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Abstract 

Zeolite Y has been considered as one of the most versatile materials that are used in catalysis, 
adsorption, and separation. However, its inherent microporosity often impedes the diffusion of 
reactants and products, thus constraining overall performance. This review systematically 
investigates the major post-synthetic modification strategies intended to mitigate these limitations 
and to refine the structural and physicochemical properties of zeolite Y. Particular focus is placed on 
the mechanisms and structural consequences of dealumination, desilication, ion exchange, and 
surface functionalization, each of which uniquely influences acidity, porosity, and framework 
stability. The synergistic combination of dealumination and desilication is especially highlighted for 
its capacity to generate hierarchical structures containing mesoporosity with optimal acidity 
robustness. Recent developments that integrate the use of microwave and ultrasound-enhanced 
methods are considered sustainable and energy-efficient solutions that offer accurate control over the 
framework transformation and shorten processing times. These post-synthetic advancements have 
led to hierarchical, multifunctional zeolite Y materials that show high levels of catalytic activity, 
enhanced adsorption capacity, and improved selectivity over a wide range of industrially related 
reactions. This review concludes how such modification techniques expand the functional range of 
zeolite Y, thereby enabling its use in new areas of application, including CO2 capture, biofuels 
production, and environmentally friendly catalytic processes. Future perspectives emphasize 
ongoing refinement of structure-function relationships, scalability of processes, and integration of 
modification methodologies to reinforce zeolite Y’s pivotal role in sustainable chemical 
manufacturing. 

Keywords: zeolite Y; FAU framework; modification techniques; hierarchical porosity; catalysis; 
adsorption 
 

1. Introduction 
1.1. Historical Background 

The name ʺzeoliteʺ was first used by Swedish geologist Axel Cronstedt in 1756. He combined 
the Greek words Zeo (to boil) and Lithos (stone). Cronstedt noticed that the material released large 
amounts of steam upon heating, due to water previously adsorbed by the substance [1]. Substantial 
advancements in the scientific understanding of zeolites were hindered until the year 1840, when 
Damour elucidated their reversible hydration and dehydration characteristics [2]. In 1858, the cation-
exchange characteristics of naturally occurring zeolites, such as natrolite and chabazite, were 
established [3], followed by the synthesis of the first artificial zeolite, known as levyne, by Sainte 
Claire Deville in 1862 [4]. The first attempts regularly met obstacles in consistency because of a lack 
of detailed description, causing continuous arguments about their authenticity. Nevertheless, 
scholarly interest in zeolites intensified, particularly after the findings of Friedel (1896) and Grandjean 
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(1909), who reported the adsorption of compounds other than water, which culminated in the 1924 
discovery of the molecular sieve effect by Weigel and Steinhoff [5–7]. This phenomenon was 
ultimately elucidated in the 1930s, when the structural porosity of zeolites was clarified, leading 
McBain in 1932 to introduce the concept of “molecular sieve” [8–11]. This advancement motivated 
Richard M. Barrer, now recognized as a pioneer in zeolite science, who embarked on comprehensive 
research regarding zeolite synthesis and separation methodologies, resulting in the production of 
synthetic analogs of both naturally occurring, including mordenite and chabazite, and innovative 
frameworks such as Q and P zeolites [12–17]. In 1949, Barrer pioneered the ammonium  exchange 
method with subsequent calcination to yield protonic zeolites [18], and subsequently advanced the 
employment of tetraalkylammonium cations in synthesis [19–21], a technique that remains integral 
to this day [22–24]. His research garnered industrial attention, culminating in a partnership with 
Union Carbide in the United States that commenced in 1949. Robert M. Milton, a participant in this 
initiative, modified synthesis conditions to generate X and A zeolites [25,26], followed by the 1954 
identification of zeolite Y by Donald W. Breck after joining Milton’s team. Union Carbide then 
proceeded to expand the production and commercialize X and A zeolites in 1954, and further 
identified 24 additional zeolite species, thereby establishing their significance in industrial 
applications [25–30]. By the early 1960s, synthetic zeolites, particularly X and its modified variant Y, 
were employed by Mobil Oil Company in the hydrocarbons catalytic cracking, and by the 1970s, 
zeolites ZSM-5 and beta were introduced, while zeolite A began to be utilized in detergents, 
signifying the comprehensive industrial integration of these materials [31,32]. 

1.2. Description of Zeolite 

Zeolites are minerals composed of crystalline aluminosilicates [33]. They can be described as a 
framework consisting of tetrahedrons of SiO4 and AlO4, which are interconnected at their vertices by 
a shared oxygen ion as shown in Figure 1. 

