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ABSTRACT

The use of natural zeolites as precursors offers a valuable alternative in the search for
new materials applied to zeolite synthesis. Each study focused on the interzeolitic con-
version method plays a fundamental role in understanding the evolution from one zeolite
to another. In this study, a natural zeolite containing the crystalline phases of clinoptilo-
lite and mordenite, with HEU and MOR topologies, respectively, as per the coding assigned
by the IZA, was employed as a precursor. Combined with potassium-aluminum hydroxide
solutions at two different concentrations, followed by a conventional hydrothermal process
with durations of 50 and 90h, characterization of both the precursor and resulting zeolite
was performed. A conversion mechanism was proposed based on the structural similar-
ity between the initial and target zeolites. To support these conclusions, characterization
techniques such as X-ray diffraction, scanning electron microscopy, energy-dispersive X-ray
spectrometry, Fourier-transform infrared spectroscopy, inductively coupled plasma optical
emission spectroscopy, and nitrogen adsorption were utilized. This process represents a

potential pathway for the synthesis of merlinoite-type zeolites, MER.
© 2024 The Authors. Published by Elsevier Espana, S.L.U. on behalf of SECV. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Conversidn interzeolitica de una zeolita natural rica en clinoptilolita en
merlinoita

RESUMEN

El uso de zeolitas naturales como precursores ofrece una valiosa alternativa en la busqueda
de nuevos materiales aplicados a la sintesis de zeolitas. Cada estudio centrado en el método
de conversién interzeolitica juega un papel fundamental en la comprensién de la evolu-
cién de una zeolita a otra. En este estudio, se empled como precursor una zeolita natural
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que presenta las fases cristalinas de clinoptilolita y mordenita, con topologias HEU y MOR,
respectivamente, segun la codificacién asignada por la IZA. Combinada con soluciones de
hidréxido de potasio-aluminio con dos concentraciones diferentes, seguido de un proceso

hidrotermal convencional con duraciones de 50 y 90 horas, se realiz6 una caracterizacién
tanto de la zeolita precursora como de la zeolita resultante. Se propuso un mecanismo
de conversién basado en la similitud estructural entre la zeolita inicial y la zeolita obje-
tivo. Para respaldar estas conclusiones, se utilizaron técnicas de caracterizacién como la

difraccién de rayos X, microscopia electrénica de barrido, espectrometria de rayos X por dis-
persién de energia, espectroscopia infrarroja por transformada de Fourier, espectrometria
de emisién éptica con plasma acoplado inductivamente y adsorcién por nitrégeno. Este
proceso representa una via potencial para la sintesis de zeolitas tipo merlinoita, MER.
© 2024 Los Autores. Publicado por Elsevier Espana, S.L.U. en nombre de SECV. Este es un
articulo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

The merlinoite-type zeolite, also known as MER according to
the code assigned by the Structure Commission of the Interna-
tional Zeolite Association (IZA) [1], is classified as a small-pore
zeolite with an 8MR topology. This means that although its
structure is composed of tetrahedral rings of 4 and 8 mem-
bers, it features a three-dimensional channel system formed
by rings of eight oxygen atoms [2]. Furthermore, this zeolite is
characterized by having two primary building blocks and three
secondary units. This specific configuration gives it struc-
tural and physicochemical properties that make it relevant
for various applications [3]. According to recent studies [4-8],
its efficiency has been demonstrated primarily in gas sepa-
ration processes and cation adsorption, where it has proven
to be a successful adsorbent, achieving removal efficiencies
of up to 97.6% for Pb?* [9], and 90% for Cs?>* and 65% for
Sr2* [10].

Given that the dominant structural cation in MER is the
potassium ion (K*), it positions it as a promising material
for agricultural applications, such as an efficient fertilizer to
enhance plant growth in low-fertility soils by providing a slow
release of K* [11]. Furthermore, its capacity as a potassium
extractor from seawater has been investigated [12], expanding
its range of practical applications.

This versatility highlights the importance of synthetic
zeolites, including merlinoite, in addressing sustainability
challenges in both scientific and industrial fields [13]. There-
fore, the synthesis of merlinoite zeolite has been the subject
of extensive research, employing conventional hydrothermal
methods with various preparations in its precursors. These
investigations include the fusion of potassium feldspars with
potassium hydroxide followed by a hydrothermal process
at temperatures between 140 and 180°C [14]; the hydrol-
ysis of tetraethyl orthosilicate (TEOS) with KOH-H,O and
alkaline aluminate mixtures, followed by a 48-h hydrother-
mal treatment at 170°C [15], and the addition of potassium
hydroxide, soluble silicate, and sodium aluminate in deionized
water, stirred for 10h, and subjected to a 22-h hydrother-
mal process at 170°C [16]. Additionally, Meenu’s approach
[17] utilized KOH and basic aluminum in a pre-stirred

mixture, followed by a 48-h hydrothermal treatment at
150°C.

