
Citation: Zang, J.; Yu, H.; Liu, G.;

Hong, M.; Liu, J.; Chen, T. Research

Progress on Modifications of Zeolite

Y for Improved Catalytic Properties.

Inorganics 2023, 11, 22. https://

doi.org/10.3390/inorganics11010022

Academic Editor: Paolo Fornasiero

Received: 24 September 2022

Accepted: 26 October 2022

Published: 2 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

inorganics

Review

Research Progress on Modifications of Zeolite Y for Improved
Catalytic Properties
Jiazhong Zang 1, Haibin Yu 1, Guanfeng Liu 1, Meihua Hong 1,*, Jiawei Liu 2 and Tiehong Chen 2

1 CenerTech Tianjin Chemical Research & Design Institute Company, Ltd., Tianjin 300131, China
2 School of Materials Science and Engineering, Nankai University, Tianjin 300350, China
* Correspondence: hmh20061114@126.com

Abstract: Zeolite Y, as a solid acid catalyst with excellent performance, is a landmark in petroleum
refining and chemical industry production–especially in catalytic cracking reactions. Improving the
SAR of Y zeolite, enriching its pore structure, and modifying it with heteroatoms can realize the
multifunctional catalysis of Y zeolite, improve the application value of it, and then meet the demands
of petroleum refining. In this review, the synthesis of Y zeolites with high SAR, multistage pores, and
heteroatom modification is summarized.

Keywords: zeolite Y; synthesis; high Si/Al ratio; hierarchical porous structure; heteroatom modification

1. Introduction

Zeolites are highly crystalline aluminosilicates with silica and aluminum trioxide as
the main components; their structures are composed of SiO4 tetrahedra and Al2O3 tetrahe-
dra. The center of the tetrahedron is a silicon (or aluminum) atom, which is surrounded by
four oxygen atoms. The individual tetrahedra are interconnected by oxygen atoms at the
vertices and are arranged in different proportions and manners [1]. Silicon or aluminum
in the framework can be replaced or partially replaced by phosphorus, gallium, titanium,
chromium, iron, and other elements to form heteroatomic zeolites. Due to its unique crystal
pore structure, variable acidity, high specific surface area, and good thermal and hydrother-
mal stability, zeolite has special “shape-selecting” catalytic properties and adsorption and
separation properties, and has a very wide range of applications in various fields such as
petrochemical, fine chemical, and environmental protection [2–4].

Y zeolites are composed of sodalite cages and hexagonal column cages connected
according to the structure of diamond; a new three-dimensional cavity structure–the
supercage–with a diameter of around 1.2 nm is formed between multiple sodalite cages in
the framework. The supercages are mainly interconnected by a 12 membered ring with a
diameter of about 0.74 nm, which creates a major channel for the substance transport. The
schematic of the framework structure of Y zeolites is shown in Figure 1 [5]. Due to their
3D unobstructed framework structure, and excellent thermal and hydrothermal stability,
Y-type zeolites can serve as a solid acid catalyst with excellent properties, which shows its
irreplaceable roles in petroleum refining and chemical industry production, especially in
fluidized bed catalytic cracking (FCC) reactions [6]. Ultra-stable Y zeolite (USY) treated
by steam is the most commonly used industrial catalyst. The average particle size of Y
zeolite crystals used in commercial FCC catalysts is generally less than 1 µm [7]. The active
site of Y zeolite is located in its micropore, and only the reactant molecules adsorbed by
the active site can react. Therefore, the acid and structural properties of zeolites have a
great influence on the catalytic effect. The micropore size of Y zeolite is 0.74 nm, and there
are many molecules whose molecular size is larger than 0.74 nm in the raw materials of
FCC reaction. Therefore, the pore structure of Y zeolite seriously limits the diffusion of
reactants and leads to the decrease in catalytic efficiency and selectivity. Therefore, it is
very attractive to improve the transport properties of industrial Y zeolite catalysts, and the
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construction of mesoporous Y zeolites is a promising method to improve mass transfer. In
industrial applications, the stability of the catalyst must be considered [8]. The stability of
zeolite is largely determined by its Si/Al ratio, so the synthesis of Y zeolite with a high
Si/Al ratio is an important direction of industrial research. The addition of heteroatoms
will also affect the stability and catalytic activity of zeolites, so the synthesis of heteroatom
Y zeolites is also very attractive [9].
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As the quality of crude oil decreases worldwide, the physicochemical properties of
zeolites prepared by conventional synthesis methods have been unable to meet the current
demand in petroleum refining, therefore, the modification of Y zeolites is widely concerned.
This article collates a part of the different modification methods on Y zeolites in recent
years and summarizes the advantages and disadvantages of different methods.

2. High SiO2/Al2O3 Ratio Y Zeolites

Fluidized catalytic cracking (FCC) and hydrocleavage are currently important sec-
ondary processing processes of crude oil in the petroleum refining industry, and they are
widely used to convert the high boiling, high molecular weight hydrocarbon components
in crude oil into more valuable products–such as gasoline and olefin gases. Figure 2 gives
the situation of specific weight occupied by different crude oil refining processes world-
wide [10]. Y zeolites with FAU topology are the main active component of current industrial
catalytic cracking agents [10–12]. FCC catalysts need to withstand harsh hydrothermal
conditions in the process of reaction and regeneration; therefore, increasing the hydrother-
mal stability of Y zeolites–the active component of FCC catalysts–is of great importance to
improve their catalytic performance. Studies have shown that increasing the framework
SAR of Y zeolite can make part of the Al–O bonds be replaced by Si–O bonds; due to the
shorter bond length and greater bond energy of Si–O bonds, Y zeolites with high SAR
have stronger thermal and hydrothermal stability. Additionally, increasing the framework
silicon to aluminum ratio of Y zeolites can also reasonably reduce the density and enhance
the relative strength of acid centers, thereby reducing coke yield and improving product
distribution [13,14]. Generally, the framework SiO2/Al2O3 ratio (SAR) of NaY zeolite syn-
thesized by conventional methods is about 3.0–5.0. Conventionally, we refer to NaY zeolite
with a framework SAR greater than 6.0 as high-SAR Y zeolite. The inherent low-silicon
framework characteristics and the resulting structural instability of Y zeolite synthesized
by conventional methods have become the main bottleneck for direct industrial application.
Increasing the SAR of Y zeolite is the best way to improve the acid property and structural
stability of it, thereby enhancing its catalytic performance.
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In order to obtain Y zeolite products with a higher framework SAR, much research
work has been undertaken. At present, there are two main methods for preparing Y
zeolites with high SAR: the direct synthesis method and post-treatment method [15]. The
post-treatment method is to use a series of physical or chemical methods to treat the NaY
zeolite synthesized by the conventional method to improve its framework SAR, while the
direct synthesis method refers to the direct synthesis of NaY zeolite with high SAR by an
appropriate method without any post-processing.

2.1. Post-Treatment Method

For conventional Y zeolites, due to their low framework SAR and high number
of aluminum atoms, they have a high density of acid centers, weak acid strength, and
poor hydrothermal stability. To improve the catalytic cracking activity and hydrothermal
stability of Y zeolites, it is necessary to post-treat Y zeolites to improve their framework
SAR. After modification, the removal of aluminum and the migration of silicon atoms
would increase the thermal and hydrothermal stability, decrease the acid density, enhance
the acidic strength, and increase the catalytic activity of zeolites. At present, hydrothermal
dealumination, chemical methods dealumination, and composite dealumination are the
most predominant dealumination methods.

Hydrothermal dealumination is the most commonly used industrial NaY zeolite
modification method. In 1968, Mc Danniel et al. first proposed a process for the super-
stabilization of Y zeolite. By treating the ammonium-exchanged NaY zeolite with high-
temperature water steam, part of the framework aluminum is hydrolyzed and removed,
and then the amorphous silicon or framework silicon inside the Y zeolite will migrate and
reorganize by high-temperature roasting to form a silica-rich Y zeolite, which is usually
called ultrastable Y zeolite (USY). Bazyaril et al. [16] pointed out that hydrothermal treat-
ment causes partial destruction of the Y zeolite crystal structure, making the crystallinity
decline. The consequence of hydrothermal treatment is the change of aluminum atoms
from framework aluminum to non-framework aluminum, and these framework-extracted
aluminum atoms usually aggregate near the crystal surface, causing a gradient distribution
of aluminum content [17]. In addition, a large amount of non-framework aluminum can
adversely affect the catalytic performance and mass transfer, thus requiring subsequent
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chemical reagent treatment for dealumination [18]. Yurtaeva et al. [19] subjected Y zeolite to
dealumination at high temperatures in a steam environment. The increase in SAR decreases
the concentration of acid sites as well as strengthens them. HTVGO cracking was carried
out to examine the effect of SAR on the catalytic properties. The results show that a rise in
SAR enhances the yield of C2–C4 olefins from 25.3 to 27.1 wt % as a result of the smaller
contribution of hydrogen transfer reactions due to the acidity decrease.

