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ABSTRACT: A 4 Å zeolite prepared under the synergistic effect of
intense ultrasound and a high-voltage electrostatic field had an
octahedral structure rather than a conventional hexahedral structure.
XPS and XRD analyses showed that the ratio of silicon to aluminum, 2θ
peak position, and the corresponding crystal planes were the same as
those in traditional hexahedral 4 Å zeolite, but some crystal planes were
more prominent. SEM imaging showed that the octahedral zeolites had a
larger particle size. Porosimetry (BET surface area and BJH analysis)
showed that the octahedral zeolite had become a mesoporous zeolite,
and its specific surface area increased and its pore size expanded, which
was conducive to loading catalytically active materials and thus
improving its catalytic performance. In this paper, the mechanism of
formation of hierarchical LTA zeolite is discussed, and the octahedral
hierarchical LTA zeolite is used to catalyze the epoxidation of styrene, giving very good results. It is concluded that the (600), (622),
(642), and (644) crystal planes played a decisive role in the styrene epoxidation reaction, providing a realistic basis for explaining the
crystal plane catalysis effect of the 4 Å zeolite. This new zeolite prepared under the synergistic effect of intense ultrasound and a high-
voltage electrostatic field, being the first time to prepare the octahedral hierarchical LTA zeolite, is simple to produce, green, and
environmentally friendly and has good economic development prospects compared to the use of templating agents, which not only
provides ideas and simpler methods for optimizing the performance of traditional zeolites and developing new zeolites with better
performance but also enhances the theoretical basis for preparing new zeolites.

■ INTRODUCTION
The traditional 4 Å zeolite is a synthetic aluminosilicate with a
microporous cubic lattice1 and is one of the most used zeolites
in the industry.2 Because of its uniform pore structure, it is
used as a solid adsorbent in sewage treatment and in the
purification of environmental chemicals, water treatment, the
metallurgical industry, soil improvement, and medicine
through liquid or gas-phase separation processes.1,2 In catalysis,
although the uniform microporous structure of traditional 4 Å
zeolite gives it the advantages of significant specific surface
areas, outstanding thermal stability, and efficient shape
selectivity, its narrow pores are not conducive to or even
hinder the catalytic activity. The diffusion and transmission of
medium and large molecular substances have caused problems
such as low application efficiency associated with traditional
microporous zeolites and serious catalytic deactivation.3−5

Mesoporous materials, due to their large specific surface
areas, are conducive to the construction of plentiful surface
active sites. Various means can be adopted to introduce
catalytically active components and hence impart catalytic
activity to a mesoporous material, such as guest loading in the
mesopores, surface grafting, surface coating, and skeleton

doping, forming a functionalized mesoporous catalytically
active material or a functionalized mesoporous catalytic
material.6−8 Compared with microporous materials, mesopo-
rous materials have higher specific surface areas and larger pore
spaces, which enable the assembly of larger, more complex, and
more varied catalytic sites, and have a smoother flow of
reactants, intermediates, and products.6−9 They can be applied
in fields such as biological science and medicine, for protein
immobilization and separation, in biochips, controlled drug
release and treatment, mesoporous nanomedicine diagnosis
and treatment, and targeted drug delivery.8 Therefore,
mesoporous materials have the potential to play an important
role in the development of materials science in the future.
However, the thermal stability, hydrothermal stability, and
classic solid acid catalytic activity of classical silicate-based
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ordered mesoporous materials are still lower than those of
conventional microporous zeolite crystals.8,10

