412

Journal of Chemistry and Technologies, 2026, 34(2), 412-424

Journal of Chemistry and Technologies

[/ pISSN 2663-2934 (Print), ISSN 2663-2942 (Online).

journal homepage: http://chemistry.dnu.dp.ua
editorial e-mail: chem.dnu@gmail.com

UDC 664.895:641.82
SYNTHESIS OF ZEOLITES OF THE CHABAZITE GROUP BASED ON NATURAL MINERALS
OF NAKHCHIVAN: THE INFLUENCE OF VARIOUS FACTORS ON THE PROCESS OF THEIR
CRYSTALLIZATION
Nuray M. Azimoval?, Gunel A. Mamedoval?*, Sevda H. Aliyeva?, Rena H. Jamalova3,
Gulnura M. Mammadova3, Mushkunaz B. Hasanova3, Kamala F. Ibrahimova#*, Parvana E. Kalantarova#,

Ramila E. Huseynova#, Aliye M. Pashayeva#*, Afsana F. Heybatova*
INakhchivan State University, Nakhchivan, AZ7012, Azerbaijan
2[nstitute of Natural Resources, Nakhchivan State University, Nakhchivan, Azerbaijan
3Azerbaijan State Oil and Industry University, Azerbaijan
4Institute of Chemistry, Ministry of Science and Education of the Republic of Azerbaijan, Azerbaijan, Baku

Received 1 December 2025; accepted 13 March 2026; available online 20 June 2026
Abstract
Zeolites of the chabazite group (gmelinite, levyne, and erionite) having practical significance were synthesized on the
basis of natural minerals of the Nakhchivan Autonomous Republic in the presence of a structure-directing agent -
tetramethylammonium hydroxide. Samples of halloysite from the Pirigol deposit, volcanic glass (obsidian) from the
peak of Gapydzhik, and dolomite from the Negram deposit, which were distinguished by phase purity, were used as
natural minerals. The influence of temperature, concentration of the thermal solution, and processing time on the
crystallization process of gmelinite, levyne, and erionite was studied. It is shown that the hydrothermal synthesis of
gmelinite, levyne, and erionite was studied in the temperature range of 100-300 °C, with the concentration of thermal
solution NaOH, varying in the range of 10-35 %, for 50-200 hours; 100-300 °C, with the concentration of the NaOH
thermal solution varying in the range of 10-35%, for 50-200 hours; 100-300 °C, with a NaOH concentration of 10-
35 %, for 50-150 hours; 100-200 °C, with a NaOH concentration of 10-30 %, for 10-20 hours, respectively.
Keywords: gmelinite; levyne; erionite; crystallization; hydrothermal synthesis; chabazite group; zeolite; natural minerals.

CUHTE3 LEOJIITIB I'PYIIU INABA3UTY HA OCHOBI IPUPOJHUX MIHEPAJIIB HAXYUBAHI:
BIVIUB PI3BHUX ®AKTOPIB HA ITPOLIEC IX KPUCTAJII3ALIIT
Hypai M. AsimoBal, I'yHenb A. MamepnoBal?, CeBga X. AnieBal, Pena X. [lxkamasnioBas,
['yabHypa M. MammagoBa3, MyuikyHas b. ['acanoBa3, Kamana @. [6parimoBa?,