 

Figure 1. Tetrahedral configuration of SiO4 and AlO4 molecules (a) and the corresponding Si-O and Al-O bonds 
(b) that form unit blocks of a zeolite. 

The introduction of a trivalent Al+3 ion through isomorphic substitution of Si+4 creates a negative 
charge within the lattice, necessitating compensation. The incorporation of cations, like as alkali, 
alkali-earth metals (e.g. Na+, K+ or Ca2+), into the crystal structure neutralizes the negatively charged 
aluminum-containing tetrahedra. The voids between these tetrahedra, constituting channels within 
the structure, are naturally filled with water molecules [34–36]. Thus, the smallest zeolite structural 
unit can generally be described by the formula (1): 𝑀௫ ௡⁄ . ൣሺ𝐴𝑙ଶ𝑂ଷሻ௫ሺ𝑆𝑖𝑂ଶሻ௬൧.𝑤𝐻ଶ𝑂 (1)

where M represents a hydrogen ion or a metal cation that balances the negative charge of the zeolite 
framework, x and y are the numbers of [AlO4]5- and [SiO4 ]4-, n is the valence of the cation, and w is 
the amount of water present in the zeolite cavities. Moreover, the number of metal cations (e.g., Na+) 
must match the total negative charge created by the silicon and aluminium ions, which carry charges 
of 4+ and 3+, respectively [37]. 
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Each tetrahedral TO4 molecules (T represents either Al or Si atoms) are called primary building 
units (PBUs). These are then combined to form secondary building units (SBUs) that create basic 
structural polyhedral shapes such as cubes or truncated octahedrons (14-sided) (Figure 2) [38]. 

 
Figure 2. Synthesis pathways of three common zeolites from their basic structural building units [38]. 

Their structural and chemical properties make them essential in applications such as catalysis, 
adsorption, and separation. The unique pore architecture and acidity position them as powerful 
catalysts in industrial processes including cracking, isomerization, and alkylation, with modifications 
like ion exchange and metal impregnation enhancing performance for environmentally friendly 
chemical transformations [39]. Additionally, they are highly effective in catalytic oxidation processes, 
such as the thermal and photocatalytic decomposition of volatile organic compounds (VOCs) [40]. 
Also, their high surface and porosity make them excellent adsorbents, facilitating the targeted 
adsorption of contaminants from air and water for environmental remediation and energy 
conversion. Moreover, zeolites are extensively employed in separation processes in applications like 
chemical production, purification, and membrane technology for efficient gas and liquid separation 
due to their ability to selectively filter molecules by size and polarity [41,42]. 

Zeolite classification depends on various factors, including framework topology, the ratio of 
silicon to aluminum, and the characteristics of extra-framework cations [31]. Common examples of 
zeolite types include ZSM-5, Mordenite, and Y zeolites, each with its own distinct characteristics and 
applications (Figure 3). For instance, in terms of catalytic applications, ZSM-5 is renowned for its 
ability to selectively catalyze reactions based on shape and has found use for the catalytic cracking of 
hydrocarbons to produce high-octane gasoline [43,44]. On the other hand, Mordenite has been 
utilized in catalyzing key reactions such as alkylation, hydrocracking, reforming, hydro 
isomerization, dewaxing, and the synthesis of dimethylamines [45]. Y zeolites are broadly applied in 
fluid catalytic cracking due to their stability and acidic properties [46]. Therefore, A thorough 
knowledge of the different types of zeolites is crucial for tailoring them to specific industrial 
processes. 
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Figure 3. The structure dimensions of Y zeolite, ZSM-5, and Mordenite [38]. 

1.3. Zeolite Y 

Zeolite Y possesses a three-dimensional microporous structure and inherent acidity, making it 
an invaluable tool in numerous applications [47]. It is most commonly used in industry as ultra-stable 
Y zeolite (USY), which is produced by steaming high Al zeolite Y, leading to a partial removal of 
framework Al and generating extra framework AL (EFAL) species that persist in solids and reside 
within the pores. This reduces the total amount of acid sites and improves the materialʹs resistance to 
hydrothermal degradation [48,49]. 

 

Figure 4. Schematic of the framework structure of Faujasite-type zeolites [50]. 