In recent years, to improve the ion exchange performance
and address the problems faced by zeolites, many scientists
have devoted a lot of effort to overcome and remedy the
weaknesses in this area.11,12 Some of them have carried out
pore expansion research and have made mesoporous, macro-
porous, and even microporous zeolites.9,13,14 There are also
many researchers who used technology and methods to
selectively remove the amorphous structure in the material to
prepare multilevel pores.15−28,38 At present, using hard or soft
templates to prepare multistage zeolites is very popular and has
achieved very good results.29−35 In our previous research,
carbon nanofibers (CNFs) have been prepared by electro-
spinning and used as hard templates to synthesize hierarchical
4 Å zeolite.36 In the above methods, external (typically
organic) substances are used to expand the pores of zeolites
instead of adjusting the structure of the zeolite itself and
avoiding the use of other substances. This is inconsistent with
the environmentally friendly, simple, and economical modern
chemical concepts. In addition, there is still no research on the
effect of different crystal planes within zeolite on catalytic
reactions.
In the work reported herein, it was discovered that an

octahedral zeolite that is different from the traditional
hexahedral 4 Å zeolite was obtained by synthesizing the
hierarchical LTA zeolite in the presence of ultrasound and an
externally enhanced electrostatic field. XPS and XRD analyses
of both the standard 4 Å zeolite and the hexahedral zeolite
confirmed the change in structure. Porosimetry showed that
the sample was a mesoporous zeolite. SEM imaging, XRD,
porosimetry, and thermogravimetric analysis showed that the
morphology of the octahedral zeolite had major changes
compared to the traditional 4 Å zeolite. The relative
prominence of some of its crystal planes increased in XRD
patterns, the specific surface area increased, the pore diameter
changed from microporous to mesoporous, and it had very
good thermal stability. Furthermore, an octahedral zeolite was

used to catalyze the styrene oxidation reaction, and the styrene
conversion rate was greatly improved. It was found that the
crystal planes of the zeolite that played a catalytic role in the
styrene epoxidation process were enhanced, thus providing a
realistic basis for explaining the enhanced catalysis of the
hierarchical LTA zeolite.

■ EXPERIMENTAL SECTION
Materials. All reagents were sourced from Sinopharm

Chemical Reagent Co., Ltd. and utilized as received without
further purification.

Preparation. As the ratio of Si:Al:Na:H2O was 1:1:3:75,
72

Na2SiO3·9H2O (10.65 g) was added to a beaker and dissolved
in 20 mL of distilled water under magnetic stirring until a
transparent solution was obtained. Separately, NaAlO3 (3.85 g)
was added to another beaker and dissolved in 17.5 mL of
distilled water under magnetic stirring until a clear solution was
formed. These two solutions were divided into two portions.
One portion was processed to create hexahedral 4 Å zeolites
following the literature method.10 The other portion was
transferred to a 50 Hz ultrasonic bath and the NaAlO3 solution
was added dropwise into the Na2SiO3 solution to form a
colloidal solution with ultrasonic and mechanical stirring for 1
h (Scheme 1). The colloidal solution was then divided into five
parts and placed in high-voltage DC vertical electrostatic fields
with electric field strengths ranging from 10 to 23 kV (with 23
kV being the maximum due to the risk of sample discharge and
field breakdown at higher voltages). The positive and negative
copper plates were spaced 7 cm apart, with the liquid level 2
cm below the upper plate. After 1 h of treatment, the mixtures
were aged for 24 h, followed by hydrothermal synthesis at 120
°C for 24 h. They were then cooled, washed with distilled
water (2−3 times), suction-filtered, and dried at 120 °C to
produce the novel zeolite samples.

Characterization. Characterization techniques included
scanning electron microscopy (SEM) performed on a Phenom
Pro machine (Netherlands) to examine the morphology and
structure of the synthesized samples. Powder X-ray diffraction

Scheme 1. Synthesis of Octahedral Hierarchical LTA Zeolites Through the Joint Application of Intense Ultrasound and a
High-Voltage Electrostatic Field

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04461
ACS Omega 2024, 9, 39673−39681