[lapBaHa E. KananTaposa#, Pamina E. 'yceliHoBa*, Astie M. [lamaeBa4, Apcana ®. XeiibaToBa*
1HaxuusaHcwbKull depacasHutl yHisepcumem, Haxyueah, AZ7012, Asep6aiioxcan
2[ncmumym npupodHux pecypcis, HaxuueaHcobkuii depacasHutl yHisepcumem, HaxyueaH, Asep6atioxcaH
3Asep6atidxcaHcbkull depacasHull Haggmozeasosuli yHieepcumem, Azep6aiioxncaH
4lHcmumym ximii, MiHicmepcmeo Hayku ma ocgimu Asepb6atioxcaHcbkoi Pecny6baiku, A3ep6atioxcaH, baky
AHoTaliga
Ha ocHoBi npupoanux mMiHepaniB HaxyuBaHcbkOi ABTOHOMHOI Pecny6/liku B NPUCYTHOCTI areHTa, 10 BU3HA4a€
CTPYKTYPY - TiAPOKCUAY TeTpaMeTU/IAMOHiI0 - GyJIM CUHTEe30BaHi LeoJIiTH rpynu ma6asuTy (rMmeJiiHiT, JeBiH Ta
epioHiT), AKi MalTh NpaKTU4YHe 3HAa4YeHHA. fIK NmpUpoAHi MiHepa/lM BMKOPHUCTOBYBAa/IM 3pas3sKd ra/uloi3uTy 3
poaoBuia Ilipiros, ByJikaHiuHOro ckja (o6cujiany) 3 BepmuHy anupKuk ta AoJIoMiTy 3 pojgoBuiia Herpawm, ski
BiApisHAIMCcA pa30Bol0 yUCcTOTOM. /loCaiAKeHUH BIUIUB TeMNepaTypH, KOHIleHTpallii TepMa/IbHOT0 PO34YHHY Ta Yacy
06po6KM Ha Ipouec KpucTajdisanii rMeJiHiTy, JieBiHy Ta epionity. IlokasaHo, 10 TiJpoTepMa/ibHUII CHHTE3
rMeJiiHiTy, JieBiHy Ta epioHiTy JocaigKyBanu B Aiana3oHi Temnepatyp 100-300 °C 3a KOHI,eHTpaLii TepMaJIbHOTO
po34yuHy NaOH, mo BapioBaiaca B fiamasoHi 10-35 %, npotarom 50-200 roaun; 100-300 °C, 3a KOHIeHTpaLii
TepMasibHOro po3uyuHy NaOH, mo BapioBanacsa B AianasoHi 10-35 %, npotarom 50-200 rogusd; 100-300 °C, 3a
KoHueHTpanii NaOH 10-35 %, npotarom 50-150 roa; 100-200 °C, 3a koHueHnTpanii NaOH 10-30 %, nporarom 10-
20 roj BianoBigHO.
Knaruosi csnoea: rMeniHiT; JieBiH; epioHiT; KpucTanisauis; rizporepMasbHUM CUHTE3; rpyna aba3uTy; LeoJiT; TPpUpoAHi
MiHepaJu.
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Introduction

Although over 200 zeolites are known and new
hypothetical structures are continually being
introduced into the scientific arena, the synthesis
of some known structures still poses a significant
challenge, as they depend on complex reaction
procedures, lengthy crystallization, and the use of
expensive reagents [1].

Zeolites of the chabazite group are practically
important minerals with a wide range of
applications, from adsorbents to catalysts [2; 3].

The double six-ring (D6R) structure of
gmelinite exhibits a three-dimensional
multiporous system with large 12-membered and
small 8-membered ring channels [4; 5].

Like other large-pore zeolites, gmelinite is
applicable in selective catalysis and gas separation
[6; 7], and shows promise as a potential adsorbent
for reducing fluoride content in water [8; 9], as
well as an adsorbent for alcohols [10].

Levyne is a poorly studied zeolite with a two-
dimensional 8-membered ring (8MR) channel
system, where single six-membered rings (6MR)
of tetrahedra are arranged along the c-axis,
forming a cavity and double six-membered rings
(D6R) [11;12]. Two parallel eight-membered
channels are interconnected, and extra-
framework cations are distributed along the
three-fold axis [13].

Zeolite levyne has high practical significance,
demonstrating efficiency as an adsorbent for CO>
[14] and propylene [15], as well as high activity
and selectivity in reactions converting methanol
to olefins [16] and in the synthesis of
methylamines [17; 18].