Chemical dealumination is the method in which the dealumination of zeolite frame-
work occurs in a solution with the aid of interactions between acids, salts, or chelating
agents and zeolites. López-Fonseca et al. [20] modulated the aluminum content of commer-
cial HY zeolite by adjusting the (NH4)2SiF6/zeolite ratio, and removed 16%, 32%, 50%, and
64% of aluminum from the zeolite, respectively. The experimental results show that when
the dealumination degree is lower than 50%, the zeolite structure is almost unaffected, and
the pore structure is well maintained. However, when the dealumination degree reaches
64%, the zeolite exhibits obvious structural collapse due to the extraction of a large amount
of aluminum from the zeolite framework. These modified Y zeolites exhibit higher catalytic
activity compares to the parent zeolites, and the increase in activity is related to the strong
acidity due to the dealumination. Yan et al. [21] systematically investigated the dealumina-
tion of USY zeolites by nitric acid and oxalic acid under different conditions. Studies have
shown that the removal of different types of aluminum species can be achieved by control-
ling the acid type and concentration as well as the treatment temperature. Oxalic acid can
extract aluminum at a high rate, even at low concentrations; additionally, acid treatment of
USY zeolite can increase its Bronsted acid strength. Ainul et al. [22] achieved controllable
dealumination of Y zeolites in an oxalic acid solution by introducing tetraalkylammonium
into Y zeolites via the impregnation method. Experiments show that the presence of
tetramethylammonium cations can protect the zeolite framework without affecting the dea-
lumination process. By adjusting the concentration of oxalic acid solution, dealuminated Y
zeolite with a SAR in the range of 4.0–4.9 was obtained, and the crystallinity of Y zeolite
was maintained while increasing its SAR. Yu Yun et al. [23] mixed aqueous solutions of acid
fluoride salts (NaHF2, KHF2, NH4HF2) with Y zeolite to obtain modified Y zeolite with a
SAR of 6–12. Acid fluoride salts can slowly electrolyze out H+ and F−, have a strong buffer
effect on the change of solution pH, and the ionized F− can complex with Al3+, further
improving the dealumination efficiency. Therefore, this method can obtain Y zeolites with a
high crystallinity and high SAR without additional buffers. Yakimov et al. [24] investigated
the difference between the (NH4)2SiF6 treatment and hydrothermal treatment on the dealu-
mination of nanoscale Y zeolites. The results show that for Y zeolites with a grain size less
than 700 nm, hydrothermal treatment can make them completely amorphous. However,
(NH4)2SiF6 treatment can dealuminate zeolites under mild conditions and increase their
SAR to 7.6–10 while maintaining their crystallinity. The (NH4)2SiF6 treatment method
can also be used on zeolites with a grain size less than 50 nm, but this method has the
disadvantage of forming a layer of SiO2 membrane on the surface of zeolites, which can
greatly limit the catalytic effect of treated zeolites. M Hosseini et al. [25] used acetylacetone
as chelator to dealuminate Y zeolites using ultrasound method. The results show that
the combination of ultrasonic treatment and acetylacetone treatment greatly increases the
dealumination degree of Y zeolite, especially for HY and NaY zeolite. Buttersack et al. [26]
studied the stability of highly dealuminated Y-zeolite in liquid aqueous media. Through
the stability test of Y zeolite in pure water and NaCl solution with different PH, it was
found that the hydrothermal stability of high-silica zeolite is higher, but the existence of
Na+ will accelerate the decomposition of zeolite.

Although hydrothermal dealumination can significantly improve the framework
SAR, it will produce a large amount of non-framework aluminum, which affects the
catalytic performance. The chemical method can remove the non-framework aluminum
and increase the content of secondary pores, but it will seriously damage the framework
structure of zeolites and cause a large loss of crystallinity. The modification of zeolites
by a combination of chemical dealumination and hydrothermal dealumination can not
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only improve the SAR and framework stability of zeolite, but also remove non-framework
aluminum. Wang et al. [27] modified Y zeolite by a combination of hydrothermal treatment,
acid dealumination, and hydrothermal crystallization in the presence of surfactants. The
results show that the presence of a small amount of surfactant cetyltrimethylammonium
bromide (CTAB) can significantly improve the relative crystallinity, SAR, pore structure,
and hydrocracking performance of Y zeolite. The results of the hydrocracking reaction of
vacuum gas oil (VGO) showed that the hydrocracking activity and middle distillate yield
of the Y zeolite modified in the presence of CTAB were 2.42% and 4.20% higher than that of
the commercial catalyst, respectively.

In general, the modified zeolites obtained by the post-treatment method have a large
loss of crystallinity and low product yield; further, this method also has disadvantages
such as high cost, complicated process, and environmental pollution. At present, the
high-silica Y zeolites widely used in the industry are mainly obtained by the post-treatment
of conventionally synthesized Y zeolites. This method not only has a complicated operation
and high energy consumption, but also presents aluminum gradients both on the crystal
surface and inside it, causing the uneven distribution of acid centers. Therefore, although it
is difficult to synthesize NaY zeolite with high SAR by the direct method, it can compensate
the deficiency of tge post-processing method to some extent and is very important for the
preparation of catalytic cracking catalysts.

2.2. Direct Synthesis Method

It is known that the lower the SAR of Y zeolite, the easier it is to prepare, while the
higher the SAR, the harsher the preparation conditions required. The direct synthesis
method refers to the direct synthesis of high SAR Y zeolites without any post-treatment
process. High-silica Y zeolite synthesized by the direct method has a perfect structure and
uniform aluminum distribution, which is an ideal catalytic material and has been pursued
by the industry and researchers. However, the direct synthesis of high-silica Y zeolites has
been a great challenge in the field of zeolite synthesis for the past 60 years. At this stage,
the methods for the direct synthesis of high SAR NaY zeolites mainly include the organic
templating method and non-organic templating method.

The organic template method is to synthesize high SAR NaY zeolites by adding
organic templates to the initial gel of zeolite synthesis as structure directing agent. In 1990,
Delprato et al. [28] directly synthesized high-silica Y zeolite with SAR of about 9 by one-step
hydrothermal method using 15-crown ether-5 as the structure directing agent. Despite the
simplicity of the one-step hydrothermal synthesis method, the high cost and toxicity of
crown ether limit its industrial application. Therefore, many research groups are devoted
to developing a nontoxic and inexpensive organic template to synthesize high-silica Y
zeolites. Zhu et al. [29] synthesized high-silica Y zeolite at a crystallization temperature of
120–130 ◦C using a low toxicity, inexpensive organic template N-methylpyridinium iodide
(NMPI) as a new structure directing agent. The Y zeolite obtained by this method has
high crystallinity, and its framework SAR can reach 6.35–6.85. Compared with Y-zeolites
obtained by conventional synthesis methods, this zeolite exhibited high hydrothermal
stability and larger adsorption capacities for water, acetone, and n-hexane. In the cumene
cracking reaction, the initial activity was 84.9%, which is obviously higher than those of
ordinary Y zeolite with a low Si/Al ratio (60.6%). Yuan et al. [30] synthesized a high-
silica Y zeolite with a SAR of 6.20–6.40 using alkyl-substituted imidazole ionic liquids
1-ethyl-3-methylimidazole bromide and 1-butyl-3-methylimidazole bromide as organic
templates. The imidazolium cations can partially replace Na+ to balance the negative
charges in the zeolite framework and promote the formation of faujasite structures with
a high SAR. He et al. [31] directly synthesized high-silica Y zeolites with the framework
SAR between 6.0–7.0 using choline-based organic ammonium salts (e.g., choline chloride,
choline hydroxide) as structure directing agents under basic conditions. However, it is
difficult to obtain Y zeolites with a SAR greater than 7 in one-step synthesis without
using crown ether as the structure directing agent. He et al. [32] successfully synthesized



