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Abstract:

Introduction/purpose: This study highlights the importance of synthesis
parameters in the crystallization of mordenite zeolite. Precise control of the
SiO,/AIO; ratio, alkalinity and crystallization time results in mordenite
crystals with high crystallinity and optimum purity, while avoiding the
formation of secondary or amorphous phases.

Methods: The materials were prepared by the hydrothermal method, using
silica gel and sodium aluminate as sources of silicon and aluminum,
respectively. Several synthesis parameters were varied, including
SiO,/Al;03 molar ratio, alkalinity (OH/Si), as well as crystallization time, in
order to assess their effect on mordenite crystal formation. Experiments
were carried out at a constant temperature of 170°C and 190°C.

Results: The results show that the SiO,/Al,O; ratio plays a crucial role in
crystal formation. A low ratio, such as 15, combined with high alkalinity,
favors the formation of analcime crystals. On the other hand, a high ratio,
such as 30, leads to the formation of mordenite crystals with high
crystallinity and purity. However, when this ratio reaches 60 and is
combined with low alkalinity, crystalline nucleation is impeded, leading to
the formation of an amorphous material.

Concerning alkalinity (OH-/Si), the values of 0.39 and 0.49 result in pure,
well-crystallized mordenite crystals, while higher values, such as 0.59, lead
to the formation of secondary phases. With regard to crystallization time,
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the periods of 48 and 72 hours at 170°C produced pure, well-crystallized
mordenite crystals.

Conclusion: This study highlights the importance of synthesis parameters
in the crystallization of mordenite zeolite. Precise control of the SiO,/Al,O3
ratio, alkalinity and crystallization time results in mordenite crystals with high
crystallinity and optimum purity, while avoiding the formation of secondary
or amorphous phases.

Key words: mordenite, alkalinity, Si/Al ratio, crystallization, zeolite.

Introduction

Zeolites are crystalline microporous alumina-silicate materials used in
a wide range of practical applications. They belong to the silicate group,
the tectosilicate subgroup (M. B. Z. Gili and Conato, 2019; Pérez-Botella
et _al, 2022), and show remarkable properties and performance in
domestic, medical, and industrial fields such as catalysis, separation,
adsorption, and ion exchange (Jia et al, 2019; Zhang et al, 2011). These
characteristics encourage scientific inquiry into the cost-effective
production of zeolites.

The shape and size of crystals strongly influence the properties of
zeolites. It is therefore crucial to study the influence of synthesis
parameters on zeolitic morphology in order to optimize their use in various
applications. Controlling the size and morphology of mordenite crystals is
currently the focus of much research (Bolshakov et al, 2019; Gili and
Conato, 2018; Khalil and Muraza, 2016; Mohamed et al, 2005). Various
sources, such as silica gel, rice ball ash, and smoked silica, are used in
some works to prepare mordenite-type zeolites, while metakaolin or
faujasite zeolite are used as sources of aluminium (Narayanan et al, 2021).
Other studies have focused on the optimization of the mordenite synthesis
parameters by microwave heating (Khalil and Muraza, 2016; Li et al,
2011), and the use of mono-quaternary ammonium to synthesize
hierarchical mordanite monotiges (Bolshakov et al, 2019).

Zeolites have important characteristics such as high cationic
exchange capacity. Mordenite is one of a few zeolitic structures that is
useful in industry, especially in petrochemistry where it is used as a
catalyst for breaking down hydrocarbons, alkylating benzene, reforming,
and deparaffinating (Bajpai, 1986). It is also used as an isomerization
catalyst for naphta C5/C6 to increase their bonding and improve the
octane index of gasoline. Mordenite also plays a significant role in the
adsorption of various pollutants, including heavy metals and radioactive
materials (Gili and Conato, 2018), and it serves as a selective adsorbent
in the production of oxygen enriched air. It offers better nitrogen adsorption
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than oxygen because of a quadripolar interaction between the nitrogen
molecule and the surface of the polar zeolite (Golden and Jenkins, 1981).
Additionally, mordenite has shown potential in the catalytic conversion of
methane to methanol under mild conditions, leveraging its unique acidic
and structural properties to facilitate this transformation, which is a critical
step toward utilizing methane as a sustainable chemical feedstock
(Brezicki et al, 2021; Le et al, 2017).

