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ABSTRACT

The interesting chemical and physical properties of microporous zeolites have led to their use
in numerous industrial applications, such as adsorbents, ion exchangers, and catalysts,
increasing the worldwide consumption of these materials annually. However, the
development of synthetic zeolites usually involves the use of expensive chemical reagents;
therefore, the use of alternative sources of Si and/or Al, such as minerals and waste streams,
has gained attention over the past few years owing to the benefits in production costs and
decreasing environmental burden. In this study, we report the synthesis of single-phase small-
pore NaP zeolites via alkaline hydrothermal treatment (HT) using natural clinoptilolite
(CLIP) as the Si and Al source. The synthesized zeolites were analyzed using X-ray
diffraction, electron microscopy, energy dispersive spectroscopy, and X-ray photoelectron
spectroscopy. The results showed that the variations in molar concentration (1 and 2 M),
crystallization time (24 and 39 h), and crystallization temperature (90, 105, and 110 °C) play
a major role in obtaining two types of NaP isomorphs (NaP1 and NaP2), which feature a

flexible framework, where the synthesis parameters of 1 M, 24 h, and 90 °C led to the
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formation of a single-phase NaP1 zeolite with high purity. These results demonstrate the
feasibility of developing sustainable synthesis processes from low-cost and abundant raw
materials to produce high-value-added synthetic zeolites as alternatives to traditional
chemical reagent-based synthesis methods.
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1. Introduction

Zeolites are a family of open-framework aluminosilicate materials with structures based on a
three-dimensional network of AlO4 and SiO4 tetrahedra linked by oxygen bridges [1]. These
materials have channels and voids that allow intracrystalline transport, adsorption, and
diffusion of ions and molecules [2]. Owing to these unique characteristics, zeolites have
several applications such as highly efficient catalysts, detergents, adsorbents, and ion
exchangers. Among the different types of existing zeolite topologies, NaP zeolites belonging
to the zeolites P group and classified as synthetic analogs of natural gismondine-type (GIS)
zeolites, possess a micropore size (~2.90 A) smaller than those of other zeolite structures
such as LTA (~4.10 A), MFI (~5.40 A), MOR (~6.70 A), LTL (~7.10 A), and FAU (~7.40
A), highlighting their molecular sieve properties [3]. Structurally, zeolite P is composed of
secondary building units (SBU) containing four- and eight-membered rings (4-MRs and 8-
MRs) of T atoms (T = Si or Al linked together by sharing oxygen atoms) and possesses a
three-dimensional (3D) pore system with two intersecting 8-MRs of different dimensions [4].
Zeolites with a GIS-like framework have been described as the most open [tetrahedral]
framework type generated thus far because of the high flexibility of the Si—Al linkage in their
topology, which induces different real symmetries depending on the extra-framework cations,
Si/Al ratio, and degree of dehydration [5]. Owing to their unusual flexibility, different



crystalline polymorphs possessing a GIS framework type have been reported in the literature,
such as cubic (also referred as P1, Pc, or cubic P) and tetragonal (also referred as P2, Py, or
tetragonal P) [6-8]. For instance, Oleksiak et al. [7] reported the synthesis of P1 and P2
zeolites using a hydrothermal method at 100 °C for 1 to 7 days using a colloidal silica source.

