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Abstract

Chabazite is a microporous material widely studied due to its applications in heterogeneous catalysis. In this study, the authors
synthesized a zeolite by the hydrothermal method at 125°C using tetrapropylammonium bromide as an organic template, which
was removed by calcination at 800°C. The characterization of the synthesized product was carried out by X-ray diffraction,
Fourier transform infrared spectroscopy, X-ray fluorescence, scanning electron microscopy coupled with energy-dispersive
spectroscopy. X-ray diffraction showed the presence of a crystalline phase consisting of chabazite crystallizing in the
rhombohedral lattice with lattice parameters a = 9.4250 A and o = 94.060°. Fourier transform infrared spectroscopy revealed
absorption bands located between 400 — 1000 cm’!, characteristic of zeolites. X-ray fluorescence highlighted the aluminosilicate
nature with a Si/Al ratio of 4.5 for the synthesized product. The SEM coupled with EDS revealed the uniformity of the product,
a hexagonal morphology or the symmetrical facets characteristic of rhombohedral symmetry. The protonated form of the
synthesized zeolite, obtained by ion exchange, was used as a catalyst for the synthesis of isoamyl acetate with a yield of the
impure product of 79.03%; this yield being close to the same product obtained (84.76%) from the same reaction catalyzed by
sulfuric acid. The UV-visible spectral data validated the synthesis products.
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1. Introduction

Zeolites are aluminosilicates of general formula Their crystalline structure consists of a three-dimensional ar-
Mzx, (AlO3),(Si0;)y. mH,0 where M is a metal cation of va- rangement of SiO4 and AlO4- tetrahedra, linked at their verti-
lence n and m is the number of water molecules of hydration. ~ ces by oxygen atoms to form primary building units and ex-
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tended frameworks composed of identical blocks. The nega-
tive charge of zeolites results from the substitution of tetrava-
lent silicon by trivalent aluminum. Since the covalent zeolite
framework is anionic, charge-compensating cations M™* en-
sure the electroneutrality of the solid [1-3]. These mi-
croporous solids are characterized by the presence of channels
and/or cavities that communicate with the exterior. Zeolites
can be natural or synthetic. Among the most well-known zeo-
lites are analcime, mordenite, chabazite, ZSM-5, clinoptilolite,
and stilbite. Due to their exceptional properties and excellent
hydrothermal stability, zeolites can be used in ion exchange,
adsorption, and catalysis [4-12]. Depending on the channel
structure and pore size, zeolites can act as solid acid catalysts
for chemical reactions such as esterification. Typically, ester-
ification reactions are catalyzed by homogeneous mineral ac-
ids such as sulfuric acid or phosphoric acid [13, 14]. These
homogeneous systems have several drawbacks, including cor-
rosivity and toxicity, and are decomposed or removed by hy-
drolysis at the end of the reaction [13, 15]. The use of hetero-
geneous solid acid catalysts offers an alternative for acid-me-
diated organic syntheses, as they are easily separable and re-
coverable at the end of the reaction, with the possibility of re-
use in multiple cycles [16-19]. Since its synthesis by Mobil in
1972, ZSM-5 remains the most widely used zeolite in cataly-
sis. However, the catalytic performance of other zeolites, no-
tably chabazite, has also been demonstrated [20, 21]. Indeed,
chabazite can be synthesized either without an organic agent
[22] or with an organic agent [23]. Several studies have re-
vealed the use of tetrapropyl ammonium bromide (TPABTr) or
tetrapropyl ammonium hydroxide (TPAOH) in the synthesis
of ZSM-5 [24-28], but no studies were found in the literature
on the synthesis of chabazite using TPABTr as an organic agent.
Isoamyl acetate, being one of the most important esters used
in the food industry due to its characteristic banana flavor [29],
requires a catalyst for its synthesis. Thus, the general objec-
tives of this study are to synthesize chabazite zeolite using
TPABr as an organic agent and to evaluate the catalytic ca-
pacity of its protonated form in the esterification reaction of
acetic acid and isoamyl alcohol.