Recent advancements in zeolite synthesis have sparked
considerable interest in the method of interzeolite conver-
sion, an approach that differs significantly from conventional
hydrothermal methods. This technique, emphasized in sev-
eral studies [18-21], focuses on the use of pre-existing zeolites
instead of employing solid precursors or traditional chemi-
cal reagents [22]. This paradigm shift responds to a growing
trend over the past decade toward the utilization of low-cost
and more environmentally friendly starting materials, reflect-
ing increased sustainability awareness in zeolite research
and development [23]. This renewed approach is based on
a mechanism involving the decomposition of the struc-
ture of an initial zeolite, utilizing its fundamental building
units as nuclei or seeds for the development of new zeolite
structures.

A prominent example of a precursor is the use of natu-
ral zeolite such as clinoptilolite, belonging to the heulandite
group and also known as HEU, according to IZA nomenclature
[1]. In its genesis process, this zeolite may occur solely as an
authigenic mineral [24-26]. Recent studies have demonstrated
that this crystalline phase can be successfully transformed
into GIS zeolite within a period of four days and into LTA zeolite
injust4h [27]. However, the literature supports the occasional
presence of the MOR crystalline phase [1] (mordenite) along-
side HEU zeolite [28,29]. To date, no interzeolitic conversions
from natural zeolites containing both HEU and MOR to merli-
noite have been documented.

In this study, both the precursor and the resulting zeolite
were characterized, focusing on understanding the mecha-
nism of interzeolitic conversion. A mechanism based on the
structural similarity between the initial and target zeolites is
proposed. To support our conclusions, characterization tech-
niques such as X-ray diffraction (XRD), X-ray fluorescence
(XRF), scanning electron microscopy (SEM), energy-dispersive
X-ray spectrometry (EDX), Fourier-transform infrared spec-
troscopy (FTIR), nitrogen adsorption at 77X, and inductively
coupled plasma optical emission spectrometry (ICP-OES) were
applied. The results obtained demonstrate that this process
represents a promising route for the synthesis of small-pore
zeolites such as MER.
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Table 1 - Quantities of reagents used for reactive mixtures M1 and M4.

Mixture Natural zeolite (g) KOH-AI solution

KOH (g) Aluminum (g) H,0 (ml)
M1 3.0 1.120 0.054 30.0
M4 12.0 4.48 0.216 30.0

The net amount of each reagent in mixture M4 was increased by approximately 4 times compared to mixture M1, while keeping the volume of

water constant.

Methodology

Materials and methods

The starting materials used in this study were natural zeo-
lite (NZ), analytical-grade potassium hydroxide (KOH) with
a purity of 98%, metallic aluminum residues from the food
industry with a purity of 95.89%, and deionized water. The
natural zeolite, employed as a mineral source of alumina
and silica, was extracted from an open-pit mine located
in Teximalpa, Huayacocotla, in the state of Veracruz, Mex-
ico, with UTM (Universal Transverse Mercator) coordinates of
550,380.52m E and 2,257,714.98 m N. The soils in this region
have a surface layer rich in organic matter and nutrients, prone
to erosion and accumulation of clay in the subsurface. Prior
to hydrothermal treatment, the natural zeolite underwent a
grinding and homogenization process to achieve a particle size
below 147 microns.

Interzeolitic conversion

Structural conversion was started with the preparation of
two different solutions of potassium hydroxide and deion-
ized water, with concentrations detailed in Table 1. To these
solutions, aluminum metal powder was added in specific pro-
portions, followed by continuous stirring for 24h to enable
aluminum dissolution. The resulting KOH-Al solutions were
filtered to remove undissolved residues.

Subsequently, a specific amount of zeolite powder was
introduced into each solution, thus forming the reactive mix-
tures M1 and M4 (details in Table 1). These mixtures were
subjected to a hydrothermal reaction process in a Teflon-lined
steel autoclave at a constant temperature of 145 °C, for periods
between 15 and 90 h, without a previous aging process.

Atthe end of the hydrothermal process, the solid and liquid
products were separated by filtration. To remove KOH residues,
the recovered solid was washed with deionized water to get a
neutral pH and then dried at 90°C before analysis.

