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Abstract

In this study, a sodalite-type zeolite (SOD) was synthesized through the alkaline fusion of kaolin and crystallized under
ambient pressure conditions, without the need for autoclaves and high temperatures. The influence of the ratio between fused
kaolin and water (g/mL) during crystallization was evaluated. The ratio of fused kaolin with NaOH to water at 1:10 g/mL
resulted in the synthesis of zeolite with higher relative crystallinity (70.99%), which was affected by the concomitant forma-
tion of thermonatrite phase. Additionally, the zeolite showed a Si/Al ratio of 0.95 and Na/Al ratio of 1.00, and the aluminum
atoms exhibited a configuration of perfect tetrahedra. Due to the absence of octahedral aluminum in the zeolitic structure

and the charge-balancing cations being Na* ions, the zeolite presented itself as a basic solid.
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Introduction

Zeolites are crystalline microporous structures composed
of aluminum and silicon oxide. This material exhibits high
thermal stability and is utilized as highly efficient adsorbents
and catalysts. The presence of micropores imparts zeolites
with a high surface area, which is extremely advantageous
for various applications, such as water treatment, petro-
leum cracking, and CO, capture, among others (Luna and
Schuchardt 2001; Li et al. 2015; Oliveira et al. 2021; He
et al. 2021).

Different silicoaluminous minerals, such as kaolin, min-
eral rich in kaolinite, can be used for zeolite synthesis (Gan-
dhi et al. 2021). For the synthesis of zeolite from kaolin,
it is necessary to disrupt its crystalline structure, which is
primarily achieved through calcination of kaolin at tempera-
tures between 550 °C and 950 °C. Within this temperature
range, the material undergoes dehydroxylation, leading to
a change in the aluminum geometry in the gibbsite layer
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from octahedral to trigonal pyramidal and tetrahedral. The
resulting product is known as metakaolin (Alaba et al. 2015;
Sousa et al. 2020).

Crystalline kaolin can be converted into SOD, but
it requires hydrothermal treatment at 100 °C for 24 h
(Schwanke et al. 2022). Metakaolin is an amorphous mate-
rial that, in addition to being susceptible to crystallization
into a zeolitic structure, is also prone to dealumination when
leached in an acidic solution, thereby allowing adjustment of
the Si/Al ratio of the material (Abnisa et al. 2021).

The Si/Al ratio of the precursor material influences the type
of zeolite obtained. Belviso et al. (2013) demonstrated that a Si/
Al ratio close to 1 is favorable for obtaining LTA-type zeolites.
Sousa et al. (2020) observed that ratios close to 2 also pro-
mote the formation of LTA-type zeolites. However, as this ratio
increases to 3 and 4, SOD and FAU-type zeolites start to form.

The three-dimensional structure of SOD zeolite is com-
posed of regular octahedral polyhedra that unite to form
cavities known as sodalite or B-cavities. These cavities have
an average opening diameter of 2.65 A, allowing only small
molecules such as ammonia (2.50 A) and water (2.65 A)
to access the interior of these pores. For this reason, SOD
zeolites act as molecular sieves (Sousa et al. 2020). SOD
zeolites are also known for their excellent selectivity for
adsorbing ions such as Cu**, Cd**, Ce**, Pb?*, Zn*, and
NiZ* (Esaifan et al. 2019; Zhao et al. 2021; Ji and Zhang
2022; Ibrahim et al. 2023).
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The main synthesis method for SOD-type zeolites from
metakaolin is the hydrothermal method, where the material
is dissolved in an alkaline solution and crystallized in auto-
claves (Mamaghani et al. 2022). Table 1 summarizes some
of the conditions already explored for the synthesis of SOD
zeolites from kaolin.

Hydrothermal synthesis is commonly used to produce SOD-
type zeolites from kaolin, yet its high reactivity necessitates
autoclaves and elevated temperatures to induce crystallization
system pressure (Akinola et al. 2022). However, this method
is limited when dealing with materials containing quartz.
Moreno-Maroto et al. (2022) found it challenging to disrupt
the quartz structure in diatomaceous earth, even after subjecting
it to a 24 h hydrothermal treatment at 80 °C using an NaOH
solution of 3 mol/L with a solid-liquid ratio of 1 g/10 mL. Tang
et al. (2022) investigated optimal conditions for activating kao-
lin and quartz under hydrothermal conditions. They noted that a
4:1 mass ratio mixture of kaolin and quartz was only disrupted
when treated at 200 °C for a minimum of 5 h, using an NaOH
solution of 6 mol/L with a solid-liquid ratio of 1 g/20 mL.