Mordenite has an orthorhombic structure with a unit cell a = 18.121 A,
b =20.517 A, and c = 7.544 A belonging to the spatial group Cmcm (M. B.
Z. Gili_ and Conato, 2019). The mordenite structure consists of parallel
rings with 12 limbs (MR) (6.5 * 7.0 A) and 8-MR (2.6 * 5.7 A) along the ¢
axis (Mohamed et al, 2006), interconnected by 8-MR channels (3.4 * 4.8
A) across the b axis (Nasser et al, 2016; Zhang et al, 2011).

While natural mordenite exists, some applications prefer synthetic
mordenite because of its purity and controlled porous structure (Kordala
and Wyszkowski, 2024). Natural mordenite crystals typically appear in the
form of needles with an elongation in c (Borissenko, n.d.; Hamidi et al,
n.d.), and sometimes are thin in the direction [010] (Hamidi et al, n.d.).
Synthesis conditions and post-synthesis treatments have a significant
impact on mordenite morphology, size, and structural defects (Borissenko,
n.d.). Gels with a SiO2/Al>O3 ratio of 8 to 12 and a Na/Al ratio lower than 3
yield to acicular crystals, whereas increasing gel alkalinity and reducing
the amount of aluminum yields prism crystals (Borissenko, n.d.). Hamidi et
al. discovered that dissolving silica gel before mixing it with other reagents
can yield short stick-shaped mordenite crystals (60 nm to 240 nm).

Mordenites obtained by direct hydrothermal synthesis typically have
a SiO2/Al;O3 ratio between 10 and 20. One can use an organic template
to achieve a higher ratio, but this method is costly and carries risks of
contamination and pollution. Direct hydrothermal synthesis therefore
remains the best option for controlling the ratio of mordenite-type zeolites
(Gili_and Conato, 2018; Li et al, 2023; Lima et al, 2023). We observe a
notable correlation between the alkalinity of the synthetic solution and the
composition of zeolite, where a higher alkalinity facilitates the incorporation
of aluminium (Zhang et al, 2011).

In this study, we synthesized mordenite-type zeolites with various
parameters using the hydrothermal method, without the use of organic
dimensions. We have evaluated the synthetic products in terms of
composition, crystallinity, morphology, and grain size using various
characterization techniques.

D

Yssaad, I. et al, Effect of variations in parameters on the crystallization of mordenite zeolite



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2025, Vol. 73, Issue 3

Experimental

Materials

The reagents used in this study are silica gel, sodium aluminate (Haen
Riedel), sodium hydroxide (>98%, Prolabo) and demineralized water. A
gel was prepared following a precise sequence: 55 cm3 demineralized
water, sodium hydroxide, 1.034 g sodium aluminate, and silica added
progressively. The resulting gel was aged under magnetic stirring at 600
rpm for 120 minutes, then transferred to a stainless steel autoclave for
hydrothermal treatment. The temperature was raised to 170°C /190°C,
then maintained at this level for varying lengths of time. The solid material
was then rapidly cooled, filtered, washed to a pH of 9.00 or less, and dried
at 80°C. Several parameters were investigated to improve crystallinity and
reduce the mordenite crystal size, including the impact of the Na,0O/SiO,
ratio, the SiO,/Al,O; ratios, and the crystallization time.

Effect of the Na>O/SiO: ratio

The variation in relative proportions (X) of Na;O was explored while
keeping the quantities of the other components constant. We modified the
mixture's composition using the following formula:

XNaz0; Al2Os3; ySiO2; 560H20

The molar x/y ratios were adjusted between 0.23 and 0.33, or the
OH/Si ratios between 0.39 and 0.59, respectively. We carried out the
crystallization at 190 °C for a duration of 24 hours.

Effect of the SiO2/AlO53 ratio

Variations in the SiO2/Al,O; molar ratio were analyzed by adjusting
the ratios according to:
7Naz0; yAl,O3; xSiO2; 560H,0
with 15 < x/y < 60.
The crystallization was carried out at 190 °C for a duration of 24 hours.