Synthetic zeolites exhibiting high crystalline purity and uniform size, along with improved
ion exchange capabilities, are often produced from commercial aluminates (e.g., aluminum
(hydr)oxides, nitrates, alkoxides, etc.) and silicates (e.g., colloidal silica, alkali silicates,
silicon alkoxides such as tetraethyl orthosilicate) by hydrothermal processes in an alkaline
medium [9-11]. Nonetheless, the preparation of synthetic zeolites from these starting
materials is relatively expensive, and close contact with certain alkoxysilane compounds can
be harmful to health [12]. Therefore, it is necessary to develop environmentally friendly,
inexpensive, and nontoxic precursors. Alternative sources of silica and alumina are natural
minerals and solid waste, such as fly ash, metakaolin, diatomite, and smectite, as low-cost
raw materials to produce high-purity synthetic zeolites [13]. Among natural minerals,
clinoptilolite (CLIP) with a Heulandite (HEU)-type framework is considered one of the most
abundant natural zeolites on Earth, with low extraction costs that can be used as Si and Al
sources for producing industrially appealing zeolites [14, 15]. For instance, the preparation of
synthetic zeolites, such as NaP, from natural CLIP zeolites using conventional and
ultrasound-assisted hydrothermal methods has been reported [13-21].

Several studies have reported different strategies for the synthesis of NaP from CLIP. For
example, Kang et al. [18] and Wang et al. [13] obtained NaP zeolite with and without the
sodium hydroxide fusion method prior to hydrothermal reaction using natural CLIP zeolite.
In other studies employing the alkaline hydrothermal route, pure chemical reagents such as
NaCl [16], AI(OH)z [19], and NaAIlO [20] were added during the CLIP reaction in an
alkaline medium, increasing the production costs of NaP zeolite. In contrast, novel techniques
have been used to reduce the crystallization time and increase the purity of the synthesized
zeolite. Behin et al. employed an ultrasound-assisted hydrothermal process to convert CLIP
into NaP. After 5 h of sonication in an alkaline medium, a complete NaP phase formation was
obtained [14]. However, such techniques require sophisticated instrumentation, and the
production of such materials is often limited. And recently, Hong S et al. [21] proposed the
transformation of CLIP to NaP by a "top-down approach™ hydrothermal reaction, where

CLIP was used in granular size, using 3 M NaOH solution in a 96 °C oven and obtaining a
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NaP phase after 60 h of crystallization. Therefore, further research is needed on NaP zeolite
synthesis, with a focus on protocols to make their manufacturing more sustainable and cost-

competitive.

In the present work, we report the preparation of small-pore NaP1 and NaP2 zeolites obtained
from CLIP as non-conventional precursor by alkaline hydrothermal treatment (HT). First,
CLIP was subjected to pretreatment in an alkaline dissolution to extract Si and Al precursors;
subsequently, this dissolution was subjected to a crystallization process, where the effects of
alkalinity, temperature, and crystallization time were studied. The results showed that high-
purity NaP1 zeolite could be obtained at 1 M NaOH concentration, 90 °C, and 24 h HT,
whereas increasing the hydrothermal conditions to 2 M NaOH for 110 °C at 39 h led to the
production of the NaP2 zeolite phase. Furthermore, this method demonstrates the feasibility
of developing high-purity synthetic zeolites, reducing costs, and decreasing the use of
commercial reagents. Our findings open the possibility of extending the use of natural CLIP
as a starting material for the development of different types of zeolites through synthetic
routes, such as dry solid fused alkali reagents.

2. Materials and methods

2.1 Starting material and reagents

Natural CLIP [(Na, K)eSizoAlsO72-nH20] was used as non-conventional Si- and Al- source
for the zeolite synthesis, which is abundant in the central-southern region of Mexico with
HEU topology and a framework density of 17.5 T-atoms/1000 A3. The CLIP precursor was
manually crushed into a fine powder and calcined at 450 °C for 5 h to remove organic
impurities prior to its use. Anhydrous NaOH pellets (purity > 98 %, Sigma-Aldrich) were

used as received.

2.2 Synthesis of NaP zeolites

Grinded CLIP was added to different NaOH molar aqueous solutions (1 M and 2 M in
deionized water) in PTFE bottles using a CLIP (g): NaOH (g) ratio of 0.75 (more details are
provided in the supporting information). The suspension was heated at 90 °C for 6 h under

vigorous stirring, filtered through a Buchner funnel, and the supernatant was poured into a
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Teflon vessel inside a stainless-steel autoclave that was placed in an oven at different
crystallization temperatures (90, 105, and 110 °C) and times (24 and 39 h). After HT, the
autoclave was quenched in cold water, and the precipitate was recovered by centrifugation,
washed three times with 50 ml of deionized water, dried at 80 °C for 3 h, weighed,
transferred to vials, and stored in a desiccator for further characterization. The procedure is

illustrated in Figure 1.