As illustrated in Figure 4, the structural design of Y-type zeolite, placed in the FAU zeolite 
category, includes three separate types of pores found in its crystal lattice: (a) the supercages that 
have a pore width of 0.74 nm and an inner space diameter of 1.2 nm (b) the sodalite cage, also called 
the β-cage, which offers a pore opening of 0.26 nm and an internal diameter of 0.66 nm and (c) the 
hexagonal prism which shows a pore opening that is reduced in size relative to the sodalite cage [51]. 
Therefore, its intrinsic micropores (<1 nm) give rise to the persistent challenge related to restricted 
accessibility and limited diffusion during catalysis and adsorption. For example, in terms of catalysis, 
the limited accessibility of active sites within the pore structure to the reactants and the reduced 
diffusion rate of the reaction products from the pore interior to the bulk media, resulting in low 
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reaction conversion [52]. To overcome these limitations and fully unlock Y zeoliteʹs potential, 
innovative approaches for improving its properties are essential. In this review, not only a 
comprehensive overview of the different methods of post-synthesis modification of Zeolite Y will be 
provided, but also an analysis of the impact of these modifications on the structure, physicochemical 
properties, and applications. 

2. Types of Post-Synthesis Modifications 
2.1. Dealumination Techniques 

Dealumination of zeolites is a critical process aimed at enhancing their properties by removing 
aluminum from their frameworks [53]. Various techniques are used to dealuminate Y zeolite, like 
Acid treatments, steam treatment, and the use of chemical agents (Figure 5). Each method has its 
advantages and limitations, influencing the extent of aluminum removal and the resultant properties 
of the zeolite. For instance, Acid leaching is one of the most widely used methods for dealumination. 
Noted that it has been employed extensively in the zeolite industry, particularly for the preparation 
of USY zeolite, which is a powerful catalyst for oil cracking [54]. The mechanism of this technique 
involves an acid attack on negatively charged oxygen sites bonded to aluminum atoms. The process 
facilitates the extraction of aluminum from the zeolitic framework and typically results in an increase 
in the Si/Al ratio, which enhances the thermal stability of the zeolite [55]. As an example of this 
technique, the research by Buchori and Anggoro [56] that focused on modifying zeolite Y for the 
production of dimethyl ether from methanol dehydration. This study investigates zeolite Y 
dealumination using sulfuric acid solution at different temperatures and acid concentrations. The 
results showed that the zeolite Y catalyst that dealuminated at 50°C and acid concentration of 8.5 N 
exhibits higher activity in the synthesis of dimethyl ether compared to unmodified zeolite Y, with a 
methanol conversion of 76.07%. Maghfirah et al. [57] investigate the role of additives such as 
tetraalkylammonium (TAA) cations during acid leaching using oxalic acid (0.1,0.25, and 0.5 M), 
resulting in the protection of the zeolite framework, and enhancing the Si/Al ratio (from 3.4 to 12.6) 
while maintaining crystallinity. Moreover, the extent of dealumination is influenced by factors such 
as the pH of the acid solution and the rate of acid addition, which are crucial for optimizing the 
treatment conditions to retain crystallinity and enhance catalytic activity [58]. 

 

Figure 5. Schematic of the dealumination processes of zeolite Y (own elaboration based on Buchori and Anggoro 
[56], Kamimura et al. [59], Abdulridha et al. [60] and Lutz et al. [61]). 
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Another technique that is closely similar to acid leaching is chemical treatment, which refers to 
the use of specific reagents such as citric acid, ammonium fluosilicate (AFS), ethylene diamine tetra 
acetic acid (EDTA), or other chelating agents that target aluminum atoms in the zeolite framework 
and extract them in a controlled manner [62,63]. These chemicals interact with the aluminum atoms, 
either forming complexes that can be washed away, e.g., in the case of AFS or EDTA or directly 
removing framework aluminum through substitution or ion-exchange processes [64]. It is 
distinguished from acid leaching by its high selectivity and minimizing framework damage and is 
often used when precise control of aluminum removal is needed for specific applications [65]. For 
instance, various modifications of USY zeolites were explored for enhancing their catalytic properties 
in hydrocracking reactions, primarily focusing on chemical dealumination modification. As outlined 
in their research, Qiao et al. [66] utilized citric acid and ammonium fluosilicate, Li et al. [67] employed 
citric acid and phosphoric acid, and Qiao et al. [68] centered their examination on malic nitric acid. 
These modifications resulted in enhanced hydrothermal stability, increased secondary pore volume, 
appropriate acidity distribution, and improved crystallinity, leading to superior performance 
compared to commercial catalysts. Furthermore, Qiao et al [69]. achieved hierarchical USY by post-
treatment using EDTA-2Na and citric acid, which improved surface area and pore volume through 
both non-framework and framework dealumination mechanisms, ultimately enhancing 
mesoporosity and crystallinity. In addition, different types of zeolite Y including (Y, NH4Y, HY, and 
NaY) were dealuminated by Hosseini et al [70] utilizing acetylacetone (as a chelating agent) and/or 
in the presence of ultrasound irradiation. The ultrasound technique has proven itself as an effective 
tool in increasing dealumination and it is attributed to the effective interaction between the zeolite 
particles and the chelating molecules, which generates cavitation and causes mechanical erosion of 
the solid, resulting in an efficient removal process as shown in Figure 6, where unit cell size clearly 
decreased when ultrasound is applied, indicating higher dealumination. 