2. Materials and Methods

2.1. Hydrothermal Synthesis of Chabazite
Zeolite

In a beaker containing 5 mL of an aqueous sodium hydrox-
ide solution 0.034 g/mL (Sigma-Aldrich), 0.66 g of NaAlO-
(Strem Chemicals) was dissolved. After 5 minutes of stirring,
3 g of tetrapropylammonium bromide (Sigma-Aldrich) and 15
mL of Na:SiOs (ALM International) were added to the reac-
tion medium to form an aluminosilicate gel. After 20 h of ag-
ing, the gel was transferred into a Teflon container and placed
in an autoclave, which was then heated at 125°C in an oven
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for 5 days. After crystallization, the resulting solid was recov-
ered and washed with distilled water until reaching neutral pH.
The product obtained was filtered and air-dried for 48 hours,
then calcined in a furnace at gradually increasing temperatures
for 4 days. On the first day, the product was heated from 25 to
500°C for 3 hours and maintained at 500°C for 1 hour. This
operation was repeated for 4 days. However, on the fourth day,
the heating was continued from 500 to 800°C for 4 hours and
then maintained at 800°C for 2 hours.

2.2. Characterization Methods of the
Synthesized Zeolite

X-ray diffraction was performed on a Panalytical X’Pert?
powder diffractometer using a copper anticathode with wave-
length L = 1.541 A. Phase identification was carried out using
QualX software and the PowCod database. Fourier transform
infrared (FTIR) spectroscopy was carried out on a Thermo
Scientific Nicolet iS50 spectrometer scanning from 500 to
4000 cm’!'. Elemental composition was determined using
Thermo Fisher Scientific XRF spectrometer. Morphology and
local chemical composition were studied using a Regulus se-
ries scanning electron microscope coupled with energy-dis-
persive spectroscopy. Data processing and analysis were per-
formed using Origin Pro 2024 sofware.

2.3. Activation of the Synthesized Zeolite

0.5 g of the synthesized product was introduced into a flask
containing 50 mL of NaCl solution (1 M). The reaction me-
dium was stirred gently for 24 hours at room temperature.
After filtration and air-drying, the obtained product was
treated with a NH4Cl solution (1 M) under reflux at 60°C
for 2 hours, filtered, and air-dried. The solid obtained was
calcined at 400°C for 4 hours to obtain the protonated form
of the material.

2.4. Synthesis of Isoamyl Acetate

The synthetic pathway is as described by reference [30]. In
a round-bottom flask (100 mL), 7 mL of isoamyl alcohol, 10
mL of acetic acid, and the catalyst (0.12 g of activated zeolite
or 1 mL of sulfuric acid) were successively introduced. The
reaction mixture was subjected to magnetic stirring and re-
fluxed at 70°C for 1 h in a water bath. After cooling, the mix-
ture was transferred into a beaker containing approximately
150 g of ice. The organic phase was extracted with dichloro-
methane (2 x 25 mL), then washed successively with 50 mL
of a sodium bicarbonate solution (10%) and 50 mL of distilled
water. The impure esterification products obtained from both
sulfuric acid and synthesized zeolite catalysis, along with pure
acetic acid, were analyzed using a UV—Visible spectropho-
tometer (JENWAY 720). The wavelength range for analysis
was set between 198 and 650 nm. Data were processed using
Origin Pro 2024 software.
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3. Results and Discussion

3.1. Characterization of the Synthesized Zeolite

The analysis results of the synthesized zeolite are presented
in Figures 1 to 7.

Figure 1 shows the XRD pattern of the synthesized zeolite.
This spectrum highlights the predominance of the Na-chaba-
zite (card COD 00-901-4093, Trigonal, R-3m, a = 9.4250 A,
a = 94.060°), characterized by peaks located at 26 (°) = 13.9,
21.8,24.02; 27.9, 30.5 and 35.6 [31]. The FTIR spectrum of

the synthesized product, shown in Figure 2, exhibits main
bands located between 400 and 1000 cm™'. The intense band
at 961 cm' and the less intense ones at 714, 638, 575 and 544
cm™! can be attributed to the internal vibrations of TO4 tetra-
hedra (T = Si, Al) of the zeolitic framework. The absorption
band at 961 cm™' was assigned to the asymmetric stretching
vibration, whereas the band at 714 cm’! was associated with
the symmetric stretching of Si—O—Si or Si—O—Al bridges in
the tetrahedral framework. Additional bands at 638.07, 575.16
cm’' were attributed to the bending vibrations of TO4 groups,
which may be associated with double four- or six-membered
rings (D4R or D6R) [32-35].
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Figure 1. XRD pattern of the synthesized zeolite.
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Figure 2. FTIR spectrum of the synthesized zeolite.
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Figure 3. Percentage of element.