2.3 Material characterization

Scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) analyses
were conducted using a JEOL 6500LV device equipped with an X Flash 6110 Bruker
detector. Particle size distributions were estimated from SEM images using ImageJ
processing software (30-50 zeolite crystals on average). X-ray diffraction (XRD) analysis
was performed on a D8 Advance Bruker in the range of 20 = 5 — 50° at a scanning speed of
0.02 °/s. The XRD patterns were indexed according to the standard CLIP and NaP1 zeolite
diffraction patterns listed in the International Zeolite Association (1ZA) [22], and the X Pert
High Score Plus software was used to simulate the NaP2 zeolite diffraction pattern. X-ray
photoelectron spectroscopy (XPS) was performed using a Thermo Scientific K-Alpha XPS
System. The AlKa source produces X-rays radiation of 1486.7 eV that is focused to a 200 x
200 um? spot (power density = 66 W/m?). Fourier transform infrared spectroscopy (FTIR)
spectra of the samples were recorded in air at room temperature using attenuated total
reflectance Fourier transform infrared spectroscopy (ATR-FTIR). The spectra were recorded
using a Thermo Scientific Nicolet 6700 spectrometer in the wavenumber range 4000-550 cm-
1 with 32 scans. Thermogravimetric analysis (TGA) analysis was performed on a Q500 TGA
device from TA Instruments. Between 10 and 30 mg of the zeolite sample was introduced in
a platinum sample holder. During the analysis, the sample was heated with a rate of 3 °C per

minute to 600 °C under a constant air flow.
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synthesize NaP zeolites from CLIP.

3. Results and discussion
3.1 Characterization of natural CLIP precursor

Figure 2a shows the XRD pattern of the raw CLIP used as the starting material. The presence
of CLIP was confirmed to be the only crystalline phase according to the JCPDS (01-079-
1461) reference file [22]. The surface morphology of the CLIP zeolite was analyzed by SEM,
displaying crystals with irregular morphology and a rough surface, as observed in Figure 2b.
Elemental analysis conducted by EDS (Figure 2c) reveals a Si/Al ratio of 4.8, thereby
proving a CLIP zeolite phase, since HEU and CLIP, despite having the same structural
topology, differ in having a different Si/Al ratio (Si/Al<4 for HEU and Si/Al > 4 for CLIP)
[23]. The EDS spectrum (Figure S1) indicates that CLIP is mainly composed of Si, O, and
Al, as they form the framework of the zeolite structure, and the elemental mapping (Figure
2¢) exhibits a homogeneous distribution of the elements. These results also reveal the
presence of several extra-framework cations, such as K*, Ca?*, Mg?*, Na*, and Fe?*, with K +
being the most prevalent exchange cation and Fe?* as the cation with the lowest atomic
concentration. The presence of these extra-framework cations and organic impurities directly
affects the coloration of the precursor, showing light and strong beige coloration before and
after calcination, respectively (Figure 1). Importantly, the CLIP used in this study was
calcined at 450 °C for 5 h before use. Since it has been described that calcination of raw

materials (such as clay minerals) at high temperatures (500-800 °C) can also be used as



another thermal pre-treatment to increase the solubility of Si and Al species in zeolite

production [24].
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Figure 2. (a) XRD pattern, (b) SEM micrograph, and (c) elemental mapping and atomic
concentration of elements of the natural CLIP precursor employed as starting material for

zeolite synthesis.