Effect of the crystallization time

The effect of the crystallization time was evaluated by varying the
synthesis time of mordenite between 48 and 72 hours, while maintaining
a constant temperature of 170 °C during batch sample preparation.
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Characterizations

To find out what kinds of crystals were in the samples, we used X-ray
diffraction (XRD) on a Malvern Panalytical diffractometer with Cu Ka (40
kV, 15 mA). Analyses were carried out at a scan speed of 5°/min, over a
range from 4 to 50°, at a wavelength of 1.54 A and a step size of 0.02°.
The surface morphology was observed using a scanning electron
microscope (SEM) in conjunction with a focused ion beam (Scios 2 Dual
Beam). The infrared spectra of zeolites were obtained using Fourier
transform infrared spectroscopy (FTIR) and an INVENIO spectrometer.

Results and discussion

Effect of alkalinity

Structure and crystallinity

Alkalinity, defined as the concentration of hydroxide ions (OH) in the
gel solution, plays a decisive role in zeolite purity, morphology and
crystallinity. The results of the X-ray diffraction (XRD) analyses shown in
Figure 1 illustrate the effects of variations in the OH/Si ratio (between 0.39
and 0.59) on the crystalline phase obtained. An OH7/Si ratio of 0.39 (S1)
favors the formation of pure, well-crystallized mordenite. However, as this
ratio increases to 0.49 (S2), a slight decrease in peak intensity is observed.
An even higher ratio (0.59) (S3) leads to the formation of another
thermodynamically more stable zeolitic phase, identified as analcime.

Alkalinity control is crucial to the crystallization process. At an
alkalinity ratio (OH7/Si =0.39) (S1), pure, well-crystallized mordenite is
obtained and crystal growth conditions are optimal.

However, when alkalinity exceeds certain thresholds (OH/Si =0.49),
an increase in nucleation rate is observed, generating a large number of
small nuclei. The latter, competing for Si and Al nutrients, limit individual
crystal growth, resulting in the reduction in the crystal size (see Table 1).

High alkalinity (OH/Si =0.59) also affects the stability of nuclei over a
prolonged period and favours the appearance of secondary phases
(Hamidi et al, 2011). In addition, it influences the formation of hydroxyl
groups on the mordenite surface, thus modifying its reactive and catalytic
properties (Limousy et al, 2013). Crystallization kinetics as well as the final
phase obtained are strongly influenced by the key parameters such as the
OH7/Si and H,O/SiO, ratios (Larlus and Valtchev, 2004; Zhang et al, 2018)
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Vibrational groups

Figure 2 presents the Fourier Transform Infrared Spectroscopy (FTIR)
results of the synthetic products at different alkalinity ratios. For OH/Si
(0.39), the significant bands are as follows. Large bands at 3339.52 and
3240.43 cm™ are due to the asymmetrical stretching vibration of isolated
silanol groups (Si-OH) and the stretching of the absorbed water molecules
onto the solid surface (Hincapie et al, 2004). A narrow band of low intensity
is centered at 1645.03 cm™ which is attributed to the flexion vibration of
residual water molecules (H-O-H) in the zeolite voids (Aloulou et al, 2017;
Gili and Conato, 2018). The absorption band at 1185.45 cm™ represents
the external asymmetrical stretch vibration between the zeolitic SiO4 and
AlO4 tetrahedra (De Macedo et al, 2004; Gili and Conato, 2018). The band
at 1001.50 cm™ corresponds to the asymmetrical stretch vibration of the
tetrahedric bonds (TO), while the low intensity bands at 807.65 cm™ and
767.07 cm refer to the symmetric stretch of the internal tetrahedral. The
thin bands at 700.62 and 629.60 cm™ represent the symmetrical stretching
vibration of the external bonds (Aloulou et al, 2017). A centered band at
552.40 cm™ corresponds to the vibration of the five-chain rings of the
tetrahedral (V. Rahbari et al, 2017). The results confirm the presence of
zeolitic and/or aluminosilicate materials.

On the other hand, the FTIR spectra associated with the alkalinity
OH/Si (0.49) appear to show a strong analogy with those for OH/Si (0.39),
except that the absorption bands for the hydroxyl group (-OH) and the
bending vibrations of water molecules (H-O-H) show lower intensities,
suggesting a reduction in moisture content (M. Gili and Conato, 2019). The
band at 1000.17 cm™ corresponds to the asymmetric stretching vibration
of tetrahedral bonds (TO) and becomes more pronounced with increasing
alkalinity. This feature is specific to amorphous aluminosilicates, where the
tetrahedra have the freedom to vibrate without a specific constraint, unlike
crystalline zeolites, which feature a regular structure, thus limiting certain
tetrahedra vibrations due to their confinement within a fixed lattice or
framework (Gili and Conato, 2018).