39674

https://pubs.acs.org/doi/10.1021/acsomega.4c04461?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04461?fig=sch1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(XRD) patterns were collected using a D/max 2500 PC
(Rigaku, Japan) within a 2θ range of 5−80° to investigate the
phase structure. A Simultaneous Thermal Analyzer (STA,
Netzsch, STA449F3) was used for pyrolysis analysis.
Inductively coupled plasma-optical emission spectrometry
(ICP-OES) using an Agilent ICP-OES 725 ES (US) was
performed to determine the elemental content. Pore size
distribution and BET specific surface area were assessed via the
Barrett−Joyner−Halenda (BJH) and Brunauer−Emmett−
Teller (BET) methods, respectively. The degassing procedure
involved pretreatment at 70 °C for 15 min, heating to 120 °C
at 10 °C/min and holding for 15 min, then heating to 300 °C,
and maintaining this temperature for 3 h.
Product analysis following styrene oxidation experiments

was conducted using gas chromatography (GC) (Shimadzu
2010 Plus, RTX-5 capillary column, flame ionization detector)
and GC−MS (Agilent 5975C). For the GC analysis, a
temperature program of 10 °C/min was employed, starting
from 60 up to 280 °C, with a final hold at 280 °C for 2 min.
UV−vis absorption spectra were acquired by using a quartz cell
on a Shimadzu UV-3150 spectrophotometer in Japan after
diluting the solution with ethanol. To detect the presence of
the 4 Å zeolite sample, we performed UV−vis diffuse reflection
spectroscopy (UV−vis DRS, Shimadzu UV-3600). The
elemental composition and valence states of the composite
material were determined through X-ray photoelectron
spectroscopy (XPS, Thermo Fisher Scientific ESCALAB 250).

Catalytic Performance. The following procedure was
used to catalyze styrene epoxidation using zeolites: a test tube
equipped with a magnetic stirrer and a condenser was loaded
with 20 mg of zeolite, 1 mL of styrene, 5 mL of tert-butyl
hydroperoxide as the oxidizing agent, and 5 mL of acetonitrile
as the solvent (as illustrated in Scheme 2). The reactions

proceeded at 80 °C for 8 h under a nitrogen atmosphere.
Following the reaction, the solid catalyst was isolated via
centrifugation. The remaining solution was then transferred to
an ethyl acetate/distilled water mixture in a beaker and stirred.
After extraction and separation, the ethyl acetate layer’s mixed
solution was passed through a syringe filter prior to gas
chromatography (GC) analysis. This experiment was con-

ducted multiple times with various zeolites under identical
conditions.
The transformation of styrene and the composition of each

byproduct were deduced from the analysis of the gas
chromatography (GC) peak zones. The calculation formulas
for conversion and product selectivity were structured as
follows: conversion of styrene (%) = (area of styrene
converted) × 100/area of styrene before reaction; product
selectivity (%) = (signal product area) × 100/area of all
products (a calibration curve for each species has been
plotted).

■ RESULTS AND DISCUSSION
Because cations that neutralize the negative charge of the
aluminosilicate framework reside within the framework’s pores
and cavities38−43 and are affected by the energy of the
surrounding environment and their positions change, energy is
instrumental in the fabrication and enhancement of zeolite
properties.10 In addition to the heating effect, other forms of
energy such as microwaves44 and electrostatic field45 may also
alter the spatial configuration of certain zeolites, potentially
disrupting specific chemical bonds or activating them.
Following numerous experiments and assessments, it was
discovered that 4 Å zeolites changed from their conventional
hexahedral to an octahedral form under specific ultrasonic and
electrostatic field conditions with corresponding changes in
both structure and performance.

SEM Analysis. Figure 1 shows SEM images of 4 Å zeolites
prepared under different electrostatic field conditions. The

morphology of 4 Å zeolite is a regular hexahedron when the
electric field voltage is 0 kV, and the average particle size is
about 1.5 μm. However, if an electrostatic field were applied,
the morphology of the 4 Å zeolites would be irregularly
deformed. The degree of irregular deformation increased as the
voltage of the applied electrostatic field increased, and the
particle size also increased accordingly. When the applied
electrostatic field voltage reached 20 kV, 4 Å zeolites began to
appear with a regular octahedral morphology. As shown in
Figure 1, the proportion of regular octahedral zeolites
increased with the increase of the electrostatic field voltage.
When the electrostatic field voltage reached the maximum (23
kV), the morphology of the zeolites was almost all regular
octahedrons; the average particle size was about 4 μm, which
reveals that the external electrostatic field exerted a profound
influence on the zeolite’s architecture; and the morphology has
changed from the original hexahedron to a regular octahedron.