Erionite, which is constructed from a cancrinite
cage and a double hexagonal ring (D6R) [19-21],
has recently attracted considerable attention due
to its potential application in the selective catalytic
reduction of NOy [22] and in water purification
from Cd?+, Cu?+, and Pb2* ions [23].

The study of zeolite crystallization processes
based on natural minerals is distinguished by the
low cost of the process and the abundance of the
original minerals in nature.

Considering the practical importance of
chabazite-group zeolites, we aimed to synthesize
them using Nakhchivan's mineral resources under
more moderate conditions, with 100 %
crystallinity and phase purity.

Therefore, this research study examines the
technology for synthesizing phase-pure chabazite-
group zeolites with 100 % crystallinity using
Nakhchivan's mineral resources in the presence of
TMAOH. This study investigates the influence of

temperature, thermal alkali solution
concentration, and process duration on the rate
and selectivity of synthesis, and also identifies
optimal conditions for producing these zeolites.

Experimental

Local minerals used in the study included
halloysite from the Pirigel deposit, dolomite from
the Negram deposit, and obsidian from the
Gapydzhik peak in the Ordubad district.

Hydrothermal synthesis was conducted in
Morey-type autoclaves made of 45MNFT stainless
steel with a volume of 18 cm3 and a filling factor
F=0.8. Hydrothermal crystallization was
performed without creating a temperature
gradient (AT = 0) and without stirring the reaction
mixture, in the presence of
tetramethylammonium hydroxide (TMAOH). The
structure-directing agent (TMAOH) was used in an
amount of 5wt.% of the total initial mass. The
volume ratio of the solid to liquid phaseswas 1 : 5.
NaOH solutions of varying concentrations were
used as the thermal solution. The mass ratio of the
starting components - halloysite (H), dolomite
(D), and obsidian (0)-wasH:D:0=1:1:1.

Hydrothermal synthesis of gmelinite, levyne,
and erionite was studied in the temperature range
of 100-300°C, with the concentration of the
thermal NaOH solution varying in the range of 10-
35% for 50-200 hours; 100-300 °C, with the
concentration of the thermal NaOH solution
varying in the range of 10-35 % for 50-150 hours;
and 100-200 °C, with the concentration of the
thermal NaOH solution varying in the range of 10-
30 % for 10-20 hours, respectively.

The optimal ranges of conditions for the
synthesis of gmelinite, levyne, and erionite
zeolites with 100 % crystallinity and phase purity
turned out to be: temperature 200 °C,
concentration of thermal NaOH solution (Cnaon) -
20-30 %, processing time - 100 hours; 200 °C,
Cnaon — 20-30 %, processing time — 100 hours; and
150°C, Cnaon - 15-209%, processing time -
12 hours, respectively.

Identification of zeolite phases was performed
using X-ray diffraction (XRD), elemental analysis,
thermal analysis (TG/DSC), IR spectroscopy, and
scanning electron microscopy (SEM). A Bruker D2
PHASER X-ray diffractometer (CuKa, 26 = 20-80°)
was used in the experiments. IR spectroscopy
studies were performed on a Nicolet iS10 FTIR
spectrometer in the frequency range of 400-
5000 cm-t. Zeolite samples were prepared by
pelletizing with KBr in air at a ratio of 1 mg of
zeolite to 400 mg of KBr using a PIKE Technologies
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hydraulic hand press. The resulting powder was
pressed into tablets with a diameter of 1 mm.
Thermal studies were conducted on a NETZSCH
STA 449 F3 Jupiter thermal analyzer in dynamic
mode at temperatures ranging from 20 to 1000 °C.

Elemental analysis was performed using an
Oxford Instruments Triton XL system.

Scanning electron microscopy (SEM) was
performed on a Hitachi TM3000 table-top
microscope 30,000xmagnification). The low-
vacuum mode allowed for sample analysis
without conductive coating deposition.