Seen from another angle, the FTIR spectra of OH/Si (0.59) appear
closely similar to those of OHY/Si (0.39), with the exception of the
intensification of all absorption bands, suggesting the presence of a
different type of zeolite to that observed for OH/Si(0.39) and OH/Si(0.49).
However, the band at 1027.61 cm™, corresponding to the asymmetric
stretching vibration of the tetrahedral (TO) bonds, remains unchanged,
indicating the persistence of a regular structure.
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Figure 1 — XRD models of the synthesized MOR samples with various alkalinity ratios
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Figure 2 — FTIR spectra of the MOR samples synthesized with different alkalinity ratios

Morphology

Figures 3a to 3c show the SEM images of the synthetic powder
products with different alkalinity ratios.

The synthesized sample with an OHY/Si ratio of 0.39 (Figure 3a)
consists of grains with clearly defined linear edges. A significant proportion
of these grains have a hexagonal shape, although most are irregular in
size and morphology. Grain crystals measure on average:

Length: 11 pm,
<P



Width: approximately 5.57 um, and
Height: about 13.07 um.

The synthesized sample with an OH?/Si ratio of 0.49 (Figure 3b) is
characterized by grains of irregular shape. The bulk grains show a
hexagonal configuration with average dimensions:

Length: 8.857 pm,

Width: about 5.21 yum, and

Height: about 13.93 pum.

The synthetic powder with an OH/Si ratio of 0.59 (Figure 3c) is
composed of spherical-shaped grains, corresponding to the analcime
phase. Some grains appear fragmented or damaged due to very high
alkalinity, producing amorphous mordenite.

Yssaad, I. et al, Effect of variations in parameters on the crystallization of mordenite zeolite
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Figure 3 — SEM images of the synthesized MOR samples synthesized with different
alkalinity ratios (a) OH7/Si (0.39), (b) OH/Si (0.49), (c) OH7/Si (0.59).

Effect of the SiO2/Al.O3 ratio

Structure and crystallinity

Figure 4 shows diffractograms of the zeolites produced by
hydrothermal synthesis at different SiO,/Al,O; ratios. At a SiO,/Al,O; ratio
of 30 (S1), the resulting product exhibits a high degree of crystallinity.
Clearly defined diffraction peaks appear at angles 20 = 6.43, 9.73, 13.42,
19.59, 22.23, 25.63, 26.26, 27.66, corresponding respectively to the (110),
(200), (111), (330), (150), (202), (350), (511) crystal planes of mordenite.
These results confirm the formation of the mordenite phase, with a
crystallite size measured at 43 nm, testifying to efficient crystallization.

At a lower SiO,/Al,O3 ratio of around 15 (S4), sharp, well-defined
peaks were detected at angles 26 = 15.82, 18.30, 26.01, 30.62, 33.40,
35.93, 37.13, corresponding to the (211), (220), (400), (332), (431), (521),
(440) crystal planes characteristic of analcime zeolite (Gili and Conato,
2018; Giingér and Ozen, 2021). In addition, further peaks at 26 = 14.30,
23.45, 27.62 were identified, corresponding to the (021), (002), (511)
planes of mordenite, respectively.

The appearance of the analcime phase is generally associated with a
low SiO,/Al,O; ratio or a prolonged crystallization time during mordenite
synthesis (Gili and Conato, 2018; Mohamed et al, 2005). This phase is
thermodynamically favored under such conditions, as it can incorporate a
greater amount of aluminum into its structure. Consequently, analcime
appears as a competing product to mordenite when the SiO,/Al,O; ratio is
low and under conditions of high alkalinity.
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Conversely, a high SiO,/Al,O; ratio, such as 60 (S5), alters
crystallinity due to alkalinity deficiency. Undissolved silica, which remains
unreactive, prevents adequate dissolution of raw materials and hampers
the formation of crystalline structures. To achieve even higher SiO,/Al,O5
ratios, up to 100, the use of organic templates is necessary, in line with
previous work (Mohamed et al, 2005).