Characterization

The identification of crystalline phases in the zeolite samples,
both in their natural state and after interzeolitic conversion,
was performed using the ICDD PDF-4+ 2019 software, version
4.19.0.1, with the database version 4.1903. X-ray diffraction
(XRD) analyses were conducted using an Inel diffractometer,
Equinox 2000 model, operating with CoKa radiation (20maA,
30kV). The deconvolution of these experimental peaks from

natural zeolite and processed samples was performed to
obtain semi-quantification of present phases. The analysis
was conducted using Pseudo-Voigt functions in combination
with the Levenberg-Marquardt algorithm. The mass fraction
(wt%) of each phase was calculated using Eq. (1).

(phase peaks area)

Mass fraction (wt%) = (total peaks area)

x 100 )

The characterization of the chemical composition of
the natural zeolite precursor, focused on quantifying major
elements, was carried out using X-ray fluorescence spec-
troscopy (XRF) technique. This analysis was conducted using
a RIGAKU ZSX Primus II instrument. Additionally, the loss on
ignition (LOI) of the samples was determined. For this, 1g of
dry basis sample was heated to a temperature of 950 °C for 1 h.
Subsequently, the resulting mass loss percentage was mea-
sured.

Morphological characterization and recognition of charac-
teristic zeolite crystals in the samples, both in theirinitial state
and after conversion, were carried out using scanning electron
microscopy (SEM) technique. This analysis was conducted
using a JEOL electron microscope, IT 300 model. Additionally,
for a more detailed assessment of the elemental composi-
tion of the crystals of interest, microanalytical analyses were
performed using energy-dispersive X-ray spectrometry (EDX).
These EDX analyses were conducted using an Oxford Instru-
ments X-MAX detector.

Nitrogen adsorption-desorption isotherms at 77K were
measured using a Nova series physisorption analyzer
from Quantachrome. The samples under study were sub-
jected to a degassing process at 300°C for 12h prior to
measurements, following Lowell’s recommendations [30].
Through the adsorption branch of the isotherms, equiva-
lent surface areas were calculated using the Langmuir and
Brunauer-Emmet-Teller (BET) methods, as well as the sur-
face area of mesopores using the t-method. Additionally, the
volume and size distribution of meso-macropores were deter-
mined using the Barret-Joyner-Halenda (BJH) method, based
on the desorption branch of the isotherms. Finally, the total
pore volume was estimated from the volume of liquid nitrogen
adsorbed at a relative pressure P/Pg of 0.99.

The vibrational spectra positions of the zeolites from
both source and destination were obtained through Fourier-
transform infrared spectroscopy (FTIR), thus complementing
the previous identification carried out by X-ray diffraction
(XRD). For vibrational characterization, a PerkinElmer Spec-
trum GX FT-IR spectrophotometer was used, operating in
transmittance mode. Spectra were recorded in the range of
4000-400 cm~1. The sample preparation for analysis involved
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Fig. 1 - (a) X-ray diffraction pattern of natural zeolite (NZ) showing the phases of heulandite (HEU), mordenite (MOR), and
opal. (b) Profile of the opal-CT/A transition, where opal-CT is the predominant phase.

forming pellets by homogeneously mixing the solid zeolite
with KBr in a mass ratio of 1:100.

Quantification of the major soluble elements, specifically
silicon (Si), aluminum (Al), and potassium (K), in both the ini-
tial reactive solution and the resulting solution from zeolitic
conversion, was carried out using inductively coupled plasma
optical emission spectroscopy (ICP-OES). For this purpose, a
Perkin Elmer Optima 8300 spectrometer was utilized.

Results and discussion
Phase identification

Through X-ray diffraction (XRD), detailed analyses were con-
ducted on the phases present in natural zeolite (NZ), used
as a precursor material in the conversion process. Two main
crystalline phases were identified (Fig. 1a): clinoptilolite and
mordenite, compared to those reported by Cappelletti and
coll. [31] and Passaglia [32]. In addition, the presence of a
paracrystalline phase of opal [33] was detected. These findings
are consistent with the literature on natural zeolite deposits,
where these three phases commonly coexist [29]. Chipera and
Apps [34] discuss the importance of silica concentration in
the formation of clinoptilolite and its coexistence with opal.
Similarly, Passaglia and Sheppard [34] indicate the usual asso-
ciation of mordenite with clinoptilolite and silica minerals
such as opal.

Regarding the characterization of opal (Fig. 1b), a distinc-
tive peak at 4.05 A was observed, characteristic of opal-C and
opal-CT [33]. These paracrystalline phases share structural
similarities with cristobalite (opal-C) or with cristobalite and
tridymite (opal-CT). On the other hand, opal-A, known for its
less ordered structure and its appearance of lepispheres, dif-
fers from these phases [35]. The peak at 4.05A, with a full
width at half maximum intensity (FWHM) of 0.26 A, and a
small shoulder at 4.23 A, suggests the mineralogical transition
of opal-CT/A, with a predominance of opal-CT [36]. Addition-
ally, background noise was detected throughout the spectrum,
indicative of an amorphous phase common in natural zeolites,
related to their formation process [37].