Scheme 2. Oxidation Reaction of Styrene Catalyzed by the
Hierarchical LTA Zeolite

Figure 1. SEM images of the new zeolites in different electrostatic
fields.
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Once the zeolite attains an octahedral morphology, the particle
size did not change further with an increase in the applied
electrostatic field voltage.

X-Ray Diffraction (XRD) Analysis. XRD was used to
analyze the solid-state structure of the sample. The zeolite
powder XRD patterns were collected by using a D/max 2500
PC equipped with a Cu Kα line at 40 kV and 49 mA at a
scanning rate of 10°/min with a step of 0.01°. Figure 2 shows

the XRD patterns with clear reflections at 2θ of 7.2°, 10.2°,
12.4°, 16.1°, 21.6°, 24.0°, 27.1°, 29.9°, and 34.1°. Compared
with 4 Å zeolite (LTA) and Zeolite X (FAU) XRD standard
spectra, the peak positions completely matched only with 4 Å
zeolite (LTA) (JCPDS no. 039-0222), indicating that the
sample has the pure 4 Å zeolite structure instead of Zeolite X
(FAU) (JCPDS no. 038-0237). The identified diffraction
peaks are indicative of the lattice planes indexed as (200),
(220), (222), (420), (600), (622), (642), (644), and (664),
respectively. According to Figure 2, there is no other phase
present in the octahedral samples prepared in a 23 kV
electrostatic field, indicating that a pure 4 Å zeolite was
synthesized. However, compared with the traditional 4 Å
zeolite, which is a hexahedral 4 Å zeolite prepared according to
the traditional method in relevant literature, the (600), (622),
(642), and (644) crystal plane peaks of the hierarchical LTA
zeolite have greater relative intensities. Figure 3 shows that the
relative peak intensities of the (600), (622), (642), and (644)
escalate with the increase of the electrostatic field intensity,
indicating that these four crystal planes were increasingly
exposed as the electrostatic field voltage increased.

BET and BJH Analysis. The N2 adsorption−desorption
isotherms of the new zeolites obtained under different
electrostatic field conditions are shown in Figure 4. Based on
the International Union of Pure and Applied Chemistry
(IUPAC) classification, their nitrogen adsorption−desorption
isotherms exhibit a uniform pattern of type I when the external
electric field voltages are 0, 10, 15, and 18 kV, which is a
method for estimating the pore structure of a material from gas
adsorption measurements to provide an overview of void
extent, indicating that they are microporous materials (seen in
Figure 4A−D). When the electrostatic field intensities are 20,
22, or 23 kV, it can be seen that the isotherms are a

combination of type I and type IV (seen in Figure 4E−G).
BET calculations showed that the specific surface areas of the
samples with external electrostatic field voltages of 20, 22, and
23 kV are 423, 441, and 469 m2 □g−1, respectively, while the
maximum specific surface area of the 4 Å zeolite prepared by
traditional methods without any external field conditions
(electric field voltage is 0 kV) is 258.26 m2□g−1. In the pore
size distribution diagrams for these materials, it can be
observed that the pore sizes around 4 nm appeared, showing
that mesopores are generated under the electrostatic field
voltage. It can be concluded that the new zeolite has changed
from a microporous to a hierarchical material when the voltage
exceeds 20 kV.
In Table 1, the surface area (BET) and micropore surface

analyzed by the BJH test after different electric field intensities
are shown. As seen in the table, if the electrostatic field voltage
is less than 20 kV, the specific surface area is almost entirely
micropores. If the electric field voltage is higher than or equal
to 20 kV, the specific surface area of zeolite suddenly increases.
Although micropores still account for the majority, their
proportion has decreased significantly, and as the voltage
increases, the proportion gradually decreases, which once again
leads to the conclusion that the new zeolite has changed from a
microporous to a hierarchical material when the voltage
exceeds 20 kV.