 

Figure 6. Unit cell size for the initials, acetylacetone-treated, and ultrasound-assisted acetylacetone-treated 
zeolite Y samples from XRD data [70]. 

The chemical dealumination can also enhance the adsorption capacity for larger molecules. 
Esmaeili et al. [71] conducted an acid, alkaline, and chemical treatment to improve the adsorption 
capacity of zeolite Y for dye removal from polluted water. They found that the treatment that gave 
considerable results was the chemical treatment using ammonium hexafluorosilicate (AHFS) as they 
prepared solutions with different concentrations of AHFS (4, 12, and 20%). The higher concentration 
of AHFS led to better adsorption results of rhodamine B (RB) dye, although it also risked damaging 
the zeoliteʹs structure. 
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On the other hand, Steam treatment, or hydrothermal dealumination, is a different 
dealumination technique that involves exposing zeolite Y to steam at high temperatures (typically 
between 500 and 700 °C) in the presence of air or oxygen. It causes hydrolysis of Al-O bonds that 
facilitate the removal of aluminum from the framework and their subsequent deposition as EFAL 
species [61]. Although many studies state that steaming is more efficient at high temperatures, and 
doing otherwise may cause the accumulation of these EFAL inside the pores blocking active sites 
[72], Agostini et al. [73] have a different opinion. They steam NH4-Y zeolite to 600 °C and found that 
during heating from 510 to 600 °C only 5% of Al species is extracted, whereas 30-35% is removed 
during cooling from 227 to 177 °C. According to XAS, XRPD, and TG measurements, this is attributed 
to water molecules when they begin to repopulate the pores causing the dislodgement of Al from the 
zeolite structure. In addition, Studies have shown that steaming can lead to dramatically enhanced 
activity via the formation of stronger acid sites, particularly in low-silica zeolites [74]. However, the 
only disadvantage of this technique is that it is size-dependent, larger crystals (over 500 nm) can 
achieve higher Si/Al ratios, while smaller crystals may degrade under similar conditions. Therefore, 
in the case of smaller ones, other dealumination methods are recommended like chemical treatment 
(e.g. using AHFS) as it provides a gentler approach [75]. 

2.2. Desilication 

Desilication is a method that specifically eliminates silicon from the zeolite framework, 
improving the materialʹs porosity by generating mesopores while preserving the structure of the 
zeolite. Usually, zeolite Y is treated with alkaline solutions like sodium hydroxide (NaOH) to help in 
the specific removal of silicon atoms from the structure [76]. Figure 7 shows the steps of the 
desilication process of zeolite Y. 

 
Figure 7. Schematic of the desilication process of zeolite Y( own elaboration based on Liang et al. [77], García et 
al. [78] and Dashtpeyma et al. [79]). 

The desilication conditions, such as alkaline solution concentration, treatment duration, and 
Si/Al ratio, have a major impact on the porosity and acidity of zeolite Y. García et al. [78] stated that 
using NaOH solutions with a concentration of (0.05 to 0.20 M) for 15 minutes at room temperature is 
enough to induce effective mesoporosity in the range of (20–100 Å). Han et al. [80] used 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 December 2025 doi:10.20944/preprints202512.2606.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.2606.v1
http://creativecommons.org/licenses/by/4.0/


 8 of 26 

 

tetraalkylammonium hydroxide (TAAOH) as a desilication agent and found that a higher Si/Al ratio 
(i.e. 15-28) is optimal for controlled mesoporosity development while maintaining crystalline 
structure. However, it was found that the desilication of zeolites of high Si/Al ratio in alkali solutions 
leads to the removal of both Si and Al from the zeolite structure, but Si stays dissolved in the solution, 
while Al is reintroduced into the zeolite framework. The use of mild acid washing post-desilication 
can solve this issue as it has been shown to effectively remove residual aluminum species, thereby 
enhancing the overall performance of the modified zeolite Y [81]. 