According to the semi-quantitative analysis conducted
by deconvolution of peaks from the experimental pattern,
the mass fraction (wt%) corresponding to the phases HEU,
MOR, and opal is 20.82, 3.62, and 5.48wt%, respectively.
The background (70.08 wt%) corresponds to unidentified non-
crystalline material (see Fig. 2).

Fig. 3 presents comparative diffractograms of natural zeo-
lite before and after undergoing hydrothermal treatments for
periods of 50 and 90h, using reactive mixtures M1 and M4.
Particularly, the diffractogram in Fig. 3a serves as a reference,
displaying the diffraction pattern of merlinoite zeolite (MER),
as reported by Bieniok et al. [38].

On the other hand, Fig. 3b-e shows the presence of some
peaks corresponding to MER zeolite, as well as the pro-
gressive decrease of peaks associated with opal and the
crystalline phases HEU and MOR after 50 and 90h of reac-
tion. These results indicate a degradation of the mineral
phases of the natural zeolite, attributable to exposure to a
highly alkaline environment. Moreover, the mass fraction
(wt%) of each phase present after each treatment was deter-
mined semi-quantitatively. The findings demonstrate that the
most substantial conversion of natural zeolite to MER zeolite
occurred after 90 h of reaction, yielding 76.87 wt% with the M4
mixture and 60.07 wt% with the M1 mixture (Fig. 4c and d).
These results exhibit notable improvement over the 50-h treat-
ments, where the MER conversion rates were 21.42 wt% for M1
and 29.43 wt% for M4 (see Fig. 4a and b).

Morphology and composition

In accordance with the images obtained by SEM (Fig. 5a),
clinoptilolite crystals exhibit a distinct tabular plate-like
shape, which is a characteristic feature of well-developed
crystal habits [29]. The diameter and thickness of observable
crystals range between 2.5-12 and 0.5-2.5 pm, respectively.
Additionally, clusters of thin fibers, typical of mordenite
morphology, are observed (Fig. 5b) [29] with an approximate
thickness of ~0.05 um. Furthermore, in Fig. 5a, the existence
of spherulitic formations composed of opal-CT or opal-CT/A
[36,39] is observed, with sizes ranging from 1 to 5 pm. These
structures often develop as a result of high silica concen-
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Fig. 3 - (a) MER diffraction pattern. Interzeolitic conversion over 90 h using precursor mixtures, (b) M4 and (c) M1.
Interzeolitic conversion over 50 h with mixtures (d) M4 and (e) M1. (f) Precursor natural zeolite.

tration in the environment [40], as evidenced in this natural
zeolite according to the XRF data (Table 2). Based on this data,
the chemical composition of natural zeolite predominantly
comprises silica (SiO;) and aluminum (Al,O3) oxides, with
an estimated Si/Al molar ratio of 5.38. Natural clinoptilolites
exhibit composition ranges varying from 66.7% to 71.45% by
weight of SiO,, along with an Al,Os; content ranging from
11.48% to 13.9% by weight [41-44]. In addition to these main
components, other elements typical of natural zeolites were
detected, such as potassium (K), calcium (Ca), iron (Fe),
magnesium (Mg), and sodium (Na), with K and Ca being the
predominant compensating structural cations in this sample.

Additionally, Fig. 6 shows scanning electron microscopy
(SEM) images of the zeolites synthesized from the M1 and M4
mixtures, showcasing variations in reaction times of 50 and
90h.

When the M1 mixture with a 50-h reaction time is
employed, it is observed that the zeolite MER crystals exhibit
a needle-like prismatic morphology, organizing into bouquet-
like structures with a thickness of less than 1pm (Fig. 6a).
This morphology is common and has been previously doc-
umented in other studies [14,15,45,46]. The main difference
when extending the reaction time to 90 h is an increase in the
quantity and size of crystals, which can reach up to 2pum in
diameter (Fig. 6b).

Furthermore, when utilizing the precursor mixture M4,
there is an increase in the concentration of reactants com-
pared to M1. Fig. 6¢c and d depicts SEM images of zeolites
synthesized from the M4 mixture with reaction times of 50
and 90 h. For 50h of reaction with M4, some larger prismatic
crystals are observed compared to those obtained from M1. In
the case of 90h of reaction using M4, there is an increase in
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Fig. 4 - Semi-quantitative determination of phase
composition (wWt%) in the recrystallized samples through
experimental pattern deconvolution.

the crystal population, with some reaching a thickness of up
to 5 um in diameter.