Inorganics 2023, 11, 22 6 of 20

high-silica Y zeolite with a SAR up to 7.76 using a commonly used organic template
tetraethylammonium hydroxide (TEAOH) as the structure directing agent. It was found
that the TEA+/Na+ ratio of the initial gel has an important influence on the SAR of the
product, and the pure FAU topology zeolite was synthesized in the phase region with a
relatively narrow TEA+/Na+ and OH−/Al ratio in the initial gel: TEA+/Na+ ratios of
0.32–1.25, and OH−/Al ratios of 1.8–2.0. It was found that the TEA+/Na+ ratio of the initial
gel is positively related to the SAR of zeolite and therefore, in order to increase the SAR of Y
zeolite, the TEA+/Na+ ratio should be as high as possible. However, the FAU to BEA phase
transition can be observed in the high TEA+/Na+ ratio system. Considering the high SAR
and pure FAU phase, the most suitable TEA+/Na+ ratio is 1.15. Yan et al. [33] synthesized
high-silica Y zeolite with a framework SAR of up to 21.35 in one step in a dual-template
system using high-silica Y zeolite as the seed. The specific steps are as follows: two organic
templating agents (the first templating agent preferably tetramethylammonium hydroxide
and the second templating agent preferably any tetraalkylammonium hydroxide other than
tetramethylammonium hydroxide) are dissolved to obtain a double template solution, it is
then mixed with the aluminum source and base source, and then the silicon source and
high-silica Y zeolite seed (Si/Al > 50) are added to the solution, followed by sequential
aging and the hydrothermal crystallization process, in order to obtain high-silica Y zeolite.
The dual template can play a role of space filling for the specific pore channel structure, in
which the second template agent with a longer molecular chain is able to occupy more space,
thus reducing the amount of aluminum source introduced into the framework. Meanwhile
the high-silica Y zeolite seeds can provide high-silica crystal nuclei for crystallization, and
therefore the synergistic effect of the double template system and seeds increases the SAR
of the Y zeolite framework.

The obstacle in the way of increasing the Y zeolite framework SAR is the mismatch
between the basicity required for nucleation/crystallization and that is required for the
high framework silicon aluminum ratio. High alkalinity systems facilitate nucleation and
crystallization, but usually lead to the formation of zeolites with low framework SAR due
to the increased solubility of silica [34]. Recently, Tian Peng’s team [35] proposed a new
synthesis strategy for high-silica Y zeolite. This method involves the use of FAU nuclei,
a bulky organic structure-directing agent (OSDA), and a gel system with low alkalinity
and named NOA-co strategy (Figure 3). The direct synthesis of high-silica Y zeolite with
a SAR up to 15.6 was first achieved under the synergistic effect of three factors: highly
dispersed FAU nucleate solution, bulk organic template, and low basicity initial gel. It
was shown that FAU microcrystals provide highly active nanocrystals nuclei and can help
overcome the difficulties of zeolite nucleation. The introduction of bulky organic structure
directing agent with low charge density can direct the crystal growth of a high-silica FAU
structure. Researchers have discovered eight bulky quaternary ammonium ions that can
act as effective organic structure directing agents, of which tetrabutylammonium hydroxide
(TBAOH) is the strongest, with a relatively broad synthetic phase region and the highest
framework SAR (15.6). Materials synthesized by the NOA-co method show excellent
catalytic activity in cracking reactions of macromolecular feedstocks, and this method
provides a new idea for the synthesis of high-silica zeolites.

Due to the high cost and environmental pollution of most templates, the large-scale
industrial production of the organic template method is limited. At present, the preparation
of high-silica Y zeolites by the organic template free method has become a research hotspot.
Matthew et al. [36] synthesized high-silica Y zeolites with a SAR of 6 using a one-step
organic template free method. Research shows that the crystallization rate of Y zeolite
in this synthesis system is slow, and the longer crystallization time is helpful for the
incorporation of Si into the zeolite framework. In addition, the concentration of Na+ and
OH− in the system is low, OH− is the mineralizer in zeolite synthesis, and Na+ acts as
the inorganic structure directing agent and balances the negative charge of the framework
Al site, so the concentration of Na+ and OH− also affects the number and position of
framework Al. Ferdov et al. [37] further optimized the synthesis conditions of the organic
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template free method to prepare Y zeolites, and achieved the best balance between a high
SAR and high crystallinity by adjusting the crystallization time, temperature, NaAlO2
and H2O content; a high crystallinity Y zeolite with SAR of more than 5 was successfully
prepared. Experiments show that a synthesis temperature lower than 100 ◦C is beneficial to
the improvement of the SAR of Y zeolite. Yu Jihong’s team [38] published the work on the
preparation of Y zeolite with high SAR by combining the hydroxyl radical-assisted method
and post-treatment method. In this study, Y zeolite with a SAR of 6.35 was synthesized in
one step without an organic template through a hydroxyl radical-assisted route, breaking
the challenge of synthesizing Y zeolite with a SAR over 6 without a template. Studies
have shown that OH− radicals can promote the formation of Si-O-Si bonds, so the SAR of
Y zeolite can be increased to 6.35. To further increase the SAR, a dealumination process
was carried out using citric acid, which decreased the crystallinity of zeolites. To heal the
zeolite, a subsequent second-step hydrothermal crystallization was carried out. Thus, the
sample with an SAR of up to 7.5 and good crystallinity was obtained. The improvement
of the catalytic performance of the zeolite was studied using cumene cracking as a model
reaction. The experimental results show that the increase in SAR is beneficial to the catalytic
activity. The sample with a SAR of 7.5 showed a higher conversion with the highest initial
conversion of 32.2%, which was much better than that of the contrast sample with a
SAR of 5.
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3. Hierarchically Porous Y Zeolite

Y zeolite has unobstructed three-dimensional pore structures, good thermal and
hydrothermal stability, and tunable acidity; these characteristics make Y zeolite widely
used in petrochemical production processes, such as catalytic cracking, hydro cracking of
hydrocarbons, and alkylation reactions. The pore structure of Y zeolite is an important
factor affecting its catalytic performance. In general, the active centers inside the micropores
of zeolites is much more than that on the external surface, so the catalytic reaction mainly
occurs inside the micropore channels. However, the micropore size of conventional zeolite
is less than 2 nm whereas the size of molecules in crude oil is generally larger than that, and
thus it is difficult for reactant molecules to enter the micropores and interact with the active
centers inside them, which leads to the reduction of catalytic efficiency [39]. In addition, the
narrow space severely restricts the diffusion and transport of reactant/product molecules,
leading to the occurrence of secondary reactions or the generation of carbon deposits, thus
affecting the lifetime of the catalyst [40,41]. Currently, petroleum refining is facing serious
challenges due to the reduction in light crude oil production [42]. As the leading catalyst in
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catalytic cracking, Y zeolite’s microporous structure limits its wide application in industrial
catalysis because of its mass transfer of large molecules.

In order to alleviate the problem of diffusion and improve the utilization rate of active
centers, much research focuses on introducing mesopores into microporous zeolite crystals,
using the pore size advantage of mesopores to overcome the diffusion limitation, thus
improving the catalytic performance of zeolites [43,44].

Hierarchically porous zeolite alleviates the diffusion limitation of micropores for
macromolecules and has more advantages in industrial application compared with micro-
porous zeolite. Currently, the main methods to introduce mesopores into the Y zeolites
structure include the bottom-up method and top-down method. The bottom-up method is
a constructive approach that utilizes templates to build micropores and mesopores simul-
taneously during the synthesis process of zeolite. The top-down method is a destructive
approach that introduces mesopores by the post-treatment of zeolites with acid or alkali
species, and this process is accompanied with desilication and dealumination reactions.

3.1. Bottom-Up Method

In the bottom-up method, specific chemical reagents or solid materials will be added
to the zeolite synthesis system as a mesoporous template, and the mesopores can be
obtained by removing the template by means of calcination or extraction. Commonly used
templating agents are divided into hard templates and soft templates.

