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Synthesis of nanosized HZSM-5 zeolite under microwave irradiation:
effect of the Si/Al ratio on the morphology, textural and acidic properties
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The effect of the Si/Al ratio on morphology, textural and
acidic properties of nanosized ZSM-5 zeolite synthesized by
the one-stage microwave hydrothermal method directly in
a proton form has been established. The materials were
characterized by the X-ray diffraction, scanning electron
microscopy, transmission electron microscopy, N, sorption,
inductively coupled plasma optical emission spectrometry
(ICP-OES) and thermal desorption of ammonia. It was
found that with a decrease in the Si/Al ratio from 270 to 46,
the total acidity increases from 90 to 542 umol g~! and the
particle size decreases from 150 to 15-25 nm; at the same
time, the particles assemble into larger aggregates.
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ZSM-5 zeolites are widely used in various acid—base catalytic
processes, in particular, in petrochemistry and oil and gas
processing.!~1% Nanosized zeolites are of particular interest due
to their higher external specific surface area and smaller crystal
size, which makes it possible to improve access to active centers
in micropores and minimize diffusion limitations.!!-18

The physico-chemical properties of ZSM-5 zeolite depend on
the synthesis method, sources of silicon and aluminum,
temperature and synthesis time and the ratio of reagents. One of
the key parameters affecting the physico-chemical properties of
zeolites is the silica module (Si/Al ratio). The Si/Al ratio
determines the concentration and location of aluminum
tetrahedra, and, consequently, the strength and concentration of
Brgnsted acid centers.!® However, a number of studies have
shown that the Si/Al ratio affects not only the acidic properties of
zeolites, but also the morphology and porous structure.?’-20
Morphology and textural properties play a key role in the zeolite
catalysis: catalytic activity, product selectivity, catalytic stability,
and they can be enhanced.?'-?3

The use of microwave hydrothermal technique for the zeolite
synthesis can significantly reduce the synthesis time, increase
the uniformity of the structure and particle size and improve the
dissolution of the precursor gel.?” The effect of the Si/Al ratio on
the properties of ZSM-5 zeolite synthesized by the microwave
hydrothermal method with micron-sized particles?®> and with
nanoscale particles?® has been described. The authors?® carried
out two-stage crystallization to obtain particles with the size of
180-300 nm. They found that as the Si/Al ratio increases, the
particle size decreases. At the same time, there is no data on the
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acidic and textural properties of the obtained zeolites. Earlier,?
the possibility of obtaining nanosized ZSM-5 zeolite via the
microwave hydrothermal method with one-stage crystallization
directly in a proton form with a predominance of particles with
the size of 30-80 nm was shown.

In this paper, we report for the first time the effect of the Si/Al
ratio on the morphology, textural and acidic properties of
nanosized ZSM-5 zeolite synthesized via microwave
hydrothermal method directly in a proton form with one-stage
crystallization.

The molar ratio of reagents Si(OEt), : H,O : TPA—OH : AI(OPr');
is presented in Table 1.

All synthesized samples were crystalline ZSM-5 zeolites
without other phases (Figure 1), as it was confirmed by XRD.
The presence of characteristic peaks in the 20 ranges of §-9 and
23-25° proves the crystalline structure of the synthesized
ZSM-5 zeolite according to the ICDD database.

Table 1 Molar ratio of the reagents and Si/Al ratio in the synthesized
ZSM-5 zeolites.

Sample Gel composition (mol)* Si/Al molar ratio”
nanoHZSM-5_46 1:8.3:0.47:0.015 46
nanoHZSM-5_51 1:8.3:0.47:0.011 51
nanoHZSM-5_72 1:6.1:0.34:0.008 72
nanoHZSM-5_232 1:4.47:0.26:0.0045 232
nanoHZSM-5_270 1:4.47:0.26 : 0.003 270

¢The molar ratio of reagents Si(OEt), : H,O :
> Determined by ICP-OES.

TPA-OH : Al(OPr),.
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Figure 1 XRD patterns of synthesized nanosized ZSM-5 zeolites with
different Si/Al ratios.