Based on the aforementioned observations, it can be
concluded thatreaction time tends to increase the crystal pop-
ulation, while an increase in reactant concentration results in
larger crystals.

Subsequently, in Fig. 6e and f, the microanalysis results
obtained through energy-dispersive X-ray spectroscopy (EDX)
on MER crystals obtained from the M1 and M4 mixtures after
a 90-h reaction are presented. The tabulated data reflect the
number of atoms per unit cell, with the oxygen content in
zeolite MER used as the reference. It is observed that the
crystal composition is similar in both samples, with potas-
sium being the predominant compensating structural cation.
Furthermore, it is noteworthy that the Si/Al molar ratio falls
within the range of 2.51-2.70, indicating the aluminum-rich

nature of the merlinoite structure compared to the starting
natural zeolite, which has a higher Si/Al ratio (5.38).

Pore space properties

The nitrogen adsorption/desorption isotherms at 77K for
the NZ, M1-90, and M4-90 samples (Fig. 7a) exhibit a pro-
file that combines features of Type-I and Type-II isotherms,
as per the classification by the International Union of Pure
and Applied Chemistry (IUPAC) [47]. Initially, the isotherms
are concave toward the P/Py axis, indicative of microporous
materials (Type I). In the P/Py region between 0.35 and 1,
they display characteristics of Type-II isotherms, typical of
macroporous or non-porous adsorbents, where unrestricted
multilayer adsorption or capillary condensation can occur at
high relative pressures.

The isotherms of all three samples exhibit a hysteresis loop
combining features of Type H3 and Type H4 [47]. The H3 hys-
teresis cycle suggests the presence of aggregated plate-like
particles, giving rise to slit-shaped pores, while Type H4 is
associated with narrow pores of this shape [48]. This phe-
nomenon has been observed in amorphous aluminosilicates
[49], natural zeolites [50], and synthetic zeolites [S1]. The
shape of the hysteresis cycle in the experimental isotherms
indicates the presence of amorphous material, forming aggre-
gated particles that create intercrystalline spaces acting as
mesopores and macropores, resulting in nitrogen condensa-
tion.

The Langmuir theory was employed to determine the Lang-
muir equivalent surface area (Sp) [52], expressed in square
meters per gram of adsorbent (m? g~1), which is associated
with microporous materials. Experimental adsorption data in
the P/P range of 0.04-0.032 were analyzed. Using the Langmuir
equation, the monolayer volume (V,») and the constant C asso-
ciated with the adsorption energy were calculated (Fig. 6b).
The Langmuir equivalent surface area (S.) was calculated from
the value of V), [53]. It is important to note that the inter-
pretation of the Langmuir surface area is more related to the
experimental saturation capacity than to the wall area of the
micropores [48]. According to the results (Table 3), NZ exhibits
a higher surface area of 66.24m?g~!, which is comparable
to M4-90 (65.22m? g1). In comparison, M4-90 demonstrates
a greater micropore volume than M1-90, indicating superior
crystallization.

The BET equation [54] was employed to estimate the BET
equivalent surface area (Sper) [48], which is related to the
physical adsorption of monolayers in mesopores and the fill-
ing of micropores. Data conforming to the linear form of the
BET equation were found in the P/Py range between 0.4 and
0.32 (Fig. 7c). For this dataset, the parameters of the BET
equation, including the BET adsorption constant and the vol-
ume of adsorbed monolayer, were determined, from which
Sger was calculated [53]. The data indicate that NZ exhibits the
highest surface area (43.50m? g~1), followed by M4-90 and M1-
90 with 41.95 and 22.97 m? g~1, respectively. It is noteworthy
that Sger surpasses Si, primarily due to the limited physi-
cal significance of the surface area concept derived from the
Langmuir equation [48].

The method-t [55] was employed to calculate the total
mesopore area (Smeso). Utilizing the Harkins and Jura equa-
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Fig. 5 - SEM image of natural zeolite showing (A) clinoptilolite (HEU), opal and (B) mordenite (MOR) crystals.

Table 2 - Chemical composition of natural zeolite performed by XRF.

Composition (wt%) Sio, TiO, Al,O3

Fe, O3t MnO

MgO CaO Na,0 K,O P,0s LOI Total

70.02 0.10 11.04 1.47 0.02

1.44 1.78 0.43 3.25 0.02 10.43 100

Table 3 - Textural parameters of the parent material (NZ) and the synthesized zeolites M1-90 and M4-90.

Surface area (m? g!)