Figures 3 and 4 show, by X-ray fluorescence, the elemental
and oxide composition of the synthesized compound. The
analysis indicates Si contents of 70.97% or SiO; (69.08%) and
Al contents of 16.09% or Al,O3 (17.66%). The percentages of
Na element or NaO oxide are also significant, with values of

V 7.8mm x5.00k SE(Y0)

Regulus 2.0kV 7.8mm x1.00k LM(UL

12.05% and 12.83%, respectively. The high contents of silicon
(Si) or silicon oxide (SiO,) and aluminum (Al) or aluminum
oxide (Al,O3) indicate that the synthesized product is an alu-
minosilicate. The Si/Al ratio of 4.5 further confirms that the
synthesized compound is a chabazite [36].
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Figure 4. Percentage of oxide.

Figure 5. Scanning electron micrographs of the synthesized zeolite.

The scanning electron micrographs, shown in Figure 5, re-
veal the morphology and structure of the crystals of the syn-
thesized product. The image at 10 um indicate that the crys-
tals exhibit the appearance of truncated hexagonal prisms or
symmetric facets characteristic of rhombohedral symmetry.
The rhombohedral form has also been reported by [37].

Figures 6 and 7 present the SEM/EDS results of the synthe-
sized compound. Figure 6 shows that elemental analyses were
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performed on two regions of the product. The EDS spectra of
these two regions (Figures 7 and 8) display the following re-
sults: region 1 (Al =7.69%; Si = 19.91%) and region 2 (Al =
7.96%; Si = 19.90%), demonstrating the homogeneity of the
obtained powder [38]. This analysis further confirms the alu-
minosilicate nature of the compound, with a predominance of
silicon.
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Figure 6. SEM images of the targeted zones.
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Figure 7. EDS spectrum of the synthesized product.

3.2. Characterization of the Esterification
Products

Figure 8 shows the UV-Visible spectra of acetic acid and of
the products obtained from esterification catalyzed by sulfuric
acid and H-chabazite. Observation of the UV-Visible spectra
of the esterification products revealed two absorption regions:
the first band absorbing between 198 and 233 nm, and the sec-
ond between 233 and 318 nm, with maximum absorption
wavelengths at 213 and 271 nm, respectively. A similarity or
overlap is observed between the spectra of the esterification
products obtained with sulfuric acid and with H-chabazite.
Based on the expected compounds or functional groups
formed in this reaction, these bands correspond to the n—m*
transitions of the C=0 carbonyl groups of the carboxylic acid
used (213 nm) and of the esters formed (271 nm) in this cata-
lytic process [39, 40]. This indicates that the reaction product
was not pure, as it exhibited characteristic bands of both the
carbonyl groups of acetic acid (excess reactant in the medium)
and those of the ester formed, with a bathochromic shift of the
C=0 group from acetic acid to the ester [39, 41]. These spec-
tral data confirm the formation of isoamyl acetate within 1
hour of this esterification reaction catalyzed by H-chabazite.
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The yield of this impure product was 79.03%, which is com-
parable to that of the same impure liquid obtained (84.76%)
from the reaction catalyzed by sulfuric acid. These results also
suggest that H-chabazite is a more suitable catalyst for this
reaction, as it is a recoverable solid and is likely to be less
toxic and less corrosive than sulfuric acid.
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Figure 8. UV-vis spectra of acetic acid and of the esterification prod-
ucts.

4. Conclusion

The objectives of this work were to synthesize and charac-
terize a chabazite-type zeolite and to evaluate its catalytic per-
formance in the esterification of acetic acid and isoamyl alco-
hol. The analyses of the synthesized zeolite confirmed the
presence of chabazite by X-ray diffraction, as well as charac-
teristic zeolitic bands between 400 and 1000 cm™ in Fourier-
transform infrared spectroscopy. They also revealed the alu-
minosilicate nature of the product, with a Si/Al ratio of 4.5,
indicating the presence of chabazite in the XRF analysis. SEM
coupled with EDS confirmed the hexagonal prismatic mor-
phology and the uniformity of the powder. The obtained zeo-
lite was activated and used as a catalyst for the synthesis of
isoamyl acetate, achieving a yield of 79.03% for the impure
product, which is comparable to the yield of the same product
obtained (84.76%) from the reaction catalyzed by sulfuric acid.
The UV—visible absorption spectra of the esterification prod-
ucts were identical. The protonated form of the synthesized
chabazite could therefore serve as a promising substitute for
conventional catalysts used in esterification reactions.

Abbreviations

XRD X-ray Diffraction

XRF X-ray Fluorescence
FTIR Fourier Transform Spectroscopy
SEM Scanning Electron Microscopy
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