(300) Pal(500) Pal(700) Pal(800) Pal(900)
60-150 °C 3.44 3.59 4.33 0.96 1.00 1.02 0.30
175-350 °C 5.35 5.58 5.96 1.83 1.96 1.73 0.97
350-550 °C 8.92 9.25 6.26 3.27 3.06 3.36 1.47
>680 °C 12.33 13.12 11.47 6.86 6.38 4.48 1.82
Total Loss (%) 15.40 15.88 15.94 9.97 7.62 4.80 1.93
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Figure 8: Physisorption curves of heat-treated samples: (A) volume
of adsorbed nitrogen gas and (B) pore size distribution.

This aligns with the physisorption analysis which showed
little variation in the specific surface area between them,
indicating limited structural change.

In the case of Pal(800), the physisorption assay revealed
a substantial alteration in its structure. The decrease in clay
surface area to 10 m?/g indicated that processes such as clay
dehydroxylation and accessory mineral decomposition led
to the collapse of its channels.

In Figure 11 it is possible to observe large distortions in the
structure caused by the amorphization and phase transformation
of the clay. Both Figures 10 and 11 highlight Pal(900) as the
clay undergoing the most significant structural transformation
through heat treatment. At this temperature, the clay structure is
nearly compacted and subsequent heating post-dehydroxylation
may have facilitated the formation of the enstatite crystalline
phase. This phase typically emerges at temperatures exceeding
700 °C in Pal and 800 °C in sepiolite [21,22].

Comparing the morphology ofthe Pal purification processes
carried out by chemical treatment and heat treatment [11], it
is possible to state that the chemical treatment did not destroy

Figure 9: (A) FEG-SEM at 50,000x magnification and (B) TEM
micrographs of Pal(raw)

the crystalline structure of Pal [11,32,36,37,38], while at
higher temperatures, above 700 °C, there were changes in
the crystalline structure as described above.

The chemical treatment increases the surface area and
promotes a great reduction of mineral accessories such as
calcite, leaching the structure and increasing the adsorption
capability of the material as reported by Zhu et al. [39] with
the treated clay presented higher toluene adsorption [11, 39].
On the other hand, the heat treatment reduced the surface
area of the clay due to the folding process of the structure,
but it still can increase the adsorption capability as observed
by Chen et al. [40], in which the adsorption capability of
ions increases until 700 °C.
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Figure 10: FEG-SEM of heat-treated clays at 50,000x magnification: (A) Pal(100), (B) Pal(300), (C) Pal(500), (D) Pal(700), (E)
Pal(800), and (F) Pal(900).

Figure 11: FEG-SEM of heat-treated clays at 10,0000x magnification: (A) Pal(100), (B) Pal(300), (C) Pal(500), (D) Pal(700), (E)
Pal(800), and (F) Pal(900).
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Taking into account that the surface area is quite important
for the adsorption of substances, although acid activation has
better performance than thermal activation, it is important to
remember that the heat treatment process does not generate
waste, which is a great justification for its use. Furthermore, it
is an environmentally friendly process, without the generation
of solvents, low cost, and high yield, and is very promising
for obtaining Pal with high purity, which allows the range of
applications of this clay mineral to be expanded.

CONCLUSIONS

Raw Palygorskite (Pal(raw)) was successfully modified
by heat treatment at different temperatures seeking to
remove accessory minerals that are present in this clay
mineral. The heat treatment of raw Pal led to the removal
of zeolite water molecules at temperatures below 150 °C
and the removal of coordination water molecules between
temperatures from 200 °C to 550 °C. The folding of the clay
structure characterized by the removal of at least 50% of
the coordination water occurred in the temperature range
between 300 °C to 500 °C. Upon heat treatment, Pal exhibits
good hygroscopic ability at temperatures where only zeolite
water and surface-adsorbed water are lost. This is evidenced
by the similar mass loss presented in the TGA between
Pal(raw) and Pal(100) within the temperature range from
60-150 °C. However, when the structure is distorted due
to the loss of coordination water, Pal presents a reduction
in its hygroscopic capacity. The continuous removal of
coordination water observed in Pal(500) and Pal(700)
resulted in a decrease in surface area to values of 77 m?/g
and 65 m?/g, respectively. With the complete elimination
of the coordination water, the clay was transformed into
its anhydride state, losing its hygroscopic capacity. The
dehydroxylation process occurred simultaneously with
the calcite and dolomite decomposition processes, being
completed in the temperature range between 700 °C and 800
°C. The full dehydroxylation of clay resulted in a decrease
in surface area to 10 m?%g, making it an unfavorable heat
treatment for clay. Heat treatment between 100°C and 700°C
is indicated for Pal activation, as from 100 to 300°C the
surface area of Pal is maintained at its highest values. From
500 to 700°C there is a loss of Pal’s hygroscopic ability, and
its structure is maintained. At temperatures above 700°C,
changes occur in the Pal crystalline structure, which is no
longer recommended, depending on the application. The
results of the Pal purification process by heat treatment are
promising, and they can be used for various applications after
this treatment. Furthermore, the Pal purification process by
heat treatment has the advantage of not generating residue,
unlike what occurs in chemical treatment. The choice
of treatment to be used in the purification of Pal (acid or
thermal) will depend on its application.
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