3.2 Effect of alkalinity in as-synthesized NaP1 zeolites using CLIP

The effect of varying the NaOH concentration (1 and 2 M) on the synthesis of NaP-type
zeolites starting from natural CLIP through alkaline dissolution and HT was investigated. The
first synthesis batch, performed with 1 M NaOH for 24 h at 90 °C, yielded P-type zeolite.
Figure 3a shows the diffractogram of the as-synthesized NaP zeolite, which shows the
characteristic peaks of NaP1-type zeolite compared to the 1ZA NaP1 zeolite pattern (JCPDS
No. 71-0962) [8, 22, 25], without the presence of amorphous or other crystalline impurities,
suggesting the formation of single-phase NaP1 zeolite after the hydrothermal process. SEM

analysis (Figure 3b) reveals that the as-synthesized NaP1 exhibits cuboctahedron-shaped



crystals, similar to those described in previous reports [26-28]. In addition, Figure 3c
displays the histogram of the particle size distribution, which ranges between 2.6 and 6.6 um

centered at 4.3 pm.
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Figure 3. (a) XRD pattern, (b) SEM micrograph, and (c) particle size distribution analyzed
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using ImageJ (calculated from 30 to 50 particles) of NaP1 zeolites synthesized with 1 M
NaOH for 24 h at 90 °C.

Figure S2 shows the FTIR spectra comparison between the natural CLIP precursor and the
zeolite obtained with 1 M, 24 h and 90 °C, providing additional information to validate the
zeolite synthesis. The presence of adsorbed water is evidenced in the spectra through the
water bending vibration at 1618 cm™ (Figure S2a) [29]. The bands observed at 967 and 674
cm? correspond to internal vibrations of the Si-O-Si and Si-O-Al bridges in the zeolite.
Likewise, the bands at 739 and 598 cm™ are attributed to symmetric bonds and Si and Al-O
bonds, respectively [30]. Nevertheless, significative differences in the bands appearing
between 550 to 1500 cm™ (Figure S2b) were spotted indicating a structural change between
the CLIP precursor and the as-synthesized NaP1 zeolites, consistent with previous findings
[20].

EDS data (Figure S3) show the presence of Si, Al, O, and Na atoms, comprising the NaP1-
type zeolite, showing that Na* ions are the main counter-balancing cations in the zeolite
structure [31], along with traces of K* and Ca?* detected in the point analysis. This result is
similar to that of NaP1 zeolites from fly ash, where extra-framework cations such as K,
Ca?*, Mg?*, and Fe?* have been detected [32, 33]. Furthermore, an average Si/Al molar ratio
of 1.7 is obtained, which is in the range of 1.1-2.5, is typical for NaP-type zeolites [28, 34]. It
has been reported that such variations in Si/Al ratio depend on zeolite synthesis conditions
[25]. The high-resolution XPS spectrum (Figure S4) shows the presence of O1s (531.58 eV),
Si2p (102.48 eV), Al2p (74.38 eV), and Nals (1072.28 eV) photoelectron lines, where the
signal in the O1s region displayed a band at 531.58 eV ascribed to the oxygen of the X-O (X
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= Si, Al, Na) bonds in zeolites [35], and a small peak at 537.28 eV corresponding to the
sodium Auger (Na KLL Auger) overlapping with the O1s region [36], generated by the
sodium located inside the zeolite scaffold. In addition, a Si/Al ratio of 1.58, which is
comparable to the EDS results, was determined, confirming the presence of K* and Ca?*

traces.