In order to obtain a reactive material for the synthesis of
zeolites from kaolin, there are few examples that employ
the alkaline fusion method to destroy the ore's structure.

Table 1 Conditions for the synthesis of SOD zeolite from kaolin

The alkaline fusion method represents an alternative to
the hydrothermal treatment method. In this method, the
silicoaluminous precursor is fused with potent bases, such
as NaOH, at temperatures within the range wherein kaolin
converts into metakaolin, specifically between 550 °C and
850 °C. The advantage of this method is that highly ther-
mally stable silicon crystals, such as quartz and mullite, are
transformed into water-soluble amorphous compounds, such
as Na,SiO; and Na,Al,0,-2.5H,0, which are reactive for
zeolite formation (Ibrahim et al. 2023; Ju et al. 2023).

Bibliometric analysis employing the thematic network
approach to investigate the current landscape of research
related to SOD zeolite, as depicted in Fig. 1, indicates that
hydrothermal synthesis emerges as the predominant mecha-
nism for obtaining SOD zeolite, which was expected, dis-
playing high centrality within the thematic network. Among
the addressed applications for this zeolite, it is noted that
adsorption (basic theme) and molecule separation (motor
theme) are the most explored topics. However, it is note-
worthy that the catalytic applications of SOD zeolite have
sparked considerable interest in current research, evidenced
by the clustering of centralized topics in the diagram
(Scarano et al. 2023).

Starting material Initial treatment Synthesis conditions Reference
Calcination Time Temperature Time Alkalizing agent Si/Al
§©) (h) ) (h)
Kaolin 600 2 95 6 NaOH 1.16 (Ji and Zhang 2022)
Kaolin residue 700 2 90 72 NaOH 3 (Sousa et al. 2020)
Kaolin with Er(NO;), 750 2 65 8 NaOH 1.27 (Yuan et al. 2019)
Kaolin - - 100 NaOH - (Prokof’ev et al. 2019)
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Sodalite-type zeolite was employed by Manique et al.
(2017) as a catalyst in biodiesel production, achieving
excellent conditions using 4% by weight of the catalyst
and a molar ratio of 12:1 (methanol:oil). This resulted in
a 95.5% by weight conversion to methyl esters after 2 h of
reaction. These results highlight the potential of sodalite
zeolite as a low-cost heterogeneous catalyst with applica-
bility on an industrial scale. Another catalytic application
using this zeolite was in the preparation of epichlorohydrin
from 1,3-dichloropropanol, showing reaction conversion and
selectivity superior to 90% (Cui et al. 2020).

In seeking alternatives for synthesizing SOD-type zeo-
lites from kaolin under mild crystallization conditions, with-
out the use of high synthesis temperatures and in the absence
of pressure, this study employed a synthesis method based
on the alkaline fusion of kaolin with NaOH and crystal-
lization under ambient pressure to obtain SOD zeolite. This
approach represents an innovative method prioritizing gentle
crystallization conditions. Unlike traditional approaches that
require high temperatures and pressure, our method relies
on the alkaline fusion of kaolin with NaOH, followed by
crystallization under ambient pressure. This strategy offers
a promising route for obtaining SOD zeolite, marking a sig-
nificant advancement by eliminating the need for high tem-
peratures during synthesis, thus rendering it more efficient
and accessible for potential industrial applications.

Materials and Methods
Zeolite synthesis

The zeolite synthesis method was inspired by Belviso et al.
(2013) who proposed the alkaline fusion synthesis method
for obtaining LTA and FAU type zeolites.

The fusion of commercial kaolin (K) occurred through
alkaline fusion, where K was mixed in the solid state with
NaOH in a ratio of 1:1.2 (w/w) and calcined at 600 °C for
2 h, resulting in the calcined product K-F. Subsequently, K-F
was ground using a mortar and pestle and added to distilled
water in different proportions (1:5, 1:10, and 1:20 g/mL).
After the fusion step, the samples were stirred for 12 h at
25 °C in a Teflon beaker. The beakers were then placed in
an oven and kept static at 35 °C for 92 h for zeolite crystal-
lization. Samples were collected at 24 h, and after the 92 h
crystallization period, the products were washed with dis-
tilled water and dried at 110 °C for 12 h. The samples were
named Z-X-Y, where X represents the water ratios (5, 10,
and 20), and Y represents the sampling time (24 and 92 h).