Hard templates are solid materials with relatively stable structural properties and
chemical properties. In the hydrothermal crystallization process, zeolites grow around
the template, and after removing the template by calcination or other chemical meth-
ods, the spatial positions occupied by the template become mesopores. Commonly used
hard templates are carbon nanomaterials, carbon black, and carbon aerogels, etc. [45–48].
Tao et al. [49] successfully synthesized Y zeolite with uniform mesopores using carbon
aerogels prepared by the pyrolysis of resorcinol-formaldehyde aerogels as a mesoporous
template. Infiltrating the synthesis liquid into carbon aerogel, and Y zeolite with regular
mesopores, could be formed by removing the template after hydrothermal crystallization.
The pore size of mesopore is about 10 nm, and the mesoporous volume is 1.37 cm3/g.
Samer et al. [50] prepared Y zeolite with intracrystalline mesopores using carbon nanotubes
(CNTs) and nanocrystalline cellulose (NCC) as hard templates. The research shows that
the effect of NCC in introducing mesopores is better than that of CNTs, and mesoporous Y
zeolites with a mesopore volume up to 0.21 cm3/g could be prepared by using NCC as a
template agent. In addition, NCC is more economical and efficient, so it is more suitable
for it to be a hard template.

However, due to the particularity of the Y zeolite synthesis system, complex steps
are generally required to resolve the incompatibility between the hard template and the
precursor. In addition, the calcination progress of template removal will also cause some
damage to the zeolite framework. Therefore, the hard template method has some limitations
in industrial applications. Compared with the hard template method, the soft template
method has a higher flexibility in adjusting the mesoporous structure. The soft template
method uses self-assembleable organic polymer as a template, and the mesopores are
formed through the interaction between the template and the aluminosilicate precursor. At
present, commonly used soft templates include surfactants, cationic polymers, and silane
coupling agents.

Xiao et al. [51] synthesized mesoporous Y zeolite in a quaternary ammonium salt
N,N-dimethyl-N-octadecyl-N-(3-triethoxysilylpropyl) (TPOAB) dispersed sodium silicate
system. This template can be uniformly dispersed in the precursor solution, and hierar-
chically porous Y zeolite containing both mesopores (8–30 nm, centered at 18 nm) and
ordered micropores can be synthesized in one step. The pore distribution curve of zeolite
is shown in Figure 4. It can be seen that the Y zeolite shows mesopores in the range
8–30 nm, centered at 18 nm. Jin et al. [52] reported a facile method to synthesize meso-
porous Y zeolite with a mesoporous volume up to 0.29 cm3/g using the amphiphilic silane
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octadecyldimethyl[trimethoxysilylpropyl]ammonium chloride TPOAc as template. The
schematic diagram of its synthesis mechanism is shown in Figure 5. The hydrolysable
methoxysilyl groups in the amphiphilic silanes could link to the zeolite surface via Si-O
bonds, and the micelles formed by the long hydrophobic organic chains act as mesoporous
templates. This method effectively solves the phase separation problem between the
template and the aluminosilicate gel. Compared with conventional Y zeolites, this meso-
porous Y zeolite shows superior catalytic performance in the catalytic cracking reaction
of vacuum gas oil (VGO). This catalyst can significantly increase the yield of gasoline and
reduce the yield of coke and dry gas. The improvement of its catalytic performance can
be attributed to the improved accessibility of zeolite active centers by the introduction of
mesopores. Zhao et al. [53] developed a novel aggregation assembly method to synthesize
hierarchically porous Y zeolite with mesoporous channels using the triblock copolymer
F127 (PEO106-PPO70-PEO106) as a template. Two types of mesopores exist in this zeolite:
smaller mesopores of 6.5 nm and larger mesopores of 35 nm. The addition of F127 not only
introduces mesopores into zeolites, but can also adjust the acidity of zeolites. These prop-
erties make mesoporous Y zeolites exhibit an excellent catalytic performance in fluidized
catalytic cracking, and the reaction catalyzed by this zeolite has a high gasoline yield and
low coke yield. Wang et al. [54] achieved a one-step hydrothermal synthesis of hierarchi-
cally porous Y zeolites using organosilanes as a co-structure directing agent and anionic
surfactants (CnH2n+1AM, n = 8–18, A=COO, OSO3, M=H, Na, K) as a mesoporous template.
In this method, the quaternary ammonium salt sites of organosilanes can interact with
the negatively charged anionic surfactant heads, and the alkoxy groups can interact with
inorganic silicon species, therefore, the co-structure directing agent can connect the organic
template and inorganic precursors, which solves the problem that the microporous template
and mesoporous template cannot be reasonably matched, connected, and co-built during
the self-assembly process, prompting the formation of hierarchically porous Y zeolites.
Alexander et al. [55] synthesized Y zeolites with mesopores of different morphologies using
imidazolium ionic liquid-based surfactant [C16MIm]Cl and pyridine ionic liquid-based
surfactant [C16MPy]Cl as mesoporous templates. Researchers compared mesoporous Y
zeolites synthesized by this method with those synthesized using the classical mesoporous
template–ammonium based surfactant CTAC–and found significant differences in the
templating behavior of CTAC with [C16MIm]Cl and [C16MPy]Cl, that is, the mesopore size
distribution of Y zeolite synthesized using the latter as a template was wider. This indicates
that the difference in the micellization ability within limited space of three surfactants
affected the structure of zeolites. Aasif et al. [56] hierarchically synthesized porous Y zeolite
by a one-step method using cationic polymer polydiallyldimethylammonium chloride
(PDDA) as a bifunctional template. This zeolite contains mesopores with an average pore
size of 3.7 nm, and its crystallinity, Si/Al ratio, and pore properties are all affected by PDDA
and NaOH concentrations. The CO2 adsorption test shows that the adsorption capacity of
hierarchically porous Y zeolite can reach 5.4–5.9 mmol/g, which is 20% higher than that
of microporous Y zeolite. Tian Peng’s team [57] synthesized high-silica Y zeolite with a
large number of intracrystalline mesopores in one step using the TPOAC-assisted NOA-co
method. This zeolite has abundant mesopores and high hydrothermal stability. At the same
time, its SAR is as high as 9.8, and its acid density and acid strength are both higher than
that of USY. In catalytic reactions involving macromolecules, this mesoporous Y zeolite
exhibits significantly higher catalytic activity and lifetime than the mesoporous-free Y
zeolite prepared by the NOA-co method and commercial USY. Martins et al. [58] prepared
hierarchical Y zeolites through the surfactant-assisted methodology. The results show that
the mesoporous properties of Y zeolite are closely related to the kinds of surfactants used.
Compared with the samples prepared by DTAB under the same conditions, the mesoporous
porosity of the samples modified in the presence of the larger surfactant molecule CTAB
was higher, and the yield and rate constant of the products significantly increased in the
catalytic reaction.
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From a synthetic point of view, the template method usually suffers from the phase
separation between the mesopores and zeolite crystals, and some templates are expensive
and not suitable for large-scale industrial applications. In addition, the amount of meso-
pores is closely related to the concentration of the synthesis system, and the adjustable
range of it is relatively small, which is unfavorable for the synthesis of high-silica Y zeolites.
From the point of acid centers, the zeolites prepared by this method maintained the intact
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structure of microporous zeolites, and no adjustment occurred to the framework structure,
so the ratio between different acid centers is difficult to match reasonably, which means it
cannot meet the demand of industrial production.

3.2. Top-Down Method

The top-down method is a destructive approach in which zeolites will be subjected
to desilication or dealumination, causing partial collapse of the framework and thus
introducing mesopores into the structure. Commonly used treatment methods include
hydrothermal treatment, chemical treatment, and combined treatment.