In addition, TGA analysis was conducted to investigate the water content of the as-
synthesized NaP1 zeolite with 1 M NaOH for 24 h at 90 °C. TGA (Figure S5) reveals a total
weight loss of about 13.5 wt% by 500 °C and this happens in two steps. The first step, in the
temperature range between 62.5 and 250 °C, the mass loss can be ascribed to the removal of
water molecules inside the zeolite micropores, where the maximal weight loss for this area is
located at around 100 °C. The second weight loss region occurs between 250 up to 500 °C,
and has been previously assigned to the decomposition and removal of hydroxyl groups in the
as-synthesized NaP1 sample with maximum loss at around 325 °C [28, 37]. The thermal
stability of the as-synthesized NaP1l zeolite with 1 M NaOH for 24 h at 90 °C was also
analyzed, proving that a thermal treatment at 450 °C did not affect the well-defined zeolite
structure [7], as confirmed by the X-ray diffraction patterns (Figure S6). This preservation of
the structure was consistent when compared to the non-calcined sample and with previous

reports [7].

In contrast, in the second test, the alkalinity of the NaOH solution was increased to 2 M for
24 h and to 90 °C for HT. Nevertheless, the XRD results (Figure S7) show an amorphous
phase with some peaks belonging to the NaP1 zeolite (JCPDS No. 71-0962) [8, 22, 25]. The
SEM micrographs (Supplementary Figure S8) show crystals with undefined morphologies
and the appearance of irregular P-type zeolite-phase crystals. These results suggest that an
increase in alkalinity strongly influences the production of NaP1-type zeolites. As suggested
in the literature [31, 38], alkalinity plays an important role, as it significantly affects the
nucleation and crystalline growth of zeolites. Therefore, high-alkalinity conditions can
suddenly transform the synthesized NaP zeolite because of an increase in the crystallization
rate through crystal growth and nucleation, which is a consequence of the increase in the
concentrations of aluminates, silicates, and aluminosilicates [12], suggesting that mild
synthesis conditions of 1 M for 24 h at 90 °C are suitable for the formation of a pure NaP1

phase.



3.3 Effect of temperature on the crystallization of as-synthesized NaP1 zeolites

The crystallization temperature was increased to 105 °C while maintaining the 1 M and 24 h
synthesis conditions. The resulting XRD pattern (Figure S9) shows well-defined profiles
owing to the formation of NaP1-type zeolites [22]. This observation suggests that the increase
in temperature did not contribute to the formation of a new zeolite phase, and the crystallinity
of the NaP zeolite was not affected. Nevertheless, SEM micrographs (Figures 4a and b)
reveal changes in the crystal morphology compared to those of previous NaPl zeolites
obtained at 1 M for 24 h at 90 °C (Figure 3b), displaying a larger crystal size (~10 pm,
Supplementary Figure S10) and a cheese ball-like shape characteristic of NaP1l zeolite,
similar to those reported elsewhere [3, 19, 21, 39]. Nonetheless, the presence of impurity
crystal phases such as LTA- and FAU-like crystals are detected (Figures 4c and d). It must be
noted that at 105 °C, a zeolite in the process of recrystallization is obtained, giving rise to
macro-cracks (Figure 4b), which divided the zeolite into smaller sections. This can be
attributed to a possible phase transformation of the zeolite, which involves a decrease in the
volume of the crystalline unit cell. As a result, it is expected that stress will develop, leading
to cracks in the zeolite layer owing to a structural transition [40]. Hong S. et al. [21] reported
a similar phenomenon during the synthesis of NaP zeolite from Korean natural CLIP using a

“top-down approach”.
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Macro-cracks

Figure 4. (a-d) SEM micrographs of zeolite crystals obtained from synthesis with 1 M NaOH
for 24 h at 105 °C.