The degree of crystallinity was calculated
based on IR absorption curves. To determine the
degree of crystallinity of the zeolite, the
irradiation flux intensity was measured
proportionally to the maximum transmittance of
the zeolite sample in the range of 400-1200 cm-1.
This means that the irradiation intensity was

total peak intensity of sample

measured proportionally to the minimum
transmittance of the sample, and the optical
density D was determined. The optical density was
calculated using the following formula [24]:
D= lngax - lngin;

where D is the optical density;
Tmax is the percentage transmittance at the
maximum transmittance of the analytical band,
and
Tmin is the percentage transmittance at the
minimum transmittance of the analytical band.

The calculated crystallinity data obtained from
the IR spectra were also confirmed by X-ray
diffraction analysis. The crystallinity of the
samples was calculated from the relative peak
intensities. According to the ASTM standard, the
percentage of crystallinity is determined by the
formula [25]:

100 %.

Relative crystallinity (%) =

Discussion of results

Zeolites of the chabazite group (gmelinite,
levyne, and erionite) were synthesized using
Nakhchivan's natural minerals: obsidian, clay, and
dolomite. Local halloysite clay was used in the
studies. Samples were collected from the Pirigol
deposit as the starting material. Halloysite from

total peak intensity of standard

the Pirigol deposit is characterized by relatively
high phase purity. Obsidian from the Gapydzhik
peak in the Ordubad district and dolomite from
the Negram deposit were used as the starting
components.

The chemical compositions of the starting
components are presented in Table 1.

Table 1

Chemical compositions of obsidian samples (0) from the Gapydzhik peak of the Ordubad region, halloysite (H) from
the Pirigol deposit, and dolomite (D) from the Negram deposit

Element Weight (%) Atomic (%) Amount of oxides (%) Formula
0 H D 0 H D 0 H D
Si 41.58 29.37 3.93 30.75 20.48 2.88 7497 44.52 7.43 SiO2
Al 10.52 20.54 5.43 12.89 - 12.85 32.78 - Alz03
Ca 0.63 1.17 26.38 0.43 1.08 20.78 0.77 2.33 31.34 Ca0
Na 2.17 0.63 0.77 1.63 0.52 0.42 3.48 0.78 0.93 Naz20
K 3.01 0.79 0.65 2.08 0.59 0.54 4.96 0.93 0.82 K20
Mg 0.49 2.23 17.43 0.31 1.75 13.25 0.65 3.15 23.44 MgO
Fe (III) 0.61 0.98 - 0.49 0.47 - 0.79 1.47 - Fe203
Fe (II) 0.32 0.73 0.98 0.17 0.34 0.73 0.42 0.87 1.07 FeO
S 0.10 - - 0.06 - - 0.17 - - SOs3
Ti - 0.12 - - 0.09 - - 0.24 - TiO2
C - - 15.03 - - 12.41 - 34.97 CO2
0 40.57 43.44 34.83 58.65 61.79 48.99
0.94 12.93 H20
Total 100.00 100.00  100.00  100.00 100.00 100.00 100.00  100.00 100.00
Since obsidian is X-ray amorphous, its Phase identification of the sample revealed that

diffraction pattern is not presented. The
diffraction patterns and bargrams of halloysite
and dolomite are presented in Figure 1.

it consists of 69.5% halloysite, 27.5%
montmorillonite, and 3.00 % quartz. In addition to
the main mineral, dolomite, X-ray diffraction
analysis also revealed a small amount of quartz.
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Fig. 1. Diffraction patterns and bargrams of halloysite (a) and dolomite (b)

The crystallization of chabazite-group zeolites
based on natural minerals from Nakhchivan was
carried out in the presence of a quaternary
ammonium hydroxide - tetramethylammonium
hydroxide (TMAOH). It should be noted that the
use of an organic structure-directing agent
facilitates the formation of microporous crystals
with varying pore geometries, i.e., the formation of
the desired porous structure [26; 27]. Our choice
of TMAOH as an organic structure-directing agent
significantly influences the crystallization kinetics,
as well as the size and morphology of the resulting
crystals. On the other hand, the use of organic
structure-directing  agents  facilitates  the
production of high-silica zeolites, which is
important for their thermal stability [28; 29].
High-silica zeolites are also characterized by
increased hydrophobicity, which is useful in
catalytic reactions.