Vibrational group

Figure 5 shows the FTIR spectra of the samples synthesized at
different SiO,/Al,Os; ratios. The functional groups detected are
characteristic of zeolites and/or aluminosilicates. The FTIR spectrum of the
sample synthesized with a SiO2/Al2O3 ratio of 15 (S1) appears closely
similar to that obtained with a ratio of 30 (previously interpreted in
Sectionl), with the exception of the intensification of all absorption bands.
This indicates the existence of another variety of zeolite.

For the sample synthesized with a very high SiO2/Al.Os ratio, around
60, we observe almost the same vibrational bands as those present in the
samples with ratios of 15 and 30. However, the band at 1026.46 cm,
corresponding to the asymmetric stretching vibration of the tetrahedral
(TO) bonds, presents a higher intensity, suggesting a significant amount
of amorphous phases, which is in line with the results obtained by X-ray
diffraction.
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Figure 4 — XRD patterns of the MOR samples synthesized with different SiO2/Al2Oz ratios
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Figure 5 — FTIR spectra of the MOR samples synthesized with different SiO2/Al203 ratios

Morphology

Scanning electron microscopy (SEM) images of the synthesized products
are shown in Figure 6. The sample prepared with an SiO2/Al2O3 ratio of 30 is
shown in Figure 6a. It consists of particles with well-defined contours although
most of them display an irregular shape. A significant proportion of these particles
adopt a hexagonal shape. For the sample synthesized with a SiO2/Al2O3 ratio of
15, spherical analcime single crystals with an irregular surface were obtained, as
shown in Figure 6b. Spheres with jagged contours can be observed, while others
have a dodecahedron-like appearance, which is characteristic of analcime as it is
commonly encountered (Chen et al, 2017).




= . *h
Figure 6 — SEM images of the MOR samples synthesized with different SiO2/Al203
ratios (a) SiO2/Al203=30, (b) SiO2/Al203=15

Effect of the crystallization time

Structure and crystallinity

Figure 7 shows the XRD patterns for mordenite (MOR) synthesized
at a constant temperature of 170°C with variable crystallization times.
These patterns reveal a high degree of crystallinity in the two samples
analyzed (S6) (S7). The XRD spectrum of the sample crystallized for 48
hours is comparable to that obtained after 72 hours, indicating that the
structural stability of mordenite is maintained even after prolonged
crystallization, without the appearance of undesirable secondary phases.

However, very short crystallization times lead to the formation of
amorphous phases, as reported in Gili's study (M. Gili and Conato, 2019).
Conversely, excessively long crystallization times can lead to the
coexistence of several crystalline phases. The analysis also shows that
longer crystallization times favour an increase in crystallite size. This is
explained by the longer time available for crystallite growth before the
system reaches the thermodynamic equilibrium.

The work of Zhu et al (Nazir et al, 2020; Zhu et al, 2014), confirms the
significant influence of crystallization time on crystallite growth and
dehydration performance of mordenite membranes. This research
indicates that longer crystallization times enable increased crystal growth,
which improves material performance. In addition, further studies (Zhu et
al, 2016) show that longer crystallization times promote better organization
of crystalline structures, leading to larger, more homogeneous crystallites.
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Vibrational group

Figure 8 shows the FTIR spectra of the synthesized samples at
different crystallization times. Both samples show the same profile in the
IR spectra. Thus, the samples reveal vibrational bands typical of mordenite
(Klunk et al, 2020). The FTIR spectra of mordenite show two vibrational
bands of 3336.02 cm™ and 3232.15 cm™ for the sample synthesized at
170 °C for 48 hours and 3334.21 cm for the sample synthesized at 170 °C
for 72 hours associated with silanol end groups (Si-O-H and Si-OH-Al). In
addition, the H-OH bending bands were observed at 1694.14 cm™ and
1645.46 cm™, while the absorption bands at 1130.23 cm? and
1130.04 cm™ represent the external asymmetric stretching vibration
between the SiO, and AlO4 tetrahedra of zeolite. Vibrational stretching was
found at 1027.51 cm™ and 1001.11 cm™, linked to the TO group. The
wavelengths of (808.20 cm™ - 794.38 cm™), (626.53 cm™ - 605.34 cm™)
and (574.41 cm™ - 549.62 cm™?) for both spectra are related to Al-O-Al, Si-
O-Si vibrations, and internal asymmetric stretching of Al-O and Si-O (Klunk

et al, 2020).
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Figure 7— XRD patterns of the MOR samples synthesized with different crystallization
times (48 hours and 72 hours)
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Figure 8 — FTIR spectra of the MOR samples synthesized with different crystallization
times (48 and 72 hours)