The solids were characterized by Fourier Transform Infra-
red Spectroscopy (FTIR). Spectra were obtained in powder
form using an Agilent Cary 600 spectrometer with 100 scans

and a precision of 2 cm™!. X-Ray Diffraction (XRD) was per-
formed using a Bruker D8 diffractometer with CuKa radia-
tion at 1.5406 A, with settings at 40 kV and 20 mA. Read-
ings were conducted between angles (20) from 5 to 60° with
a step size of 0.02 and a scanning rate of 20.min~". Indexing
was performed using the database from the Crystallography
Open Database (COD). The diffractograms were employed
to determine the material's crystallinity according to Eq. 1.

Ay
C(%) = —x100 ()
At
where C(%) is the percentage of crystallinity of the obtained
zeolite, A, is the area of the SOD phase diffraction signal,
and A, is the total area.

27 Al Nuclear Magnetic Resonance (NMR) spectra were
acquired using a Varian-Anilent 400 MHz spectrometer at a
9.4 T field, corresponding to a frequency of 104.16 MHz for
27 Al nuclei. Readings were conducted at room temperature
with a pulse duration of 1 ps and a repetition time of 1 s. 800
transients were acquired with a spectral window of 100 kHz
and an acquisition time of 20.48 ms. Spectra were referenced
using a 1.2 mol.L ™! aqueous solution of aluminum nitrate.

The morphology and chemical composition of the solids
were identified by SEM-EDS using a JEOL JSM6610LV
microscope, with an adjustable acceleration voltage rang-
ing from 300 V to 30 kV, resolution varying from 3.0 to
15 nm using a tungsten filament, and magnification from 5 to
300,000x. Coupled to the microscope was a Bruker XFlash®
Detector 6110 Energy Dispersive X-ray Spectroscopy (EDS)
detector, featuring a 10 mm? analysis area and energy resolu-
tion of 121 eV in MnKa, 38 eV in CKa, and 47 eV in FKa
(100,000 cps).

Results and Discussion
Zeolite synthesis

K was found to be composed of crystals with a pseudo-hex-
agonal morphology, forming clusters in the shape of stacked
lamellar plates with irregular edges, as shown in Fig. 2. This
morphology is characteristic of kaolinite (Cunha et al. 2007;
Sousa et al. 2020). The composition was confirmed by XRD
analysis in Fig. 1, which revealed a kaolinite rich composi-
tion, along with muscovite. Considering the stoichiomet-
ric ratio, the Si/Al ratio in kaolinite is equal to 1, which is
favorable for the formation of LTA or SOD type zeolites, as
observed in previous studies (Zhao et al. 2021; Mamaghani
et al. 2022).

The structure of kaolinite was confirmed by FTIR analy-

sis, as shown in Fig. 3. Bands at 3650 and 791 cm™! were
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K - Kaolinite (COD 900923)
M - Muscovite (COD 1100013)
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Fig.2 SEM and XRD of K

observed, which were attributed to different vibrations of
the OH group. The band at 1116 cm™! corresponds to the
Si—O group that links the layers of kaolinite, and stretch-
ing of this same group was also identified in the enplane
band at 997 cm™! (Schwanke et al. 2022). The alteration of
the crystalline structure of kaolinite mainly occurred due
to the dihydroxylation of the gibbsite layer, which contains
octahedral aluminum, leading to the formation of sodium
aluminosilicate in K-F. The band corresponding to octahe-
dral AI-OH in K at 3650 cm™~! disappeared after the alka-
line fusion process, and different bands of sodium aluminum
silicates were observed between 1120—800 cm™! in K-F
(Khalifah et al. 2019).
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Fig.3 FTIR spectra of K, K-F and Z-X-Y
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After 24 h of crystallization, the FTIR spectra of the formed
solids, as shown in Fig. 3, revealed that the various bands of
sodium aluminosilicate found in K-F disappeared, giving rise
to a single intense band at 967 cm™!, attributed to the stretch-
ing of Si—O bonds, and a band at 433 cm™! attributed to the
stretching of Al-O bonds, indicating the onset of crystalline
growth in an organized structure. Evidence of the formation of
a sodalite structure was observed by the characteristic band at
666 cm™!, corresponding to the p-cage oscillations constituting
the structure of this SOD zeolite (Klima et al. 2022). In addition
to these bands, there is a broad band near 3300 cm™! related to
the stretching of OH bonds, which can be attributed to the pres-
ence of Si(Al)-OH species or adsorbed water in the Si—O-Si(Al)
bridging, generating a band near 1630 cm™!, also observed.