Diffraction patterns, IR spectra, thermograms,
and micrographs of the synthesized zeolites
gmelinite, levyne, and erionite are presented in
Figures 2-4, respectively.

According to the X-ray phase analysis, the
obtained zeolites gmelinite, levyne, and erionite
crystallize in the hexagonal crystal system with
parameters a = 13.78 A, c = 10.10 A; in the
rhombohedral crystal system with parameters a =
10.75 A, a = 76°25'; and in the hexagonal crystal
system with parameters a = 13.15 A, c=15.05A4,
respectively. The Bragg angles 20 of the
synthesized gmelinite, levyne, and erionite
correspond to the values 7.42, 11.52,17.31, 17.65,
21.63,30.02, 33.34, 34.52, 39.31° (Fig. 2 (a)); 8.56,
10.85, 11.53, 20.77, 21.77, 31.95, 34.14, 35.62°
(Fig. 3 (a)); 7.69, 9.68, 11.76, 13.34, 20.45, 23.65,
2490, 3146, 3581, 36.10° (Fig.4 (a)),
respectively, which are in good agreement with
the literature data [30; 31].

Figures 2-4(b) show the IR spectra of
gmelinite, levyne, and erionite zeolites,
respectively, in the range of 4000-400 cm-1. The
absorption bands in the frequency range of 250-
1400 cm-! correspond to vibrations of the
aluminosilicate tetrahedra of the framework
structure of zeolites, that is, to the types of bonds
Si-0-Al, Si-0-Si, Si-0, Si-Al [32]. As is known,
two types of vibrations are characteristic of
zeolites: Type 1 - vibrations characterizing the
primary structural units - TO4, where T represents
Si** or Al3+ cations; Type 2 - vibrations of TO4
tetrahedra along the external bonds [33]. The first
type of vibrations includes asymmetric,
symmetric, and deformation (bending) vibrations
of T-0 bonds in the ranges of 1250-950, 720-650,
and 500-420 cm*. The second type of vibrations
includes asymmetric and symmetric vibrations of
external bonds and vibrations of double chains in
the ranges of 1150-1050, 820-750, and 650-
500 cmt. The presence of zeolitic water
corresponds to absorption bands in the range of
3100-3700 cm', while the region of 1600-
1660 cm! contains bending vibration bands
characteristic of molecular water (Si-OH, Si-OH-
Al, and -OH).

The bands at 1048, 796, and 693 cm-! for
gmelinite, 1050, 781, and 645 cm-! for levyne, and
71049, 78, and 460 cm! or erionite can be
attributed to the asymmetric stretching vibration
of the inner tetrahedron, symmetric stretching
vibration, and bending vibrations of T-0 bonds in
TO, tetrahedra, respectively. The bands at
459 cm ! for gmelinite and 460 cm-! for levyne and
erionite are due to their main structural unit, and
the bands at 1649, 2922, 1630, and 1637 cm! are
attributed to bending vibrations of the OH group
in adsorbed water. Finally, a typical broad water
band is present in the 3000-3500 cm-! region with

S0 2-theta (deg)
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an extremum at 3447 cm! for gmelinite,
3489 cm'! for levyne, and 3433 cm'! for erionite.

According to the results of thermal analysis
(Fig. 2-4(c)), the differential thermal analysis
(DTA) curve for gmelinite zeolite (Fig. 2(c)) is
characterized by one endothermic and one
exothermic effect. The endothermic effect is
related to the sample dehydration, which involves
the hydration shell of Na+ cations with a
maximum at 250 °C, at which the mass loss
according to the TG curve is 21.5%. The
exothermic effect, detected at a temperature of
700 °C, according to X-ray phase analysis, is
related to the destruction of the crystalline
structure of gmelinite, with anorthite and quartz
being found in the products.