XPS and ICP-OES Analyses. The main elements in the
hierarchical LTA zeolite prepared in a 23 kV electrostatic field
were determined by XPS characterization. Figure 5 shows that
all expected chemical elements (C, Si, Al, O, and Na) are
contained in the sample. The Si, Al, O, and Na are attributed
to the zeolite sample while carbon comes from the uncovered
conductive adhesive. The ratio of Si to Al (usually termed the
“silicon-to-aluminum ratio”) can be calculated from the total
atom content of the XPS table to be about 1. To obtain the
specific value of Si/Al, the mass fractions of Si and Al elements
are obtained through ICP-OES test analysis, which showed
that the Si content was 15.27 wt % and the Al content was
14.87 wt % after determined by ICP-OES, indicating that the
silicon-to-aluminum ratio is about 1 as well.37,46

Catalyst Performance Test Results. The GC analysis
outcomes for styrene epoxidation at 23 kV are illustrated in
Figure S1. This figure indicates retention times of 2.523, 4.405,
5.410, 6.785, and 7.303 min corresponding to tert-butyl hydro
peroxide, styrene, benzaldehyde, phenylacetaldehyde, and

Figure 2. XRD patterns of hierarchical LTA zeolite, traditional 4 Å
zeolite, and 4 Å zeolite (LTA), and zeolite X (FAU) XRD standard
spectra.

Figure 3. XRD patterns of hierarchical LTA zeolites and traditional 4
Å zeolites prepared in different electrostatic fields.
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styrene oxide, respectively, closely matching the GC spectral
data within the instrument database. It confirms the attainment
of the targeted product. The zeolites prepared in 0, 10, 15, 18,
20, 22, and 23 kV electrostatic fields were used as catalysts for
styrene epoxidation. The experimental results are shown in
Table 2. When the zeolite was synthesized under an electric
field intensity surpassing 20 kV, the styrene conversion
escalated dramatically to a peak of 42%, markedly higher
than the mere 8.3% conversion observed in the absence of a
catalyst. This stark enhancement contrasts with the roughly
20% conversion rate achieved when the zeolite was generated
using an external electrostatic field voltage of below 20 kV. The
integration of BET and BJH analysis results alongside SEM
imagery reveals that the octahedral hierarchical LTA zeolite
boasts superior specific surface area and pore dimensions,
facilitating superior access and reactivity for reactants as
opposed to the hexahedral microporous zeolites. The cations

Figure 4. Pore size distributions and N2 adsorption−desorption isotherms for the zeolites in different electrostatic fields.

Table 1. Surface Area (BET) and Micropore Surface Analyzed by the BJH Test After Different Electric Field Intensities

Electrostatic field voltage (kV) 0 10 15 18 20 21 23

Surface area (BET) (m2/g) 258.261 263.377 277.504 290.736 423.138 441.220 469.126
Micropore surface (m2/g) 258.254 263.332 277.423 290.618 407.212 420.145 423.187
Mesoporous surface (m2/g) 0.007 0.045 0.081 0.118 15.926 21.075 45.939
Ratio of microporous surface/mesoporous surface 3.7 × 104 5.9 × 103 3.4 × 103 2.5 × 103 25.57 19.94 9.21

Figure 5. Full-scan XPS spectra of the octahedral hierarchical LTA
zeolite in a 23 kV electrostatic field.

Table 2. Conversion of Styrene and Product Selectivity in Different Electrostatic Fieldsa

Electrostatic field voltage (kV) 0 10 15 18 20 22 23

Conversion (%) 19.6 20.3 20.7 21.2 33.4 36.2 42.3
Selectivity (%) 81.2 81.7 82.0 82.7 85.1 86.4 87.8

aReaction conditions: catalyst (20 mg), styrene (1 mL), acetonitrile (5 mL), and TBHP (5 mL) at 80 °C for 8 h under a N2 atmosphere.72

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04461
ACS Omega 2024, 9, 39673−39681