Morphology

Figures 9a and 9b show the SEM images of the powder products
synthesized at varying crystallization times. The sample crystallized for 48
hours is composed of hexagonal-shaped particles with surprisingly linear,
well-defined edges, while the other grains are irregular in size and shape.
The grain crystals have an average size of a=1.4 um, b =0.73 um, and
¢ =0.67 um. In parallel, the sample crystallized over 72 hours is composed
of particles of various sizes and irregular shapes, while the bulk particles
have rounded edges. The grain crystals have a length of a = 1.35 um, a
width of b = 0.71 um, and a height of ¢ = 0.48 pum. The results demonstrate
that crystallization time has an impact on particle size and morphology.
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Figure 9 — SEM micrographs of the MOR samples synthesized with different
crystallization times (a) 48 hours and (b) 72 hours

Conclusions

This study underscores the critical importance of controlling synthesis
parameters to achieve the desired zeolite phase, particularly mordenite.
Among these parameters, the OH/Si and SiO.,/Al,O; ratios are pivotal in
optimizing the crystallinity and purity of the resulting phase. A well-
calibrated OHY/Si ratio promotes the formation of pure, crystalline
mordenite, whereas deviations from the optimal value can lead to the
emergence of impure or undesirable phases. Similarly, a balanced
SiO,/Al, O3 ratio of 30 has been shown to favor the formation of crystalline
mordenite. Deviations from this ratio can result in alternative phases, such
as analcime or amorphous materials, highlighting the SiO,/Al,O; ratio as
a key determinant of the crystalline phases formed and their degree of

crystallinity.
D



In addition to chemical composition, crystallization time plays a
decisive role. A duration of 48 hours is sufficient to produce well-
crystallized mordenite, while longer crystallization periods enhance
structural stability but may lead to morphological irregularities.
Crystallization time is therefore a critical parameter in mordenite synthesis,
influencing not only the crystal structure but also the material's functional
properties. Striking the right balance is essential to optimize crystal growth
while minimizing the formation of amorphous or secondary phases.

These findings provide valuable insights for the design and
optimization of zeolite materials. By carefully controlling synthesis
parameters, it is possible to develop zeolites with tailored properties for a
wide range of applications, paving the way for advancements in material
science and industrial applications.
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Resumen:

Introduccién/objetivo:  Este estudio destaca la importancia de los
parametros de sintesis en la cristalizacion de la zeolita mordenita. El control
preciso de la relacién SiO/Al;O;, la alcalinidad y el tiempo de cristalizacién
da como resultado cristales de mordenita con alta cristalinidad y pureza
Optima, evitando a la vez la formacién de fases secundarias o0 amorfas.

Métodos: Los materiales se prepararon mediante el método hidrotérmico,
utilizando gel de silice y aluminato de sodio como fuentes de silicio y
aluminio, respectivamente. Se modificaron diversos parametros de
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sintesis, como la relacion molar SiO,/Al;O;, la alcalinidad (OHY/Si) y el
tiempo de cristalizacion, para evaluar su efecto en la formacién de cristales
de mordenita. Los experimentos se realizaron a temperatura constante de
170 °Cy 190 °C.

Resultados: Los resultados muestran que la relacion SiO./Al;Oz
desempefia un papel crucial en la formacion de cristales. Una relacion baja,
como 15, combinada con una alcalinidad alta, favorece la formacién de
cristales de analcima. Por otro lado, una relacion alta, como 30, conduce a
la formacién de cristales de mordenita con alta cristalinidad y pureza. Sin
embargo, cuando esta relacion alcanza 60 y se combina con una
alcalinidad baja, se impide la nucleacién cristalina, dando lugar a la
formacion de un material amorfo.

En cuanto a la alcalinidad (OH7Si), los valores de 0,39 y 0,49 dan lugar a
cristales de mordenita puros y bien cristalizados, mientras que valores
superiores, como 0,59, conducen a la formacién de fases secundarias. En
cuanto al tiempo de cristalizacién, los periodos de 48y 72 horas a 170 °C
produjeron cristales de mordenita puros y bien cristalizados.