The DTA curve for levyne (Fig. 3(c)) is
characterized by two endothermic effects.
Dehydration of levyne zeolite occurs in two stages.
These stages are accompanied by two
endothermic effects over a wide temperature
range from 100 to 500 °C. Across all these stages,
the weight loss is 17.60 %. The first endothermic
effect, with a maximum at 160 °C, is attributed to
water molecules located in the cavities of the
structure, while the second is due to crystalline
water within the levyne structure. Complete
dehydration of levyne zeolite finishes at 500 °C. As
X-ray diffraction analysis showed, the levyne

Gmelinite

(cps)

6.0e+003

ity

4.0e+003

2.0e+003

0.0e+

Intensit

U&Ju SOLLMM\:W

Gmelinite

10

structure is stable up to 1000 °C. However, raising
the temperature above this value (i.e., at 1100 °C)
disrupts its structure, and albite and cristobalite
appear as crystallization products.

The DTA curve of erionite (Fig. 4(c)) is
characterized by three endothermic effects. The
first two endothermic effects are related to the
dehydration of the sample, which occurs in stages.
High-temperature dehydration is related to the
hydration shell of Mg?2+ cations. In the first stage,
the hydration shell surrounding Ca2* ions
undergoes dehydration (with a maximum at
220 °C), while in the second stage, the hydration
shell surrounding Mg2* ions (with a maximum at
415 °C) undergoes dehydration. The mass loss
according to the TG curve is 26 %. The third
endothermic effect, detected at a high
temperature with a maximum at 970 °C, according
to X-ray phase analysis, is related to the
destruction of the zeolite crystal lattice; anorthite
and albite were present in the products.

As can be seen from the micrograph of
gmelinite (Fig. 2(d)), it is represented by a faceted
morphology of various sizes; levyne (Fig. 3(d)) is
represented by a spherical morphology of almost
uniform sizes; and erionite (Fig. 4(d)) is
represented by a grain-shaped (granular)
morphology of almost uniform sizes.
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Figure 2. Diffraction pattern (a), IR spectrum (b), thermogram (c) and micrograph (d) of the obtained gmelinite
zeolite
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Figure 5 shows diffraction patterns and bargrams of the products of destruction of the structures of

gmelinite (a), levyne (b) and erionite (c).
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Figure 5. Diffraction patterns and bargrams of the products of destruction of the structures of gmelinite (a),
levyne (b), erionite (c)

As mentioned above, experiments on the
hydrothermal synthesis of gmelinite, levyne, and
erionite were studied in the temperature range of
100-300 °C, with the concentration of the thermal
NaOH solution varying in the range of 10-35 % for
50-200 hours; 100-300 °C, with the
concentration of the thermal NaOH solution
varying in the range of 10-35 % for 50-150 hours;
and 100-200 °C, with the concentration of the
thermal NaOH solution varying in the range of 10-
30 % for 10-20 hours, respectively.

The obtained results allow us to conclude that
the optimal conditions for obtaining phase-pure
gmelinite, levyne, and erionite zeolites with a
100 % degree of crystallinity were: a temperature
of 200 °C, a thermal NaOH solution concentration
(Cnaon) of 20-30%, and a processing time of
100 hours; 200°C, Cnaon of 20-30%, and a
processing time of 100 hours; and 150 °C, Cnaon of
15-20 %, and a processing time of 12 hours,
respectively.

The effects of temperature, thermal solution
concentration, and processing time on the
crystallization process of erionite, gmelinite, and
levyne zeolites were systematically evaluated. The
X-ray diffraction (XRD) patterns of the products
obtained during the study of erionite

crystallization under various conditions are
shown in Figure 6.