The structural transformation of zeolites with increasing temperature and/or synthesis time
can be explained according to the Ostwald law of successive transformations (or rule of
stages), which establishes that the first type of zeolite to be formed tends to be the least stable
(or metastable phase) and is preferentially replaced by more thermodynamically stable forms
[41]. However, the transformation of NaP1 zeolite (16.4 T/1000 A®) to LTA (14.2 T/1000 A%)
or FAU (13.3 T/1000 A®) zeolites contradicts the trend predicted by Ostwald's rule of stages,
since this sequence involves a transformation from a larger density structure to one that is
less dense, and thus less thermodynamically stable [6]. In addition, it appears counter-
intuitive that no intermediary FAU and LTA crystals are observed in the synthesis with 1 M
NaOH performed at 90 °C, but were observed in the product synthesized at 105 °C. This
irregularity could have been produced by the dissolution of some CLIP crystals, forming TO4
units that rearranged to directly form the FAU or LTA phase [20], thereby explaining the
presence of a few remaining FAU and LTA crystals. Interestingly, the SEM micrographs also
show the presence of wool ball-shaped NaP zeolites next to LTA crystals, as shown in Figure
4c. Huo et al. [25] reported the synthesis of NaP zeolites by employing sodium silicate and
sodium aluminate and adjusting certain reaction parameters to obtain different morphologies,
such as cactus-, diamond-, and wool ball-shapes, attributing the morphology type variation to
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the Si/Al ratio, as a determining factor to obtain a certain shape. Thus, the formation of
impurity phases (LTA-, FAU-like crystals, and wool-ball-shaped NaP zeolites) could be

related to specific Si- or Al-rich regions during the crystallization process.

3.4 Obtaining as-synthesized NaP2 zeolites by varying temperature and crystallization

time

Currently, there is a great demand for porous materials capable of separating small gases,
such as CHa4, CO2, N2, and H>. Small-pore zeolites are promising candidates because of their
high sorption capacity and selectivity. In this regard, NaP zeolites have proven to be good
candidates for CO adsorption because they exhibit exceptional framework flexibility,
generating two polymorphs, NaP1 and NaP2 [42]. In addition, it has been reported that the
NaP2 zeolite has a higher adsorption equilibrium constant for Hz [7]. To obtain new phases of
NaP zeolite, in a subsequent test using a NaOH concentration of 2 M, the crystallization
temperature and crystallization time were increased to 110 °C and 39 h, respectively. By
analyzing the XRD pattern of the new product, several peaks distinct from the characteristic
peaks of the NaP1-type zeolite were observed, as shown in Figure 5. Oleksiak et al. [7]
explained that despite NaP1 and NaP2 polymorphs present similar crystalline morphology, it
is possible to differentiate the crystalline structure of each of them through their XRD
patterns. They also mentioned that it is uncommon to find an experimental XRD pattern for
the NaP2 zeolite, even in the 1ZA structure database [22]. Nevertheless, the NaP2 zeolite
pattern was simulated using the JCPDS 01-80-0700 reference file, which is based on the
crystallographic data from Hansen et al. [43], and compared with the XRD pattern of the as-
synthesized material. As indicated by the XRD pattern (Figure 5), the main phase of the
sample corresponds to the NaP2-type zeolite, with some split peaks associated with two
rotating types of SBUs planes or 4MR in the GIS-type structure [7, 39], which have not been
completely formed, as observed in the shaded regions of the XRD spectrum, which could be
indicative of a zeolite still in the crystallization process. Nonetheless, the FTIR spectra of
NP2 zeolites (Figure S11) display similar bands to those corresponding to the as-synthesized
NaP1 zeolite obtained from the synthesis with 1 M NaOH for 24 h at 90 °C (Figure S2).
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Figure 5. XRD pattern of the as-synthesized NaP zeolite obtained from the synthesis with 2
M NaOH for 39 h at 110 °C confirmed that the main phase was NaP2 zeolite. The XRD
pattern of NaP2 (JCPDS 01-080-0700) was simulated following the procedure described by
Oleksiak et al. [7] using the crystallographic data from Hansen et al. [43], whereas the pattern
of NaP1 (JCPDS 01-71-0962) was obtained from the IZA structure database [22].