The particle sizes increase from 15-25 nm to 150 nm as the
Si/Al ratio increases from 46 to 270 (Figure 2) in contrast to the
data of earlier work,2® where the authors recorded a decrease in
the particle size with increasing Si/Al ratio. It was possible to
establish the ‘evolution’ of the morphology of nanoscale zeolite
HZSM-5 particles: aggregates in the form of ‘tablets’ with a
diameter of 150 nm and a thickness of 80-100 nm consisting of
small particles of 15-25 nm in size, their number increases with
decreasing Si/Al ratio.

The characteristics of the specific surface area and porous
structure of the synthesized samples are given in Table 2. All
samples have a high specific surface area of 453-460 m? g
The external specific surface area increases with decreasing
Si/Al ratio: 28 m? g~! for a sample with the Si/Al ratios of 270
and 37 m?> g! for samples with Si/Al ratios of 46 and 51,
respectively. This is in good agreement with the SEM and TEM
data, that reveal reducing the particle size with a decrease in the
Si/Alratio. It should be noted that the sample with the Si/A ratio
of 51 possesses the best porous structure characteristics among
all the samples (the largest pore volume, mesopore volume and
external specific surface area).

Table 2 Textural properties of the synthesized nanosized HZSM-5 with
different Si/Al ratios.

Sample Sger/ Sex! Viow/ Vinicro Vineso/
m2g! mlg! cmig! emiPg!  emig!
nanoHZSM-5_46 460 37 0.42 0.15 0.27
nanoHZSM-5_51 458 37 0.47 0.16 0.31
nanoHZSM-5_72 458 35 0.45 0.13 0.32
nanoHZSM-5_232 453 28 0.39 0.17 0.22
nanoHZSM-5_270 458 28 0.39 0.18 0.21

Figure 2 SEM and TEM images of the synthesized nanosized ZSM-5
zeolites with different Si/Al ratio: (a) and (b) Si/Al = 270; (c) and
(d) Si/Al = 232; (e) and (f) Si/Al = 72; (g) and (h) Si/Al = 51; (i) and
(j) Si/Al = 46.

The acidic properties of the synthesized samples were determined
via the temperature-programmed desorption of ammonia (Table 3).
All samples have a bimodal strength distribution of acid centers:
weak and strong acid centers, respectively. Decrease in the Si/Al
ratio results in the shift of the temperature peaks of desorption
towards higher temperatures owing to an increase in the aluminum
content in the zeolite framework. When the Si/Al ratio decreases

Table 3 Acidic properties of synthesized nanosized HZSM-5 zeolites with
different Si/Al ratios.

Tpear"C Weak and Strong  Total
Sample LT HT medlumb acidity/  acidity/
strength”/ a 1

peak?  peak? pmol g-! pmol g umol g
nanoHZSM-5_46 196 416 296 246 542
nanoHZSM-5_51 193 410 196 183 379
nanoHZSM-5_72 180 386 101 89 190
nanoHZSM-5_232 169 370 53 46 99
nanoHZSM-5_270 167 362 51 39 90

4The LT peak represents a low temperature desorption peak. The HT peak
represents a high temperature desorption peak. ” Calculated as the amount
of NH; desorbed below 300 °C. ¢ Calculated as the amount of NH; desorbed
above 300 °C.
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from 270 to 46, the total acidity increases by a factor of 6 — from 90
to 542 pumol g~'. It should be noted that a slight predominance of
weak acid centers is observed in all the samples.

In summary, the effect of the Si/Al ratio on the physico-
chemical properties (morphology, textural and acidic properties)
of nanosized ZSM-5 zeolite synthesized by the one-stage
microwave hydrothermal method directly in a proton form
(HZSM-5) was studied for the first time. It has been found that
the shape and particle sizes of synthesized nanosized HZSM-5
zeolites, as well as textural and acidic properties, have been
largely depend on the Si/Al ratio. These data could allow one to
obtain materials based on nanosized zeolites HZSM-5 possessing
catalytic activity and stability.

This research was carried out with the financial support from
the Russian Science Foundation grant no. 23-73-30007. Scanning
electron microscopy characterization was performed in the
Department of Structural Studies of Zelinsky Institute of Organic
Chemistry, Moscow.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7751.
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