Conclusion: Este estudio destaca la importancia de los parametros de
sintesis en la cristalizacion de la zeolita mordenita. El control preciso de la
relacion SiO,/Al; O3, la alcalinidad y el tiempo de cristalizacién da como
resultado cristales de mordenita con alta cristalinidad y pureza 6ptima,
evitando a la vez la formacion de fases secundarias o amorfas.

Palabras claves: mordenita, alcalinidad, relacién Si/Al, cristalizacién,
zeolita.
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Pe3ome:

BesedeHue/uenb: [aHHoe uccriedosaHue rodyepkugaem 8axXHOCMb
rnapamempo8 cuHmes3a rfpu Kpucmannusauyuu ueonuma mopleHuma.
TouHbIl KoHMponb coomHoweHus SiO4IAlO3, wenoyHocmu u epemeHuU
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Kpucmannusayuu rno3sosnssem rosfy4ums  Kpucmarsisl MopOeHuma ¢
8bICOKOU KpuCmanau4dHoCmbto U onmumarsbsHol Yyucmomod, usbezas npu
3mom 06pa308aHUsi BMOPUYHBIX UiU aMOPQHbIX (has.

Memodbi: Mamepuaribi 6biriu rnosyyYeHb! 2udpomepmaribHbIM Memodom ¢
ucrionb3o8aHUeM CuUJlUKazernss U anrMuHama Hampus 8 Kadyecmee
UCMOYHUKO8 KPeMHUsi U amtoMuHusi. bBbinu  U3MeHeHbl HeKomopble
napamempbl CUHMe3a, eksYasi MossipHoe coomHoweHue SiO,lAlLOs;,
weno4yHocme (OH/Si), a makxe epemsi Kpucmannusayuu O moeo,
umobbl OUEHUMb UX 87UsHUe Ha opMuposaHUe Kpucmarios
moplOeHuma.  OKcriepuMeHmbl  NpPo8oOUNUCL  ApU  [MOCMOSIHHOU
memmnepamype: 170°C u 190°C.

Pesynbmambi:  Pe3ynbmambl  rokasbigatom, 4mo  COOMHOWeHUe
SIO,/AI;O; uespaem pewarowyro posrib 8 0bpasosaHuu Kpucmarsiios.
Huskoe coomHoweHue, Hanpumep, 15 e codyemaHuu c @8biCOKOU
wiernoyHoCmbio criocobecmeyem obpa3osaHuK Kpucmarsios aHaabyuma.
C Opyeoll crmopoHsbI, 8bICOKOE COOMHOWeHUe, Harpumep, 30 npueodum K
obpasosaHulo  Kpucmasnoe MopOeHUma C 8bICOKOU CmerneHbio
KpucmannudHocmu u ducmomsl. OOHako Koelda 3mo COOMHOWEHUe
docmuzaem 60 u codemaemcsi ¢ HU3KOU WE/I0YHOCMbIO, YCITOXHAEMCS
3apox0eHuUe Kpucmarsios, Ymo rnpusodum K obpa3oeaHuU0 amMopghHO20
Mamepuarna.

UYmo kacaemcs wenoyHocmu (OHSi), mo 3HaueHus 0, 39 u 0, 49
npueodsim K 006pas30eaHUrd HUCMbIX, XOPOWO KpUCMasiu308aHHbIX
Kpucmaiinoe MopdeHuma, a boree 8bicoKue 3HaqYeHuUs!, makue Kak 0, 59,
npusodsim k obpa3oeaHuro emopuyHbIX ¢ha3. 1o epemeHuU rnpouecc
Kpucmasnnusayuu e medeHue 48 u 72 yvaca npu 170C npusen K
06pa308aHUi0  HUCMbIX, XOPOWO KPUCMAaiu308aHHbIX Kpucmasios
MopdeHuUma.