39677

https://pubs.acs.org/doi/10.1021/acsomega.4c04461?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04461?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04461?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04461?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04461?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04461?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04461?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04461?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04461?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


that originally formed the hexahedral zeolite to balance the
aluminosilicate zeolite framework to carry charges and locate in
the pores and cages of the zeolite move under the action of a
strong electrostatic field and finally locate on the diagonal of
the cubic unit cell, thus forming an octahedral zeolite. Due to
the directional movement of ions, the atomic arrangement on
the crystal plane leads to an increase in surface active sites,
which can adsorb reactants and reduce the activation energy of
the reaction to accelerate the reaction process. Simultaneously,
these surface active sites allow the cationic backbone to
activate the highly unstable perhydroxy anion (•OOH−) to
form metal peroxo complexes, and the metal atoms attract
styrene to form intermediates. Such active sites with specific
geometries and chemical properties can guide reactant
molecules to follow specific reaction pathways, thereby
contributing to the production of specific product epoxides
(styrene oxide).10 In Figure 3, it can be seen that only (600),
(622), (642), and (644) crystal planes change with the varying
electric field strength when other conditions are not changed,
which leads to the deformation of the zeolite, the increase of
the pore size, and the exposure of more active sites, which can
provide more reaction centers and improve catalytic efficiency.
In addition, Table 1 shows that the conversion of styrene also
gradually increases as the electrostatic field voltage increases,
which is in line with the increase in relative strength of (600),
(622), (642), and (644) crystal planes as the electrostatic field
voltage increases, as shown in Figure 3. The increased
prominence of these crystal planes suggests that these planes
play a decisive role in the catalytic process. However, the
conversion of styrene does not change much when the external
electrostatic field voltage used to produce the zeolite is less
than 20 kV, while it increases significantly when the external
electrostatic field voltage is over 20 kV, which indicates that
the octahedral hierarchical LTA zeolite is more conducive to
exposing the four crystal planes, enhancing its catalytic activity
and improving the rate of the reaction.

TG Analysis. After the catalyst performance test, the sample
prepared under the 23 kV voltage condition with the best
performance was taken for thermal stability testing. Figure 6
illustrates the thermogravimetric analysis conducted under
nitrogen for the zeolite synthesized within a 23 kV electrostatic
field. The analysis of the mass decrease curve indicates that the
zeolite experiences a thermal mass reduction of 17.86% from 0
to 200 °C, attributed to the evaporation of water molecules
adhered to its external surface. A further mass reduction of

3.82% between 200 and 480 °C is due to transformations
occurring at the surface level. Beyond 480 °C, there is
negligible mass loss. As depicted in Figure 7, following
thermogravimetric analysis up to 800 °C, the crystal structure,
BET surface area, and XRD pattern peaks remain largely
unchanged. This demonstrates the exceptional high-temper-
ature thermal stability of the zeolite, effectively addressing the
typical issue of inadequate thermal stability found in
mesoporous zeolites.