Hydrothermal treatment is the most commonly used method. Treating Y zeolite
with high-temperature steam can remove part of the framework aluminum and silicon,
thus improving the hydrothermal stability of zeolites and tuning their pore structure
properties and catalytic effects. The process of this method is shown in Figure 6. Under
suitable conditions, high-temperature steam can hydrolyze the Si-O-Al bonds, and the Al
atoms are removed from the zeolite framework to generate hydroxyl nests and silicon-rich
regions. The hydroxyl nests are occupied by Si atoms, resulting in the rearrangement of the
framework structure. The vacancies created by dealumination cannot be completely filled
by Si atoms, so mesopores appear in the zeolite framework [59]. Jong et al. [60] analyzed the
pore structure of the as-prepared USY zeolite by nitrogen adsorption and three-dimensional
TEM. The results show that the mesopores in zeolites are mostly isolated and occluded
when the mesopore volume is small. Additionally, when the mesopore volume becomes
large, part of the mesopores begin to connect with each other and with the outer surface.
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Chemical treatment refers to a method of treating the zeolites with chemical reagents
such as acids, bases, salts, or complexing agents to partially dealuminate or desilicate the
framework [61]. Li et al. [62] successfully prepared Y zeolite with abundant mesopores
and controllable pore size distribution by sequential ammonium fluorosilicate and alkali
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treatments. The results showed that after ammonium fluorosilicate treatment, the surface
of zeolite particles has many defects and is in a silicon-rich state, which is unstable and easy
to desilicate under alkaline conditions to form a large number of mesopores. Meanwhile,
the pore channels formed by ammonium fluorosilicate treatment improved the efficiency
and depth of desilication by subsequent alkali treatment. The catalytic performance of
zeolites was evaluated by the cracking reaction of 1,3,5-triisopropylbenzene, and the results
showed that the catalytic activity was closely related to the mesoporous system. Gackowski
et al. [63] used NaOH solution, tetrabutylammonium hydroxide (TBAOH) solution, and
NaOH/TBAOH mixed solution to alkali-treat Y zeolite with SAR of 31, respectively. The
results show that NaOH solution will dissolve 78% of the framework silicon, which will lead
to amorphization of the zeolite and loss of micropores and acidity. The TBAOH solution
only dissolves a small amount of framework silicon and slightly increases the mesoporosity,
and most of the microporous structure is retained. Treatment with NaOH/TBAOH mixed
solution can dissolve 43% of the framework silicon while maintaining the microporous
structure, which greatly improves the mesoporosity of the zeolite without changing the
strength of acid centers. These outstanding properties make it exhibit higher catalytic
activity in the α-pinene isomerization reaction. Subsequently, this group optimized the
desilication conditions using infrared spectroscopy and NMR methods [64]. In order
to obtain zeolites with optimal crystallinity, porosity, and acid properties, the optimal
condition was sought by adjusting the ratio between NaOH and TBAOH as well as the
treatment temperature. Considering the desilication effect and economic factors, the
desilication agent should contain 10 mol% TBAOH, and the optimum temperature is 353 K.
Duan et al. [65] obtained hierarchical porous Y zeolites using an oxalic acid-ammonia
co-treatment method. After treatment, the surface area of zeolite increased more than three
times, and the mesoporous volume increases more than four times. Qin et al. [66] achieved
the controllable extraction of framework cations (Si, Al) in Y zeolites, and the formation of
mesopores by etching Y zeolites with NH4F solution. A small amount of H2F− produced by
double hydrolysis of NH4F− can extract Si and Al from the framework at the same rate. Due
to the low content of H2F−, the whole process is mild and controllable. Additionally, H2F−

is well distributed in the zeolite crystal, avoiding the problem of concentration gradient.
The generation of mesopores can be observed when the treatment time reaches 20 min.
Feng et al. [67] prepared hierarchical porous Y zeolites using NH4HF2 as a dealuminizer.
Compared with other systems containing H+ and F−, the crystallinity of NaY zeolite treated
with NH4HF2 solution is better maintained, which is due to the slow ionization rate of
NH4HF2, and the buffering effect means the concentration of H+ and F− will not rise
suddenly. Therefore, the dealumination reaction of NaY zeolite in NH4HF2 solution is more
persistent and milder. It was found that the concentration of NH4HF2 solution had a great
influence on the pore structure of NaY zeolite. With the increase in NH4HF2 concentration,
the Si/Al ratio and mesoporosity of modified NaY zeolite increased. The NaY zeolite treated
with 0.3 M NH4HF2 has high crystallinity and suitable mesopore content and exhibits the
best toluene adsorption performance in the toluene adsorption experiment. Zhang et al. [68]
proposed a post-synthetic method combining the microwave-assisted dealumination and
hydrothermal alkaline treatment to obtain mesoporous Y zeolite. The results show that
when using inorganic acid (i.e., hydrochloric acid, HCl) for dealumination, the acid will
destroy the crystal structure of zeolite and will not produce obvious mesoporous. The
carboxylic acid with the function of chelation was very capable of extracting Al species and
creating mesopores.

The combined treatment method refers to the combined use of hydrothermal treat-
ment and chemical treatment, which can combine the advantages of the two methods.
Gola et al. [69] treated USY zeolite with high-temperature steam followed by nitric acid,
ammonium fluorosilicate, and EDTA, and investigated the state of non-framework alu-
minum and its effect on catalytic performance. It was found that this combination can not
only remove non-framework aluminum, but also improve the crystallinity and structural
stability of the zeolite. Zečević et al. [70] studied the pore structure of commercial Y zeolite
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after steam-acid treatment. The results confirmed that the Y zeolite treated by this combined
method contained a large number of mesopores, most of which were connected, and only a
few of the pores were blocked. Qin et al. [71] used NaOH solution/oxalic acid solution to
desiliconize/dealuminate Y zeolite, introduced Si-defects/Al-defects into them, and then
carried out hydrothermal treatment on the defects containing Y zeolite. In this way, the
effect of different kinds of defects on the formation of mesopores during hydrothermal
treatment was studied. The experiments show that Si-defects are beneficial to the formation
of mesopores, while the presence of Al-defects has an inhibitory effect on the mesopores.

Generally speaking, the top-down method of preparing mesoporous Y zeolite is simple
and low in cost, but the crystal structure of the obtained zeolite will inevitably be destroyed
to a certain extent. The zeolite has low crystallinity and poor thermal and hydrothermal
stability, which restricts its industrial application. The mesoporous Y zeolites synthesized
by the bottom-up methods have various and adjustable mesoporous structures, and high
crystallinity and good stability. However, the high price of organic template is a major
limitation for its industrial application. In addition, the process of removing the template
by roasting not only consumes energy, but also pollutes the environment. These problems
need to be solved urgently. Therefore, it is an attractive topic to develop an economical
and environmentally friendly method to produce high crystallinity zeolites with excellent
mesoporous structure.

4. Heteroatomic Y Molecular Sieve

Heteroatomic molecular sieves are formed by partially replacing Si or Al in the frame-
work with transition metal elements (Ti, Fe, Zr, Cu, Mn, V, W, etc.) or main family elements
(as, Ga, Sn, Ge, etc.) whose properties are similar to those of Si or Al [72,73]. The het-
eroatom introduced into the framework is generally one type, but it can also be more than
one in some cases. The introduction of framework heteroatoms can significantly influent
the catalytic activity, redox, hydrophobicity, acidity, and other properties of the parent
molecular sieve, and effectively improve the weak acidity and insufficient catalytic ability
of conventional molecular sieves. The special properties of heteroatoms endow zeolites
with some new physical and chemical properties, which are beneficial for realizing multi-
functional catalysis and improving the application value of molecular sieves, so more and
more attention has been paid to the synthesis and application of heteroatomic molecular
sieves [74].

Y zeolites are widely used in catalytic cracking, hydrocracking, isomerization, and
other refining processes as a catalyst active component or catalyst carrier. In order to
improve the catalytic performance of Y zeolites to meet the industrial demand, the introduc-
tion of framework heteroatoms is of practical significance. The highly active heteroatomic
molecular sieve not only requires a highly ordered framework structure, but also requires
that the heteroatoms that play the role of active centers can enter the framework. At present,
the synthetic methods of heteroatomic molecular sieves mainly include the direct synthesis
method and post-treatment method [75–79].

4.1. Direct Synthesis Method

The direct synthesis method is to introduce heteroatoms into the silica-alumina sol in
the form of metal organics, metal salt solutions, or metal complexes, and then carry out the
crystallization process to directly obtain the heteroatom molecular sieve.