Bbigo0b!1: [JaHHOe uccriedosaHue nod4yepKusaem 8axxHoCcmb rapamempos
CuHmMe3a nfpu Kpucmasnanusauuu uyeonuma MopleHuma. TouHbIl
KoHmposnb coomHoweHusi  SiO.IAI;03; wenoyHocmu U  8pemMeHu
Kpucmannusauuu crocobcmeyem obpa3sosaHuto Kpucmarnnos
mopdeHuma  C  8bICOKOU  KpUCMAanuUYHOCMbO U OfMmMuMarsnsHoU
yucmomod, usbezasi ipu 3Mom obpa3o8aHusi 8IMOPUYHBIX U aMOPOHbIX
¢as.

Knodesbie crosa: MopdeHum, weno4YHocms, coomHoweHue SilAl,
Kpucmarnnusayusi, yeonum.
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OBJIACT: maTtepwvjanu, xemujcke TexXHomnorvje

KATEITOPWUJA (TWUM) YITAHKA: opurnHanHu Hay4Hu pag

Caxemak:

Yeod/yurb: Y 080M ucmpaxusary Haanawaea ce 3Hadaj napamemapa
CUHmMe3e y Kpucmanusayuju 3eonuma mopoeHuma. peyusHa KOHmMporna
00Hoca SiOz /Al; Oz , ankanHocmu U epeMeHa Kpucmarnusayuje
pesynmupa Kpucmanuma MopOeHUma 8uCOKe KpucmanHocmu U
onmumarnHe 4ucmohe, y3 usbezagare hopmupara CEKyHOapHUX unu
amopgbHUX ¢hasa.

Memode: Mamepujanu cy npunpemrbeHu xudpomepmariHoM Memodom,
KopuwhemeM cunuka eena u Hampujym arnymuHama Kao u3eopa
cunuyujyma, 0OHOCHO anyMuHujyma. Hekonuko napamemapa cuHmese je
gapupaHo, ykrby4yjyhu monapHu ooHoc SiO- /Al O , ankanHocm (OH-
ISi), kao u 8peme Kpucmarnusayuje, kako bu ce rPOUEeHUO HhUX08 ymuuyaj
Ha ¢hopmuparbe Kpucmana MopdeHuma. ExcriepumeHmu cy u3eedeHu Ha
KOHcmaHmHoj memnepamypu 00 170°C u 190°C.

Pesynmamu: Pe3ynmamu rioka3yjy 0a o0Hoc SiOz [Alz Oz uma KibyyHy
yroey y ¢hopmuparby Kpucmana. Huzak odHoc, kao wmo je 15, y
KoMbuUHauuju ca eucokomMm arnkanHowhy, gasopusyje chopmupar-e
Kpucmarsa aHankuma. C Opyee cmpaHe, 8UCOK 0OHOC, kao wmo je 30,
0o800u 00 ghopmuparba Kpucmara MopdeHuma 8ucokKe KpucmarnHocmu u
yucmohe. MeRhymuwm, kada osaj oOHoc docmueHe 60 u kKombuHyje ce ca
HUCKUM aiikanumemomM, KpucmarsHa Hykrieauuja je omemada, Wwmo
08oe0du do hopmupar-a amopghHO2 Mamepujana.

Uimo ce muye ankanHocmu (OH/Si), epedHocmu od 0,39 u 0,49
pe3ynmupajy 4ucmum, 00b6pOo  Kpucmanus3oeaHuMm  Kpucmarnuma
mopOeHuma, Ook eehe epedHocmu, Kao wmo je 0,59, dosode do
opmuparba cekyHOapHUx ¢haza. Kada ce nocmampa epeme
Kpucmanu3sauuje, nepuodu 00 48 u 72 cama Ha 170°C danu cy 4ucme,
006po Kpucmanu3osaHe Kpucmarse MopdeHuma.

Sakmwyyak: 060 ucmpaxueare Haenawaea 3Hadyaj napamvemapa
cuHme3se y Kpucmarnu3sayuju mopdeHuma Kao epcme 3eonuma. lpeyusHa
KoHmpona 00Hoca SiOz /Al Os , ankanHocmu U 8pemeHa
Kpucmanusayuje pe3ynmupa Kpucmanuma MopOeHUma  8UCOKe
KpucmanHocmu u onmumarsHe ducmohe, y3 u3bezasar-e ¢hopmupar-a
ceKyHOapHUX Unu amopghHux ¢hasa.

Kmby4He peyu: mopdeHum, ankanumem, SilAl odHoc, kpucmanu3sayuja,
3eonum.
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