Pore volume (cm? g~! x 1073)

Sample SL SgeT Smeso Smicro Ve Vr

NZ 66.24 43.50 15.39 28.11 84.78 92.69
M1-90 35.87 22.97 14.20 8.77 67.95 70.63
M4-90 65.22 41.95 28.29 13.77 145.11 148.87

tion [56], the thickness of the adsorbed nitrogen multilayer, t,
was determined as a function of P/Py (Fig. 7d). The y-intercept
and slope of the volume of nitrogen adsorbed vs. t graph
were obtained from points exhibiting linear behavior. Values
of Smeso, Obtained from the de Boer equation, and slope val-
ues [55], are presented in Table 3. The micropore area was
calculated using the relationship Spicro = SBeT — Sext [30]. The
results indicate an increase in the mesopore area in M4-90
compared to M1-90 and NZ. Furthermore, the M4-90 sample
exhibits a microporous area of 13.77 m? g~1, surpassing that of
M1-90. These findings support the formation of a greater quan-
tity of mesoporous material and suggest a higher presence of
micropores in the new structure of zeolite MER in the M4-90
sample, indicating a higher degree of crystallinity.

The BJH model [57] was utilized to calculate the pore vol-
ume distribution curves over a range of 2-100nm (Fig. 7e).
All samples exhibit a sharp peak at ~3.64nm, with this peak
being more pronounced in M4-90. Additionally, M4-90 displays
a broad mound in the range of 4-40nm, indicating a preva-
lence of medium-sized mesopores. In the same figure, the
cumulative pore volume plot reflects that the total volume
of meso-macropores (Vgjy) varies with reactant concentra-
tion and alkalinity of the medium. In M4-90, the Vg was
calculated to be 145.11 x 10~3 cubic centimeters per gram of
adsorbent (cm® g~1), surpassing the value for M1-90 (Table 3).
In all samples, meso-macropores are attributed to agglom-
erations of amorphous material. Although the BJH model
is primarily employed to describe cylindrical geometries, it
provides a lower bound for the size of irregular slit-shaped
mesopores [58|.

Finally, the total pore volume (V1) was determined based
on the equivalent volume of adsorbed liquid nitrogen at a

relative pressure P/Po=0.99 [48]. The results confirm that the
M4-90 sample has a higher total pore volume due to the
increased presence of meso-macropores, which significantly
contributes to this augmentation.

FTIR vibrational spectra

Fig. 8 shows the FTIR spectra of the NZ samples together
with the samples obtained with the interzeolitic conversion
process. Their first derivatives were calculated for the identi-
fication of the vibrational peaks. The interpretation of these
peaks was based on wavenumber (cm~!). A summary of the
assignments and positions of the vibrational peaks is given in
Table 4.

Firstly, in the broad region of 3800-3100cm™!, infrared
vibrational spectra are typically associated with the presence
of adsorbed water and the stretching vibration of hydroxyl
(OH) groups linked to the surface, which constitute silanol
SiOH groups. The amplitude of this region is directly related
to the quantity and diversity of these groups [59,60]. In the
experimental infrared spectra shown in Fig. 8, a significant
increase in the amplitude of this band is observed when
extending the reaction times from 50 to 90 h, indicating the for-
mation of silanol SiOH groups. The presence of these groups
suggests an enhancement in the surface reactivity of the syn-
thesized samples.

The band around 1630-1640cm™! is typically associated
with the deformation vibrations of water molecules [59].
Both in the NZ sample and in the samples obtained through
the conversion process, a shift of this band toward higher
wavenumbers is observed.
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Fig. 6 - SEM Images representing the interzeolitic conversion of NZ into MER from various mixtures and reaction times: (a)
M1-50, (b) M4-50, (c) M1-90, and (d) M4-90. EDX analysis of (€) M1-90 and (f) M4-90.

Table 4 - Summary of the position of vibrational peaks (wavenumber in cm~1) and their respective assignments in the

FTIR spectra of the synthesized zeolites and the precursor zeolite NZ.

Assignment NZ M1-50 M4-50 M1-90 M4-90
Symmetric and antisymmetric stretching vibration of the O—H group. 3614 3624 3627 3631 3633
Bending vibration of H—O—H 1645 1642 1651 1648 1642
Non-fundamental vibrations (overtones/combination) of Si—O 1493 1482 1493 1500 -
Internal asymmetric stretching vibrations in TO, tetrahedron 1037 1038 1037 1041 1057
External symmetric stretching vibrations between TO, tetrahedra 787 787 786 786 791
Internal-external symmetrical stretching vibrations 719 727 723 725 734, 676
External vibrations of the double-rings 638,595,520 604,521 600,519 602,518 604, 515
Bending vibrations of the T—O 447 456 453 456 467
In the range of 1600-1400cm~!, an infrared spectrum is three-dimensional structures, such as quartz [61,62], and in
found to be associated with non-fundamental vibrational fre- amorphous silicates [63]. The presence of this vibrational peak
quencies (overtones/combinations) of the Si—O bond. These  is observed exclusively in the synthesized samples, with a

spectra have been previously observed in silica minerals with center in the range of 1482-1500 cm™2.
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size distribution.