Shen et al. [80] synthesized a heteroatomic TiY molecular sieve by the direct hydrother-
mal method. The XRD characteristic diffraction peaks of the TiY molecular sieve shifted
to lower angles, and the absorption peaks around 1139 cm−1 and 787 cm−1 in the IR
spectra shifted to lower wave numbers; these phenomenons proved that Ti had entered
the framework. On this basis, the effect of different contents of Ti on the crystal struc-
ture of Y zeolite was further investigated. The results show that with the increase in Ti
content, the unit cell constant of the TiY molecular sieve increases, and the thermal and
hydrothermal stability are enhanced. Framework Ti can obviously tune the surface acidity
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of Y zeolites, resulting in improved cracking reaction activity and significantly reduced
carbon accumulation [81,82]. Liu et al. [83] synthesized a NiY molecular sieve containing
framework Ni via the hydrothermal crystallization method. Researchers used Y zeolite
and NiY molecular sieve as carriers to support metal active components Ni and Mo to
prepare hydrocracking catalysts. The results show that the introduction of Ni can modulate
the surface acidity of the catalyst and improve its cracking activity and anti-coking ability.
Zhou et al. [84] obtained a Ni modified USY zeolite by an in situ synthesis method, and
prepared NiMo-supported catalyst by using this zeolite to support Mo. The presence of
framework Ni, which could tune the structural parameters and acidity of zeolites, endowed
the USNiY zeolites with a high specific surface area and porosity as well as suitable acidity.
These properties favor the dispersion of active metals, making the USNiY catalyst exhibit
high catalytic activity and a long lifetime. Compared with Ni-containing Y zeolite prepared
by impregnation method or ion exchange method, in situ synthesized USNiY zeolite has the
best catalytic performance. The catalytic effect of USNiY zeolite with different Ni content
in diesel HDS process was investigated [85]. Experiments show that the catalytic effect is
the best when the mass fraction of NiO is 3%. This team also synthesized Ga-containing
mesoporous Y zeolite by the hydrothermal method [86]. The zeolite acidity can be tuned by
adjusting the Ga/Al ratio of the initial gel. The researchers used this zeolite to load Ni, Mo,
and synthesized the NiMo/Y-Ga catalysts. The Ga specie can promote the sulfurization of
Ni/Mo and change the morphology of active phase. A small amount of Ga can promote the
entry of Ni atoms into the MoS2 phase, thereby forming the real NiMoS active component.
Cui et al. [87] directly synthesized Zr-doped Y zeolite nanocrystals by the hydrothermal
method, and prepared NiW supported catalysts with this zeolite as a precursor. Framework
Zr can enhance the reducibility of W species and regulate the growth of WS2 phase. This
catalyst has a better balance of cracking activity and hydrogenation/dehydrogenation
activity. Compared with Y zeolite-based catalyst, the ZrY zeolite catalyst has higher middle
distillate conversion and selectivity.

The heteroatomic molecular sieves synthesized by the direct method have high crys-
tallinity, stable active sites, and are reproducible, which make them easy to produce in
industrial scale. However, the long crystallization time and high cost of this method limit
its application. In addition, the direct synthesis method is limited by the strong base of
the synthesis system, and few metal heteroatoms can enter the molecular sieve structure,
which restricts the activity of the heteroatom-modified molecular sieve.

4.2. Post-Treatment Method

Due to the low metal content in the heteroatomic molecular sieves obtained by the
direct method, and to the fact that some heteroatomic molecular sieves’ initial gel cannot
nucleate spontaneously under hydrothermal conditions, the post-treatment method is
gradually applied. In the post-treatment method, framework heteroatoms are introduced
by isomorphous substitution.

In 1984, Breck et al. [88] first published the isomorphous substitution of Y zeolite for
dealumination and silicon supplementation. Treating Y molecular sieve with NH4SiF6
solution can increase its framework SAR, thus changing its thermal stability, acidity, and
catalytic activity. The principle of this method is that the F− dissociated from SiF4

2−

can complex with Al3+ to remove them, and then Si4+ will fill the vacancies to form
high-silica Y zeolites. If silicon is replaced by another element M with similar properties,
as long as the dissociation degree of MF4

2− is suitable, the M element can also exist
stably in the framework in the form of four-coordination. As an extension of this method,
Gao et al. [89] synthesized Zr-Y, Ti-Y, Fe-Y, and Cr-Y molecular sieves by isomorphous
substitution of Y zeolite using (NH4)3ZrF7, (NH4)2TiF6, (NH4)3FeF6, and CrF3·3NH4F as
substituents. In addition, from the perspective of isomorphic substitution mechanism, the
author discussed the main factors affecting the heteroatom substitution degree: ionic radius
of heteroatom, polymerization equilibrium constant of hydrolyzate, cationic hydrolysis
equilibrium constant, and cumulative stability constant of fluorine-containing complexes.
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Liu et al. [90] synthesized Ga-containing Y molecular sieves using ammonium fluoro-
gallate under mild condition. The mechanism is as follows: ammonium hexafluorogallinate
hydrolyzes to generate GaO4

5− and F−, of which F− is strong complexing agent and can
complex with aluminum ions to remove them from the framework. GaO4

5− then enter
the vacancy of aluminum ion, forming Ga-Y molecular sieves. Dwyer et al. [91,92] added
NH4-Y molecular sieves to the mixed solution of gallium nitrate and ammonium fluoride
and treated them at 70–80 ◦C for 3–4 h to obtain Ga-Y zeolite molecular sieves. The changes
in the cell parameters and the solid NMR characterization indicated that Ga successfully
replaced a portion of aluminum in the Y molecular sieve. Tang et al. [93] synthesized a
Ga-containing Y molecular sieve by the above method and studied its adsorption desulfur-
ization performance. The adsorption desulfation capacity of Ga-Y zeolites was improved
compared to that of NH4-Y zeolites.

According to the above results, a two-step isomorphous substitution method can be
obtained. In this method, aluminum in conventional aluminosilicate molecular sieves is
first removed with strong acid, leaving vacancies, and other metal ions fill in the vacancies
to obtain heteroatomic molecular sieves. Sano et al. [94] obtained Ti-USY molecular sieves
by treating dealuminated USY zeolites with (NH4)2TiF6 solution. Series characterization
such as XRD, 27Al MAS NMR, FT-IR, SEM, TEM, UV-vis, and XANES proved that Ti species
exist in the framework of a USY molecular sieve in the form of tetracoordination. The
catalytic activity of the Ti-USY molecular sieve is obviously better than that of the TS-1
molecular sieve in the cycloolefin epoxidation reaction using hydrogen peroxide solution
as oxidant.

Zhu et al. [95] successfully synthesized hierarchically porous Sn-Y molecular sieves
using a two-step isomorphous substitution method. The specific steps are as follows:
first, the H-USY zeolite (Si/Al = 6) was dealuminated with strong acid (HNO3, 6 mol/L)
under reflux for 0–18 h, and then treated with SnCl4 vapor at 773 K for 2 h. The residual
SnCl4 species were removed with dry nitrogen gas, and the hierarchically porous Sn-Y
molecular sieve was obtained after drying in air at 373 K overnight (shown in Figure 7).
Compared with other Sn-containing molecular sieves with different topologies, Sn-Y molec-
ular sieves showed excellent catalytic performance in Baeyer Villiger oxidation reaction
of 2-adamantanone. The reaction catalyzed by Sn-Y zeolite can reach 97.5% conversion
and almost 100% lactone selectivity within 40 min. The good performance of this catalyst
is attributed to the open pore channels formed by three-dimensional 12-membered ring
channels and dealumination-derived mesopores. Wang et al. [96] studied the replacement
of Al or Si in the framework of Y zeolites by Ti using density function theory (DFT) calcu-
lation. The substitution energy indicates that it is easier for Ti to replace skeleton Al than
Si. For Ti/Si substitution, the substitution probability is related to the position of Si in the
zeolite framework. The researchers compared the substitution energies of 17 silicon sites
and found that the preferred substitution is the Si near Al, while the diagonal position
away from Al on the six-membered ring of zeolite was the least easy to be replaced.
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The post-treatment method can obtain heteroatom molecular sieves that cannot be
prepared with the conventional hydrothermal synthesis method and can improve the
content of heteroatoms in the molecular sieves, but each post-treatment method also has its
disadvantages. The liquid-solid phase isomorphous substitution method requires solvents
to dissolve the heteroatom source, and the waste liquid will bring environmental pollution
problems; the gas-solid phase isomorphous substitution method is to metallize molecular
sieves at a high temperature, which has strict requirements on equipment. Therefore, the
post-treatment method also has limitations, and not all heteroatomic molecular sieves can
be synthesized by this method.