As shown above, the precise temperature
required to obtain phase-pure erionite zeolite
with 100%  crystallinity is 150°C. At
temperatures below 150 °C (specifically, in the
range of 100-150 °C), the crystallization products
contained low-crystalline erionite and cristobalite
(Fig. 6(a)). In contrast, in the temperature range of
150-200 °C, phillipsite and analcime crystallized
(Fig. 6(b)).

As noted, the optimal region of existence for
pure erionite is an alkalinity of 15-20 % NaOH. At
a thermal NaOH concentration below 15 %
(specifically, in the range of 10-15%), the
products contained low-crystalline erionite,
albite, and phillipsite (Fig. 6(c)). Increasing the
alkalinity above 20 % (up to 30 %) promotes the
formation of a mixture of erionite, phillipsite,
chabazite, and albite. More precisely, in the
alkalinity range of 20-25 %, the crystallization
products contained erionite and phillipsite (Fig.
6(d)), while in the 25-30 % range, phillipsite,
chabazite, and albite were detected (Fig. 6(e)).

According to the data presented above, the
region of existence of phase-pure erionite with
100 % crystallinity corresponds to a processing
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time of 12 hours. The crystallization process was
studied in the time range of 10-20 hours. At
processing times below 12 hours (i.e., in the 10-
12 hour range), according to X-ray phase analysis,

crystallization did not begin. Increasing the
processing time above 12 hours (up to 20 hours)
promotes phillipsite crystallization (Fig. 6(f)).
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Figure 6. XRD patterns and bargrams of erionite crystallization products: (a) erionite + cristobalite (at a
temperature below 150 °C); (b) phillipsite + analcime (at a temperature of 150-200 °C); (c) erionite + albite +

phillipsite (at a NaOH concentration of 10-15 %); (d) erionite

+ phillipsite (at a NaOH concentration of 20-25 %); (e)

phillipsite + chabazite + albite (at a NaOH concentration of 25-30 %);

(f) phillipsite (at a crystallizati

on time above 12 hours)
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The XRD patterns of the products obtained
during the study of levyne crystallization under
various conditions are shown in Figure 7.

A study of the effect of temperature on the
crystallization process of zeolite levyne revealed
that changing the optimal conditions leads to the
formation of different products. Specifically, a
decrease in temperature below 200 °C (down to
100 °C) promoted the formation of phillipsite and
chabazite (Fig. 7(a)), while an increase in
temperature above the optimal value (up to
300 °C) promoted the formation of a mixture of
levyne, phillipsite, and albite (Fig. 7(b)).

As noted above, the optimal region for the
existence of phase-pure levyne is a thermal
solution concentration of 20-30 %. At a thermal
solution concentration below 20 % (specifically,
10-20 %), the crystallization products contained
low-crystalline levyne and cristobalite (Fig. 7(c)).
Increasing the NaOH concentration above 30 %
(up to 35 %) promotes the formation of pure
chabazite (Fig. 7(d)).

According to the data presented above, the
region of existence of levyne with 100 %
crystallinity is a processing time of 100 hours. The
crystallization process was studied in the time
range of 50-150 hours. At processing times below
100 hours (i.e.,, in the range of 50-100 hours),
according to X-ray phase analysis, the products
contained low-crystalline levyne and phillipsite
(Fig. 7(e)). In the time range of 100-150 hours, the
crystallization products contained levyne and
analcime (Fig. 7(f)). Increasing the processing
time above 150 hours promotes the crystallization
of pure analcime (Fig. 7(g)).

The XRD patterns of the products obtained
during the study of the gmelinite synthesis
process under various conditions are shown in
Figure 8.

In the case of gmelinite, the effect of
temperature on the crystallization process
revealed that a decrease in temperature below
200 °C (down to 100 °C) facilitated the formation
of low-crystalline gmelinite and cristobalite
(Fig. 8(a)). Increasing the temperature above the
optimum (up to 300 °C) facilitated the formation
of a mixture of gmelinite, analcime, and albite
(Fig. 8(b)).