In the 1300-400 cm~! region, infrared spectra of zeolites are
generally divided into two distinct categories of vibrations [64].
The first is related to the internal vibrations of the TO4 tetra-

hedron, present in all zeolite structures. Assigned infrared
bands include asymmetric stretching (1250-920cm™1), sym-
metric stretching (720-650cm™?), and bending of the T—O
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bond (500-420 cm ). The second category corresponds to the
external vibrations of the bonds between tetrahedra, which
are sensitive to the type of framework, the presence of struc-
tural polyhedra, and double rings. Assigned bands include
asymmetric stretching (1150-1050 cm~1), symmetric stretch-
ing (820-750 cm~1), and double-ring vibrations (650-500 cm~1).

In this case, the studied samples exhibit a broad and promi-
nent band centered in the range of 1037-1057 cm~!, which is
common in all zeolites and is related to the internal asymmet-
ric vibrations of tetrahedra. It has been observed that a shift
of this band to higher wavenumbers indicates a higher Si/Al
ratio in the structure [65]. This is reflected in the NZ sample,
which has a higher Si/Al ratio than the synthesized samples
and exhibits this vibrational band at a higher wavenumber.

The bands of weak intensity in the range of 791-787 cm™?
correspond to symmetric vibrational stretching of the external
structural bonds between tetrahedra. These bands are char-
acteristic of MER-type, MOR-type and HEU-type zeolites. It is
important to note that the position of these bands may shift
toward lower wavenumbers as the amount of Al in the struc-
ture increases. For example, in the case of heulandites and
clinoptilolites, the band positioned at 800 cm~? can experience
changes in its position or even disappear when the structural
composition varies [66].

The bands of very weak intensity observed between 737
and 676cm~! may be due to the overlap of usually weak
internal and external symmetric stretching bands that occur
between 720 and 750cm™~!. Next, there are bands related to
the vibrations of double rings. In the NZ sample, a medium-
intensity band is observed around 604cm~!, and a weak
shoulder near 515cm™?, attributed to the double 4-rings,
which are the periodic building units of HEU and MOR zeo-

lites. In the recrystallized samples, zeolite MER is present,
composed of double rings of 4 and 8 units. Except for M4-
90, all samples exhibit a medium-intensity band centered
around ~602cm™. In contrast, the M4-90 sample shows two
peaks, one at 595cm~! and another at 638cm!. This latter
peak is characteristic of zeolite MER and is used as a refer-
ence to distinguish it from PHI, which has a similar structure
[67].

Finally, a bending vibration band centered at 467 cm~? for
NZ and between 456-447 cm~! for the rest of the samples is
observed. This strongly intense band is related to the internal
bending vibrations of the T—0 bond and appears to respond
to the Si/Al composition of each zeolite.

In summary, the FTIR spectra of the analyzed samples
reveal similarities both in the region of external vibrations
and throughout the spectrum. These similarities are partially
explained by the common structure shared by MER, MOR and
HEU zeolites, composed of 4 and 8-membered rings. In addi-
tion, the overall profile of the spectra is comparable due to
the interzeolitic conversion process of the MER zeolite from a
natural zeolite of HEU and MOR type.

Species in solution in liquid product post-synthesis

The analysis of the concentration of aqueous silicon (Si), alu-
minum (Al), and potassium (K) in the liquid products after
synthesis was performed using the ICP-OES technique. These
solutions were obtained from the precursor mixtures M1 and
M4 after reaction times ranging from 15 to 90 h. Research indi-
cates that during the synthesis stage, due to the action of OH—
ions, aluminum remains in the ionic form Al(OH),~. Regarding
silicon, it can be found as silicic acid Si(OH)s4, anionic species
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Table 5 - Compositional and structural characteristics of HEU MOR and MER zeolites.

Code Example

Framework composition
Space group
Framework density
(T/1000 A3)

Framework

Cages, channels and double rings

HEU Clinoptilolite
[Alg.77S129.23072]
Monoclinic, C2/m

17.1

MOR Mordenite
[AlgSi40 0]
Orthorhombic, Cmcm,

17.2

MER Zeolite W

[Siz1.7Al10.3064]
Tetragonal, I4/mmm
16

such as Si(OH)30~, Si(OH),0,~2, Si(OH)O3~3, or other more
complex forms may form [68,69].