5. Conclusions

This review summarized different methods for the synthesis of high SAR Y zeolites, hi-
erarchically porous zeolites, and heteroatomic molecular sieves. Modification of Y zeolites
improves its stability, selectivity, and catalytic properties, leading to improved utilization
efficiency. High SAR Y zeolite has improved acidity and stability; hierarchically porous Y
zeolite accelerates diffusion and improves the utilization rate of active centers; heteroatomic
Y zeolite improves the catalytic activity, redox, hydrophobic, acidic, and realize the mul-
tifunctional catalysis of Y zeolites. The comprehensive use of these methods to modify
Y zeolite can greatly improve its industrial application value. For example, high-silica
hierarchically porous Y zeolite can be obtained by selective desilication of dealuminated
zeolite Y [97]. Oxalic acid leaching modification of rare-earth-containing USY zeolite can
adjust its pore structure and acid content, thus greatly improving its catalytic stability and
activity. When it is used in the industrial aromatics catalytic deolefin reaction, its lifetime is
up to two years, which is 13 times that of the commonly used catalyst activated clay [98].
Although there are many ways to synthesize Y zeolites, there are still many deficiencies
such as expensive template agents and tedious synthesis steps. Therefore, low-cost and
efficient modification methods should be sought.
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12. De Jong, K.P.; Zečević, J.; Friedrich, H.; De Jongh, P.E.; Bulut, M.; Van Donk, S.; Kenmogne, R.; Finiels, A.; Hulea, V.; Fajula, F.
Zeolite Y crystals with trimodal porosity as ideal hydrocracking catalysts. Angew. Chem. Int. Ed. 2010, 49, 10074–10078. [CrossRef]
[PubMed]

13. Qin, Z.; Zhou, Y.; Wei, Q.; Cui, Q.; Dai, Y. Physicochemical properties of small grain Y molecular sieves with different silica-
alumina ratios and their hydrocracking performance. Petrochem. Technol. 2013, 10, 1080–1085.

14. Zhao, X.; Xu, A.; Wang, B.; Zhao, H.; Shen, B.; Zhang, L.; Shi, X.; Liu, C. Synthesis and modification of high-silica NaY molecular
sieve. Petrochem. Technol. Appl. 2009, 2, 107–111.

15. Liu, X.; Qian, L.; Yan, Z. Review of chemical modification methods of Y-type molecular sieve. J. Petrochem. Univ. 1997, 4, 27–31.
16. Bazyari, A.; Khodadadi, A.A.; Hosseinpour, N.; Mortazavi, Y. Effects of steaming-made changes in physicochemical properties of

Y-zeolite on cracking of bulky 1,3,5-triisopropylbenzene and coke formation. Fuel Process. Technol. 2009, 90, 1226–1233. [CrossRef]
17. Beyerlein, R.A.; McVicker, G.B. Defect Structure and Acid Catalysis of High Silica, FAU-Framework Zeolites: Effects of Aluminum

Removal and of Basic Metal Oxide Addition. Stud. Surf. Sci. Catal. 2001, 134, 3–40.
18. Li, S.; Zheng, A.; Su, Y.; Zhang, H.; Chen, L.; Yang, J.; Ye, C.; Deng, F. Brønsted/Lewis Acid Synergy in Dealuminated HY Zeolite:

A Combined Solid-State NMR and Theoretical Calculation Study. J. Am. Chem. Soc. 2007, 129, 11161–11171. [CrossRef]
19. Yurtaeva, A.S.; Sorokina, T.P.; Plekhova, K.S.; Potapenko, O.V.; Gulyaeva, T.I.; Talsi, V.P.; Doronin, V.P. Effect of modification

conditions on the physicochemical characteristics of Y zeolite as a component of a petrochemical cracking catalyst. Pet. Chem.
2021, 61, 325–331. [CrossRef]

20. López-Fonseca, R.; De Rivas, B.; Gutiérrez-Ortiz, J.I.; Aranzabal, A.; González-Velasco, J.R. Enhanced activity of zeolites by
chemical dealumination for chlorinated VOC abatement. Appl. Catal. B Environ. 2003, 41, 31–42. [CrossRef]

21. Yan, Z.; Ma, D.; Zhuang, J.; Liu, X.; Liu, X.; Han, X.; Bao, X.; Chang, F.; Xu, L.; Liu, Z. On the acid-dealumination of USY zeolite: A
solid state NMR investigation. J. Mol. Catal. A Chem. 2003, 194, 153–167. [CrossRef]

22. Maghfirah, A.; Susanti, Y.; Fajar, A.T.; Mukti, R.R.; Kadja, G.T. The role of tetraalkylammonium for controlling dealumination of
zeolite Y in acid media. Mater. Res. Express 2019, 6, 094002. [CrossRef]

23. Yu, Y.; Feng, A.; Yu, Y.; Mi, L.; Chen, B.; Sun, F.; Song, L. A Method of Preparing Y Zeolite with High Crystallinity and High
Silicon to Aluminum Ratio. China, CN 108892150A, 27 November 2018.

24. Yakimov, A.V.; Zasukhin, D.S.; Vorobkalo, V.A.; Ponomareva, O.A.; Knyazeva, E.E.; Zaikovskii, V.I.; Kolozhvari, B.A.; Ivanova, I.I.
Dealumination of Nanosized Zeolites Y. Pet. Chem. 2019, 59, 540–545. [CrossRef]

25. Hosseini, M.; Zanjanchi, M.A.; Ghalami-Choobar, B.; Golmojdeh, H. Ultrasound-assisted dealumination of zeolite Y. J. Chem. Sci.
2015, 127, 25–31. [CrossRef]

26. Buttersack, C.; König, A.; Gläser, R. Stability of a highly dealuminated Y-zeolite in liquid aqueous media. Microporous Mesoporous
Mater. 2019, 281, 148–160. [CrossRef]

27. Wang, W.; Liu, B.; Gao, S.; Li, M. Hydrocracking performance of combined modified Y-type molecular sieve. J. Fuel Chem. Technol.
2009, 37, 454–458.

28. Delprato, F.; Delmotte, L.; Guth, J.L.; Huve, L. Synthesis of new silica-rich cubic and hexagonal faujasites using crown-etherbased
supramolecules as templates. Zeolites 1990, 10, 546–552. [CrossRef]

29. Zhu, L.; Ren, L.; Zeng, S.; Yang, C.; Zhang, H.; Meng, X.; Rigutto, M.; Van Der Made, A.; Xiao, F.S. High temperature synthesis of
high silica zeolite Y with good crystallinity in the presence of N-methylpyridinium iodide. Chem. Commun. 2013, 49, 10495–10497.
[CrossRef]

30. Yuan, D.; He, D.; Xu, S.; Song, Z.; Zhang, M.; Wei, Y.; He, Y.; Xu, S.; Liu, Z.; Xu, Y. Imidazolium-based ionic liquids as novel
organic SDA to synthesize high-silica Y zeolite. Microporous Mesoporous Mater. 2015, 204, 1–7. [CrossRef]

31. He, D.; Yuan, D.; Xu, Y.; Liu, Z.; Song, Z. A Method of Preparing Y-Type Molecular Sieve with High Silica-Alumina Ratio. China
CN109502604A, 22 March 2019.

32. He, D.; Yuan, D.; Song, Z.; Tong, Y.; Wu, Y.; Xu, S.; Xu, Y.; Liu, Z. Hydrothermal synthesis of high silica zeolite Y using
tetraethylammonium hydroxide as a structure-directing agent. Chem. Commun. 2016, 52, 12765–12768. [CrossRef]

33. Yan, W.; Zhu, K.; Mi, Z. A Preparation Method of High Silicon-Aluminum Ratio Y-Type Molecular Sieve. China, CN 110963502A,
4 July 2020.

34. Li, R.; Linares, N.; Sutjianto, J.G.; Chawla, A.; Garcia-Martinez, J.; Rimer, J.D. Ultrasmall Zeolite L Crystals Prepared from
Highly-Interdispersed Alkali-Silicate Precursors. Angew. Chem. Int. Ed. 2018, 130, 11453–11458. [CrossRef]

35. Zhu, D.; Wang, L.; Fan, D.; Yan, N.; Huang, S.; Xu, S.; Guo, P.; Yang, M.; Zhang, J.; Tian, P.; et al. A Bottom-Up Strategy for the
Synthesis of Highly Siliceous Faujasite-Type Zeolite. Adv. Mater. 2020, 32, 2000272. [CrossRef] [PubMed]

36. Oleksiak, M.D.; Muraoka, K.; Hsieh, M.F.; Conato, M.T.; Shimojima, A.; Okubo, T.; Chaikittisilp, W.; Rimer, J.D. Organic-Free
Synthesis of a Highly Siliceous Faujasite Zeolite with Spatially Biased Q4 (nAl) Si Speciation. Angew. Chem. Int. Ed. 2017, 129,
13551–13556. [CrossRef]