As noted above, the optimal region for the
existence of phase-pure gmelinite is a thermal
solution concentration of 20-30 %. At thermal
solution concentrations below 20 % (specifically,
10-20 %), the crystallization products contained
low-crystalline zeolite gmelinite, phillipsite, and
cristobalite (Fig. 8(c)). Increasing the NaOH
concentration above 30 % (up to 35 %) promotes
the formation of a mixture of gmelinite and
analcime (Fig. 8(d)).

The region of existence of gmelinite with 100%
crystallinity corresponds to a processing time of
100 hours. The crystallization process was studied
in the time range of 50-200 hours. At processing
times below 100 hours (i.e., in the range of 50-
100 hours), according to X-ray phase analysis,
gmelinite, phillipsite, and cristobalite crystallized
(Fig. 8(c)). In the time range of 100-200 hours,
phillipsite and analcime were present in the
crystallization products (Fig. 8(e)). Increasing the
processing time above 200 hours promotes the
crystallization of analcime and hydrosodalite (Fig.

8(f)
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Figure 7. XRD patterns and bargrams of levyne crystallization products: (a) phillipsite + chabazite (at a temperature
below 200 °C); (b) phillipsite + levyne + albite (at a temperature of 200-300 °C); (c) levyne + cristobalite (at a NaOH
concentration of 10-20%); (d) chabazite (at a NaOH concentration of 30-35%); (e) phillipsite + levyne (ata
processing time below 100 hours); (f) levyne + analcime (at a processing time of 100-150 hours); (g) analcime (ata
processing time above 150 hours).
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Figure 8. XRD patterns and bargrams of gmelinite crystallization products: (a) gmelinite + cristobalite (at a
temperature below 200 °C); (b) gmelinite + analcime + albite (at a temperature of 200-300 °C); (c) gmelinite +
phillipsite + cristobalite (at a NaOH concentration below 20% and a crystallization time below 100 hours); (d)

gmelinite + analcime (at a NaOH concentration of 30-35%); (e) phillipsite + analcime (at a processing time of 100-
200 hours); (f) analcime + hydrosodalite (at a processing time above 200 hours)

Conclusions

Zeolites of practical importance - gmelinite,
levyne, and erionite - were synthesized in the
presence of TMAOH, using natural minerals from
the Nakhchivan Autonomous Republic: obsidian,
halloysite, and dolomite.

Experiments on the hydrothermal synthesis of
gmelinite, levyne, and erionite were studied in the
temperature range of 100-300 °C, with a thermal
NaOH solution concentration varying within the
range of 10-35 % for 50-200 hours; 100-300 °C,
with a thermal NaOH solution concentration
varying within the range of 10-35% for 50-
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150 hours; and 100-200 °C, with a thermal NaOH
solution concentration varying within the range of
10-30 % for 10-20 hours, respectively.

The optimal ranges of conditions for the
synthesis of gmelinite, levyne, and erionite with
100 % crystallinity and phase purity were:
temperature 200 °C, concentration of thermal
NaOH solution (Cnaon) — 20-3 0%, processing time
- 100 hours; 200 °C, Cnaon — 20-30 %, processing
time - 100 hours; and 150 °C, Cnaon — 15-20 %,
processing time - 12 hours, respectively.

For erionite, it was found that at temperatures
below 150°C, low-crystalline erionite and
cristobalite were present in the crystallization
products, while above 150 °C, phillipsite and
analcime were formed; at a thermal solution
concentration below 15%, low-crystalline
erionite, albite, and phillipsite are obtained, while
above 20 %, erionite, phillipsite, chabazite, and
albite are formed; at a processing time of less than
12 hours, crystallization did not begin, and above
12 hours, phillipsite crystallized.

For levyne, it was found that at temperatures
below 200 °C, phillipsite and chabazite were
among the crystallization products, while above
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