Mechanism Analysis. The framework of aluminosilicate
zeolite is composed of SiO4 tetrahedra and AlO4 tetrahedra.
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The traditional 4 Å zeolite belongs to the LTA framework
structure.5,47,48,50−53 In this LTA framework structure, the
SiO4 and AlO4 tetrahedra are meticulously organized, featuring
a silicon-to-aluminum ratio that approximates one.10,54 In this
structure, the positive ions necessary to balance the
aluminosilicate zeolite framework’s negativity are situated
within the zeolite’s cavities and channels.38−43,54,55 In the
eight-membered ring structure of the LTA zeolite, every
sodium ion (Na+) has the proximity to interact with up to
three framework oxygen atoms.54 These ions exhibit random
hopping behavior or remain stationary, occupying various
positions within the ring while maintaining equivalence. This
dynamic nature of the Na+ ions contributes to the unique
properties of the LTA zeolite’s eight-membered ring.10 Due to
its exceptional insulating properties, characterized by little
charge leakage and an absence of interface states, SiO2 typically
remains unaffected by external electric fields under ordinary
conditions.56−60 Nevertheless, as the SiO2 layer’s thickness
approaches or falls below 1 nm, a significant enhancement in
the electric field effect is observed.56,58−60 In this study, the
application of intense ultrasonic cavitation61−63 resulted in
more homogeneously sized particles and a notably reduced
thickness of the colloidal SiO2 to below 1 nm (as depicted in
Figure 8), significantly impacting the system through the
vertical electric field effect. Initially, the anions and cations
within the conventional hexagonal 4 Å zeolite (such as the
LTA) framework experienced strong polarization. Additionally,
during the synthesis of the 4 Å zeolite, the colloidal nature of
the entire system meant that the colloid itself was also
influenced by the vertical electric field effect.64,65 Moreover,
given that the system was a colloidal aqueous solution, the
colloid settled under gravity over time, creating a distinct
boundary with the aqueous phase. When subjected to a
powerful vertical electric field and gravitational forces, the
surface tension of both the water and the colloid increased, as
did the electric dipole moment. Throughout the aging process,
water and colloids polarized by the vertical electric field
maintained a significant electric dipole moment.66,67 Con-
sequently, during the initial stages of zeolite nucleation, when
the electrostatic field voltage exceeded or equaled 20 kV, the
negatively charged central oxygen atoms and nearby free Na+
ions49 on the existing framework were stretched, leading to the
development of an octahedral shape (as illustrated in Scheme
3). Under the influence of a robust electric field, the material’s
form transitioned to an octahedron, which introduced
additional mesoporosity without altering the fundamental
crystal structure, as evidenced by the low-angle XRD patterns
(Figure 9) and XRD patterns (Figure 2). This observation
aligns closely with the findings reported by Wang et al.73 and
Liu et al.,74 who noted that while the material’s morphology
changed, the crystal structure and the molecular sieve
remained fundamentally unchanged. The disordered meso-

Figure 6. Thermogravimetric analysis of the octahedral hierarchical
LTA zeolite prepared in a 23 kV electrostatic field.
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pores do not produce clear diffraction peaks in the low-angle
XRD patterns. However, the BET results clearly indicate an
increase in the mesoporosity due to the ultrasonic electrostatic
field. Following aging and hydrothermal synthesis, an
octahedral zeolite framework was established. Due to the
ABCABC stacking pattern of the octahedral hierarchical LTA
zeolite (similar to FAU), the pore volume and pore channels
expand,68−71 explaining why the silicon-to-aluminum ratio and
XRD diffraction peaks matched those of traditional 4 Å
zeolites, while BET and BJH analyses revealed the creation of a
mesoporous material with larger particle sizes observed in SEM
images, thereby enhancing the catalyst’s catalytic performance.

■ CONCLUSIONS
In summary, the zeolite prepared after the combined action of
ultrasound and a high-voltage electrostatic field changed from a
traditional hexahedral structure to an octahedral structure. Its
specific surface area and pore size increased and the
microporous zeolite became mesoporous. These features are
more conducive to loading catalytically active materials and
improving their catalytic performance. In addition, in the
hierarchical LTA zeolite, four crystal planes were more
exposed, and a crystal plane effect occurred in styrene
oxidation, thereby greatly improving the catalytic performance.
That the (600), (622), (642) and (644) crystal planes play a
decisive role in this reaction provides a realistic basis for
explaining the catalytic results. Moreover, this is the first time a
new zeolite is prepared by the action of external physical
factors, which is simple and has good development prospects
in terms of environmental protection and economics,
compared to the use of templating agents. It not only provides
ideas and simpler methods for optimizing the performance of
the original zeolite and developing new zeolites with better
performance but also enriches the theoretical basis of the new
zeolite preparation as well.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c04461.

Figure 7. SEM and BET images and XRD pattern of the octahedral hierarchical LTA zeolite obtained in a 23 kV electrostatic field after
thermogravimetric analysis.

Figure 8. SEM images of colloidal particles and thickness of samples
before (A) and after (B) ultrasonication.

Scheme 3. Formation of Octahedral Hierarchical LTA
Zeolite

Figure 9. Low-angle XRD patterns of traditional 4 Å zeolites and
hierarchical LTA zeolites.
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