37. Ferdov, S.; Tsuchiya, K.; Tsunoji, N.; Sano, T. Comparative study between high-silica faujasites (FAU) from organic-free system
and the commercial zeolite Y. Microporous Mesoporous Mater. 2019, 276, 154–159. [CrossRef]

http://doi.org/10.1007/s11244-009-9271-8
http://doi.org/10.1002/anie.201004360
http://www.ncbi.nlm.nih.gov/pubmed/21161963
http://doi.org/10.1016/j.fuproc.2009.06.002
http://doi.org/10.1021/ja072767y
http://doi.org/10.1134/S0965544121030038
http://doi.org/10.1016/S0926-3373(02)00199-6
http://doi.org/10.1016/S1381-1169(02)00531-9
http://doi.org/10.1088/2053-1591/ab0eff
http://doi.org/10.1134/S0965544119050116
http://doi.org/10.1007/s12039-014-0745-2
http://doi.org/10.1016/j.micromeso.2019.02.014
http://doi.org/10.1016/S0144-2449(05)80310-0
http://doi.org/10.1039/c3cc43974g
http://doi.org/10.1016/j.micromeso.2014.10.049
http://doi.org/10.1039/C6CC06786G
http://doi.org/10.1002/ange.201805877
http://doi.org/10.1002/adma.202000272
http://www.ncbi.nlm.nih.gov/pubmed/32430991
http://doi.org/10.1002/ange.201702672
http://doi.org/10.1016/j.micromeso.2018.09.036


Inorganics 2023, 11, 22 18 of 20

38. Wang, J.; Liu, P.; Boronat, M.; Ferri, P.; Xu, Z.; Liu, P.; Shen, B.; Wang, Z.; Yu, J. Organic-Free Synthesis of High Silica Zeolite Y via
a Combined Strategy of In Situ Hydroxyl Radical Assistance and Post-Synthesis Treatment. Angew. Chem. Int. Ed. 2020, 132,
17378–17381. [CrossRef]

39. Zhang, K.; Ostraat, M.L. Innovations in hierarchical zeolite synthesis. Catal. Today 2016, 264, 3–15. [CrossRef]
40. Na, K.; Park, W.; Seo, Y.; Ryoo, R. Disordered Assembly of MFI Zeolite Nanosheets with a Large Volume of Intersheet Mesopores.

Chem. Mater. 2011, 23, 1273–1279. [CrossRef]
41. Zhu, J.; Zhu, Y.; Zhu, L.; Rigutto, M.; van der Made, A.; Yang, C.; Pan, S.; Wang, L.; Zhu, L.; Jin, Y.; et al. Highly mesoporous

single-crystalline zeolite beta synthesized using a nonsurfactant cationic polymer as a dual-function template. J. Am. Chem. Soc.
2014, 136, 2503–2510. [CrossRef]

42. Stanislaus, A.; Marafi, A.; Rana, M.S. Recent advances in the science and technology of ultra low sulfur diesel (ULSD) production.
Catal. Today 2010, 153, 1–68. [CrossRef]

43. Lopez-Orozco, S.; Inayat, A.; Schwab, A.; Selvam, T.; Schwieger, W. Zeolitic Materials with Hierarchical Porous Structures. Adv.
Mater. 2011, 23, 2602–2615. [CrossRef]

44. Moller, K.; Bein, T. Mesoporosity—A new dimension for zeolites. Chem. Soc. Rev. 2013, 42, 3689–3707. [CrossRef]
45. Schmidt, I.; Boisen, A.; Gustavsson, E.; Ståhl, K.; Pehrson, S.; Dahl, S.; Carlsson, A.; Jacobsen, C.J. Carbon Nanotube Templated

Growth of Mesoporous Zeolite Single Crystals. Chem. Mater. 2001, 13, 4416–4418. [CrossRef]
46. Du, F.; Liu, J.; Guo, Z. Shape controlled synthesis of Cu2O and its catalytic application to synthesize amorphous carbon nanofibers.

Mater. Res. Bull. 2009, 44, 25–29. [CrossRef]
47. Yang, Z.X.; Xia, Y.D.; Mokaya, R. Zeolite ZSM-5 with Unique Supermicropores Synthesized Using Mesoporous Carbon as a

Template. Adv. Mater. 2004, 16, 727–732. [CrossRef]
48. Tao, Y.S.; Kanoh, H.; Kaneko, K. Uniform Mesopore-Donated Zeolite Y Using Carbon Aerogel Templating. J. Phys. Chem. B 2003,

107, 10974–10976. [CrossRef]
49. Tao, Y.; Kanoh, H.; Hanzawa, Y.; Kaneko, K. Template synthesis and characterization of mesoporous zeolites. Colloids Surf. A

Physicochem. Eng. Asp. 2004, 241, 75–80. [CrossRef]
50. Abdulridha, S.; Jiao, Y.; Xu, S.; Zhang, R.; Ren, Z.; Garforth, A.A.; Fan, X. A comparative study on mesoporous Y zeolites prepared

by hard-templating and post-synthetic treatment methods. Appl. Catal. A Gen. 2021, 612, 117986. [CrossRef]
51. Fu, W.; Zhang, L.; Tang, T.; Ke, Q.; Wang, S.; Hu, J.; Fang, G.; Li, J.; Xiao, F.S. Extraordinarily High Activity in the Hydrodesulfur-

ization of 4, 6-Dimethyldibenzothiophene over Pd Supported on Mesoporous Zeolite Y. J. Am. Chem. Soc. 2011, 133, 15346–15349.
[CrossRef]

52. Jin, J.; Peng, C.; Wang, J.; Liu, H.; Gao, X.; Liu, H.; Xu, C. Facile Synthesis of Mesoporous Zeolite Y with Improved Catalytic
Performance for Heavy Oil Fluid Catalytic Cracking. Ind. Eng. Chem. Res. 2014, 53, 3406–3411. [CrossRef]

53. Zhao, J.; Yin, Y.; Li, Y.; Chen, W.; Liu, B. Synthesis and characterization of mesoporous zeolite Y by using block copolymers as
templates. Chem. Eng. J. 2016, 284, 405–411. [CrossRef]

54. Wang, L.; Liu, G.; Yu, H.; Zang, J.; Hong, M.; Wang, H.; Hong, L.; Ji, C.; Qiu, Y.; Song, W. A Preparation Method of Hierarchically
Porous Y Molecular Sieve. China, CN 107555446A, 9 January 2018.

55. Sachse, A.; Wuttke, C.; Díaz, U.; de Souza, M.O. Mesoporous Y zeolite through ionic liquid based surfactant templating.
Microporous Mesoporous Mater. 2015, 217, 81–86. [CrossRef]

56. Dabbawala, A.A.; Ismail, I.; Vaithilingam, B.V.; Polychronopoulou, K.; Singaravel, G.; Morin, S.; Berthod, M.; Al Wahedi, Y.
Synthesis of hierarchical porous zeolite-Y for enhanced CO2 capture. Microporous Mesoporous Mater. 2020, 303, 110261. [CrossRef]

57. Cui, W.; Zhu, D.; Tan, J.; Chen, N.; Fan, D.; Wang, J.; Han, J.; Wang, L.; Tian, P.; Liu, Z. Synthesis of mesoporous high-silica zeolite
Y and their catalytic cracking performance. Chin. J. Catal. 2022, 43, 1945–1954. [CrossRef]

58. Martins, A.; Neves, V.; Moutinho, J.; Nunes, N.; Carvalho, A.P. Friedel-Crafts acylation reaction over hierarchical Y zeolite
modified through surfactant mediated technology. Microporous Mesoporous Mater. 2021, 323, 111167. [CrossRef]

59. Van Donk, S.; Janssen, A.H.; Bitter, J.H.; de Jong, K.P. Generation, characterization, and impact of mesopores in zeolite catalysts.
Catal. Rev. 2003, 45, 297–319. [CrossRef]

60. Janssen, A.H.; Koster, A.J.; De Jong, K.P. Three-dimensional transmission electron microscopic observations of mesopores in
dealuminated zeolite Y. Angew. Chem. Int. Edit. 2001, 40, 1102–1104. [CrossRef]

61. Triantafillidis, C.S.; Vlessidis, A.G.; Evmiridis, N.P. Dealuminated H-Y zeolites: Influence of the degree and the type of dealumi-
nation method on the structural and acidic characteristics of H-Y zeolites. Ind. Eng. Chem. Res. 2000, 39, 307–319. [CrossRef]

62. Li, C.; Guo, L.; Liu, P.; Gong, K.; Jin, W.; Li, L.; Zhu, X.; Liu, X.; Shen, B. Defects in AHFS-dealuminated Y zeolite: A crucial factor
for mesopores formation in the following base treatment procedure. Microporous Mesoporous Mater. 2018, 255, 242–252. [CrossRef]
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