Likewise, SEM micrographs with different magnifications of the as-synthesized NaP2 are
depicted in Figures 6a-c. Under these hydrothermal conditions, it was also possible to
observe the formation of macro-cracks in zeolites with a cheese ball-shape [21] (Figure 6a),
resulting in smaller zeolites with an amorphous diamond-like morphology and some with
trisecting cracks (Figures 6b and c), with an average particle size of 4.2 um (Figure 6d).
Although the sample has various shapes and morphologies, the XRD results (Figure 5)
mainly indicated the NaP2 phase. Moreover, these morphologies are similar to those of the
NaP2-type zeolites reported elsewhere [5, 39, 44]. The formation of cracks in this sample
suggests an interzeolitic transformation of zeolite with a smaller crystalline unit cell volume
[40]. It has been reported that the framework density of NaP2 zeolite is higher than that of
NaP1 zeolite owing to its smaller pore size [7, 39]. Therefore, these findings fully agree with
Ostwald's rule of stages for the conversion of a metastable zeolite into a denser and
thermodynamically stable crystalline structure [6, 41]. Recently, Boudia et al. [45] found
similar results in obtaining an interzeolitic transition from NaPl to NaP2 by performing
pretreatment, alkaline fusion, and magnetic stirring in an alkaline solution to extract Si and Al
from clay fractions > 2 um, where the supernatant was subjected to hydrothermal activation

for six days to obtain NaP2 with a Si/Al ratio of approximately 1.81. This is in good
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agreement with our results, where an average Si/Al ratio of 1.88 is obtained (Supplementary
Figure S11), and similar to that reported for NaP2-type zeolites obtained by conventional

hydrothermal synthesis [39].
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Figure 6. (a-c) SEM micrographs and particle size distribution analyzed by ImageJ
(calculated from 30 to 50 particles) of the zeolite product obtained from synthesis with 2 M
NaOH for 39 h at 110 °C under different magnifications.

Previous studies have reported the production of NaP2 from NaY gel [39, 44]. For instance,
Tayraukham et al. [39] obtained a pure phase NaP2 zeolite from NaY gel as a precursor by a
conventional hydrothermal method at 150 °C for 24 h and from double crystallization by a
microwave-assisted hydrothermal method in three steps: (1) crystallization at 90 °C for 1 h
and rapid cooling to room temperature in the microwave chamber; (2) aging at room
temperature for 23 h; and (3) crystallization at 150 °C for 1 h. However, commercial
chemical reagents were used as Si and Al sources for gel preparation. In the present report, a
similar NaP2 was obtained, but using an abundant low-cost natural precursor and a simpler
method with mild synthesis conditions (2 M NaOH for 39 h at 110 °C), demonstrating the

feasibility of our proposal.
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4. CONCLUSIONS

The synthesis of two small-pore NaP-type zeolites with a flexible framework using natural
CLIP as a source of Si and Al via a hydrothermal process is presented. We show that the
alkaline dissolution of CLIP leads to the direct crystallization of two NaP-type zeolite
isomorphs (NaP1 and NaP2) and that the synthesis conditions of 1 M for 24 h at 90 °C led to
the formation of a single-phase NaP1 zeolite with high purity. Similarly, we demonstrated
that by varying the synthesis parameters such as the crystallization temperature (1 M for 24 h
at 105 °C), it is possible to obtain different morphologies of the NaP1-type zeolite with a
larger crystal size (~10 um). Moreover, a direct phase transformation from NaP1 to NaP2
zeolite, which has a smaller pore size, was also observed with increasing crystallization
temperature (110 °C) and crystallization time (39 h), making it attractive for the separation of
small gases. From an economic and environmental point of view, these results demonstrate
that natural CLIP used as a source of Si and Al is a cost-effective, readily available, and
abundant mineral, making it an excellent low-cost resource for the manufacture of high-
value-added zeolites. This provides a platform for extending the use of these starting
materials to other types of synthesis methods such as dry solid fused alkali reagents to obtain
different types of industrially appealing zeolites such as NaP, FAU, LTA, and SOD, and

focused on specific applications such as the separation of small gases (CO2 and H>).
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