After 92 h of crystallization, as depicted in Fig. 3, the
bands at 662 and 735 cm™!, attributed to the p-cage struc-
tures, were well-defined, indicating the absence of adsorbed
water or the presence of Si(Al)-OH sites. This was evidenced
by the lack of a broad band near 3000 cm™!. A more intense
band at 1442 cm™! and a less intense band at 870 cm™! were
observed, attributed to vibrations present in sodium ortho-
silicate (Na,Si0O,) (Ellerbrock et al. 2022).

The confirmation of the sodalite structure in the zeolites
was conducted through XRD analysis, as illustrated in Fig. 4.
In all cases, after 92 h of crystallization, the products syn-
thesized from different ratios of K-F to water resulted in the
formation of the SOD-type zeolite phase, which was the pre-
dominant phase formed due to the higher intensity of the sig-
nals observed in the diffractograms. Additionally, it can be
observed in Fig. 4 that after 24 h of crystallization, the diffrac-
tograms showed an absence of diffraction peaks, indicating a
slower crystallization kinetics compared to the results reported
by Esaifan et al. (2019) where the sodalite phase was obtained

s S - Sodalite (COD 9013320)
S T - Thermonatrite (COD 9011153)

Intensity (u.a.)
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Fig.4 XRD diffractograms of the products after 24 and 92 h of crys-
tallization
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in 6 h at 160 °C hydrothermal. This finding suggests a signifi-
cant influence of temperature on the crystallization kinetics in
the synthesis of SOD zeolite.

The crystallinity of SOD zeolites, influenced by the
K-F:water ratio, was crucial for the thermonatrite phase forma-
tion. Higher crystallinity, approximately 70%, was observed in
syntheses with ratios of 1:10 and 1:20, while a synthesis with a
ratio of 1:5 showed a crystallinity of 57.87%. These synthesis
parameters played a pivotal role in determining the resulting
SOD zeolites crystallinity.

Temperature and crystallization duration were noted by
Khalifah et al. (2019) to significantly impact both the crystal-
linity and size of the obtained SOD crystals. Achieving SOD
zeolites with over 70% crystallinity through hydrothermal
treatment was reported solely by Ji and Zhang (2022) when a
temperature of 75 °C. In contrast, Garcia-Villén et al. (2018)
attained SOD with 35% crystallinity using hydrothermal treat-
ment at 150 °C for 12 h.

Furthermore, the crystallinity of SOD zeolites derived from
fused kaolin was shown to be affected by the K-F:water ratio
during crystallization, an aspect previously unexplored for this
zeolite. Bai et al. (2018) demonstrated an increase in FAU
zeolite crystallinity from 20.64% to 76.22% with an increase
in the fused shale to NaOH to water ratio from 1:3 (g/mL) to
1:4 (g/mL). However, a further increase from 1:4 to 1:5 (g/
mL) led to a decrease in crystallinity from 76.22% to 29.41%.

The authors Bai et al. (2018) attributed this phenomenon to
the concentration of hydroxyl ions dispersed in the solution.
At low alkalinity (high solid-liquid ratio), the concentration
of hydroxyl ions is insufficient to depolymerize the starting
material and form the zeolitic nuclei necessary for crystal-
lization. At high alkalinity (low sol-id-liquid ratio), the high
concentration of hydroxyl ions solubilizes the formed nuclei,
impeding crystal growth.

Despite the similar crystallinity observed between Z-10-92
and Z-20-92, the choice of a K-F:water ratio of 1:10 is deemed
more beneficial as it mitigates the generation of synthesis
effluents by using a reduced amount of water. This synthesis
condition is suggested as the most effective for obtaining ambi-
ent-pressure crystallized SOD zeolite. Therefore, we opted to
characterize only this obtained zeolite, considering it as the
most efficient and sustainable option for the process.

One of the main parameters impacting zeolite synthesis is
the Si/Al ratio of precursor materials, which influences the
resulting zeolite type and morphology. Consequently, this
affects their properties and crystallinity. Generally, the closer

the Si/Al ratio of the precursors is to the desired zeolite, the
fewer pretreatment steps and additional materials are needed
during synthesis (Bieseki et al. 2013).

SOD zeolite, obtained through hydrothermal treatment, has
been reported in previous studies with different Si/Al ratios:
1.42 when crystallized at 95 °C for 24 h (Franus et al. 2014);
1.30 after 48 h at 110 °C (Tauanov et al. 2019) and 1.02 after 6 h
at 120 °C (Sanchez-Hernandez et al. 2016). In this study, where
crystallization occurred at ambient pressure for 92 h, the Si/Al
ratio was 0.95, as shown in Table 2, and the synthesis success
is linked to the kaolin's Si/Al ratio close to that of the zeolite,
which was 1.22.