Fig. 9 presents the concentration (mmol/L) of the elements
K, Si, and Al for different reaction times (h). According to the
graph, in both cases, initially dissolved potassium from KOH
undergoes a sharp decrease within the first 24 h of the reac-
tion. After this period, it remains at a relatively stable level.
On the other hand, silicon, originating from the mineral, is
affected by the action of the OH™ ion, which dissolves silicon-
containing components, leading to the formation of various
species. As observed in Fig. 9, with the M1 mixture, the con-
centration of silicon in the solution increases and stabilizes
after 70h of reaction. This is similar to what happens with
M4, where the final concentration of silicon is approximately
6.6 times higher than when M1 is used. Regarding aluminum,
initially present in both the mother solution and the zeolite

mineral, its concentration decreases in both cases, ultimately
approaching zero after 90h of reaction. This phenomenon
can be attributed to the higher aluminum content within the
structure of the final product obtained, the MER zeolite.

Interzeolitic conversion mechanism of natural zeolite into
MER

Despite differences in framework composition, space group,
and framework density among HEU, MOR, and MER
zeolites, structural similarities are evident in their channels
and cages formed by their intersections. Table 5 illustrates
the channels and types of cages present in HEU, MOR, and
MER zeolites, which are primarily constituted by the intersec-
tion of 8-member ring channels with 8-, 10-, or 12-member
ring channels. These structural resemblances, coupled with
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the analyses conducted on both solid and liquid products,
enable speculation regarding the interzeolitic conversion pro-
cess described in this study (see Fig. 10).

Given that certain components of the reactive mixture ini-
tially exist in a solid state, a preconditioning process of the
solid material becomes imperative [70], facilitating the forma-
tion of the reactive gel and the subsequent building blocks or
polyhedra that constitute the MER zeolite.

Initially, we propose that the formation of the reactive gel
initiates through a series of steps involving the amorphiza-
tion, dissolution, and rearrangement of aluminum and silicon
structures originating from both opal and amorphous mate-
rial. This decomposition process is facilitated by the presence
of hydroxide ions (OH™). During this stage, silicates and alu-
minates dissolve and undergo rearrangement in conjunction
with ions present in solution (K* and Al(OH)4~) to generate a
reactive gel, serving as the precursor from which new zeolite
crystals will grow.

Similar to the behavior observed with amorphous mat-
ter, the dissolution of HEU zeolite crystals takes place within
a highly alkaline environment, albeit at a slower rate, as
evidenced by XRD results (Fig. 3). We hypothesize that the
crystalline structure of HEU and MOR zeolites, which shares
similarities with MER zeolite, may undergo transformation
into the MER type when dissolving in a potassium alkaline
medium.

Eventually, the ordered polygonal structures such as rings
and polyhedral structures like cages, as well as larger ordered
structures derived from the reactive gel and natural HEU and
MOR zeolite crystals, undergo condensation to form the nuclei
of MER zeolite. Subsequently, these nuclei, transitioning into
small crystals, gradually increase in size owing to the progres-
sive dissolution of both the reactive gel and the parent zeolite
crystals, which serve as reservoirs of reactants. Nonetheless,
as evidenced by the elemental analysis of solution compo-
nents (Fig. 9a), aluminum in solution may become a limiting
reagent after an extended reaction period. This limitation

impedes the condensation of silica into crystalline structures,
resulting in the formation of amorphous mesoporous mate-
rial.

Conclusions

In this study, the recrystallization of zeolite merlinoite (MER)
from a natural zeolite composed of clinoptilolite (HEU), mor-
denite (MOR), and opal phases was achieved. The raw natural
zeolite was characterized by having a high concentration of
silica. Recrystallization was carried out in a highly alkaline
environment using KOH and aluminum, with natural zeolite
powder serving as a silicon source. Experiments were con-
ducted at different temperatures and reaction times, varying
the initial concentration of reactants, which affected the total
amount of water present in the precursor mixtures.

XRD results indicated that the crystallization of MER zeolite
is favored by prolonged reaction times rather than high initial
concentrations of reactants. It was also observed that reaction
time increases the population of crystals, and that crystals
formed in environments with high concentrations tend to be
largerin size. The study of textural properties revealed that the
volume and area corresponding to micropores increase when
high initial concentrations of reactants are used, and more
mesopores are formed under these conditions.

Through FTIR analysis, vibrational similarities were iden-
tified between the precursor material and the conversion
product, especially in the bands of symmetric stretching and
the vibrations of double rings. These structural similarities
suggest that they may favor the process of reconverting HEU
and MOR zeolites into a MER-type zeolite. Overall, these
results provide a detailed understanding of the recrystalliza-
tion process of MER zeolite from a natural zeolite and suggest
the influence of factors such as reaction time and reactant
concentration on the formation and properties of the resulting
crystals.
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