The presence of aluminum in zeolite structures is crucial for
the versatility of their applications, as this component plays a
fundamental role in their ion exchange properties and catalytic
activity. However, it's important to note that an excessive con-
centration of aluminum can significantly reduce crystallinity, as
this excess may lead to the hydrolysis of zeolitic nuclei during
the crystallization step (Ye et al. 2022). Zeolites with low silica
content, such as SOD, have a Si/Al ratio close to 1, and due to the
high density of structural aluminum, an excess of compensating
ions is required to balance the zeolite's charge. As observed, the
Na/Al ratio is 1.00, consistent with the Si/Al ratio of 0.95.

Sodalite-type zeolites are found in clusters with irregular
particles ranging in size from 0.5 to 1 pm (Prokof’ev et al.
2019). The SEM-EDS images, Figs. 5-A and 5-B, reveal that
the Z-10-92 product consists of agglomerated particles with
dimensions smaller than 1 pm, attributed to the presence of the
zeolitic phase in the sample. Besides these clusters, potassium
crystals can be observed in Fig. 5-A; these crystals may have
formed due to the presence of potassium in the composition
of K, and silicon in Fig. 5-B.

Zeolites can possess both Brgnsted and Lewis acid sites.
Brgnsted sites are associated with tetrahedrally coordinated
aluminum with a negative charge, balanced by H* ions bonded
to an oxygen atom at the tetrahedral edge (AlO,)". On the
other hand, Lewis sites are attributed to octahedrally coordi-
nated aluminum, which can occupy different positions within
the zeolite structure (Ravi et al. 2020, 2021).

The relationship between Lewis acidity and aluminum struc-
ture in mordenite zeolite was examined by Ravi et al. (2019) The
evidence showed that the amount of octahedrally coordinated
aluminum in the hydrated samples is directly related to the num-
ber of Lewis acid sites present. These Lewis acid sites are par-
ticularly relevant when charge balancing occurs through protons.

Table 2 Chemical composition

Material Percent mass (%)
of K and Z-10-92 by EDS
Si Al Na K Fe
K 51.87 (+0.5) 42.49 (£0.5) 4.11 (£2.3) 091 (£2.3) 0.53 (£1.3)
7-10-92 31.64 (+0.9) 3321 (x1.1) 33.26 (+1.7) 1.31 (£0.1) -
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Fig.5 SEM-EDS of Z-10-92
As demonstrated in the FTIR analysis, as shown in Fig. 3,

and confirmed by SEM-EDS images, Figs. 5-A and 5-B, the
obtained zeolite was in the sodium form and lacked bands
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related to OH, indicating the absence of Brgnsted acid sites.
The absence of Lewis acid sites was confirmed by 2’Al
NMR in the sodium state, as depicted in Fig. 6, where the
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Fig. 6. 2’Al NMR spectrum of
the Z-10

AlO,4 AlOg

9 8 8 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 O -5 -10

absence of octahedral aluminum at 0 ppm and the presence
of a strong signal at 58 ppm, characteristic of tetrahedral
aluminum, were observed (Walkley and Provis 2019).

The synthesis of SOD zeolites at low temperatures (35
°C) without the use of autoclaves, as demonstrated in this
study, represents a significant advancement in reducing the
production costs of these materials. This approach elimi-
nates the need for autoclaves, substantially reducing the
energy required for crystallization. It also utilizes, for the
fusion step, a temperature like that used for transforming
kaolin into metakaolin, the traditional method employed
in the hydrothermal route using autoclaves. Additionally,
the alkaline fusion method can amorphized high thermally
stable silicon structures, such as quartz. This enables the
utilization of kaolin waste rich in this mineral for synthesis,
opening new avenues to obtain SOD zeolites with higher
crystallinity. This innovation expands the possibilities for
future research to explore and enhance the synthesis param-
eters of these zeolites.

Conclusions

The results obtained in this study highlight the promising
feasibility of synthesizing SOD-type zeolites from alka-
line fusion of kaolin, conducted under low-temperature
and ambient-pressure conditions. This emerging meth-
odology provides an economical and effective approach
to obtaining this material without relying on equipment
such as autoclaves. The findings indicated that the zeo-
lite with the highest crystallinity was produced using a
K-F:water ratio of 1:10, achieving 70.99% crystallinity,
and demonstrated its basic character through the pres-
ence of Na® cations as charge compensators and the

ppm

absence of octahedral aluminum in the zeolite structure.
This innovative method represents a significant step in
zeolite research, offering an accessible and potentially
scalable route for the production of these technologically
relevant materials.
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