In contrast, if zeolite Y has a low Si/Al ratio, a prior dealumination may be needed to raise the 
Si/Al ratio and improve the effectiveness of later desilication. For instance, Zhang et al. [82] 
performed post-synthesis chemical dealumination followed by desilication of the parent zeolite Y 
(with Si/Al ratio of 2.6). In this study, ultrasonic-assisted treatment was used in place of conventional 
alkaline treatment, showing a decrease in desilication time (5 min vs. 30 min, at the same conditions 
of 0.2 mol/L NaOH at 65°C) and enhancement in the specific external surface area and mesopore 
volume of the catalyst more than the conventional method. Similarly, Pagis et al. [83] performed pre-
dealumination to NaY zeolite (Si/Al=2.5) with silicon tetrachloride (SiCl4). Then, the dealuminated 
zeolite was acid-leached with a 0.1 M hydrochloric acid solution (HCl) to remove part of EFAl species 
deposited inside the pores that further raised the Si/Al to 37.7 before desilication with sodium 
aluminate (NaAlO3) (Figure 8). The desilication was held with Al species to provide the crystals with 
an Al-rich surface and a Si-rich core, resulting in a hollow structure and hierarchical patterns. 
Mandela et al. [84] modified zeolite Y (Si/Al=5) using hydrochloric acid and/or sodium hydroxide 
treatment for catalytic hydrotreating of α-cellulose bio-oil. The results show that applying both HCl 
and NaOH treatment led to an increase of the zeolite Y average pore diameter, proving the 
effectiveness of this technique in creating mesoporosity in low Si/Al zeolite Y. Moreover, Li et al. [47] 
found that excessive aluminum content can hinder the desilication process. This results in inadequate 
mesopore development. Hence, it is necessary to strike a delicate balance between these two 
processes in order to obtain the desired structural properties. 

 
Figure 8. A schematic diagram of the fabrication process for hollow zeolite Y with three phases [83]. 

The addition of surfactants as templating agents during alkaline treatment like tetra 
propylammonium (TPA+) and cetyltrimethylammonium (CTA+) is a significant factor in the 
desilication process and helps in the formation of mesopores [85,86]. Verboekend et al. [87] examine 
the influence of TPA+ and CTA+ during alkaline treatment of USY. CTA+ results in the formation of 
ordered mesoporous materials (OMMs) that are more amorphous, which can compromise the 
zeoliteʹs structural integrity, and the reduction of micropore volume and weakened zeolitic 
characteristics, leading to lower catalytic activity compared to conventional USY. In contrast, when 
using TPA+, the authors noticed that the catalyst maintains its original crystallinity without 
framework reorganization, leading to the formation of highly crystalline hierarchical zeolites and 
superior catalytic performance in the alkylation of toluene. Additionally, Gamba and Villa [88] 
showed that incorporating cetyltrimethylammonium bromide (CTAB) as a surfactant during 
desilication affects relative crystallinity and textural properties more than treatment time. 

Dashtpeyma et al. [79] desilicated NaY zeolite for use as an adsorbent to remove sulfur 
compounds from gasoline. It was desilicated with 0.2-0.4 M NaOH or NaOH/TPAOH (65 °C, 30 min), 
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then washed, dried, and calcined to yield ATY-XR samples, where X represents the 
TPAOH/(NaOH+TPAOH) molar ratio. Then, Metal loading was done by impregnating 5 wt.% Cu 
and/or Ce, followed by drying and calcination, producing CuNaY, Ce-0.5R, Cu-0.5R, and CuCe-0.5R. 
the results showed that among desilicated samples, ATY (0.2 M)-0.5R showed the best performance 
with capacities of 13.5 mg S/g (thiophene) and 15.45 mg S/g (dibenzothiophene). Metal impregnation 
further improved performance, with CuCe-0.5R reaching 21.02 mg S/g (thiophene) and 24 mg S/g 
(dibenzothiophene), attributed to the formation of additional mesopores while preserving the 
original micropores in the NaY zeolite. While these results demonstrate the potential of desilicated 
zeolite for adsorption purposes, research has more commonly focused on its catalytic applications. 
Jiao et al. [89] found that adding mesopores to NaY zeolite with a bulky Si/Al ratio of 5.34 by a series 
of treatments using lactic acid (HLA) and (NaOH or NH3·H2O) containing CTAB led to a notable 
enhancement in its performance during acetalization reactions such as acetalization of cyclohexanone 
with glycol and pentaerythritol. However, the catalyst desilicated with NaOH performed better than 
that with NH3, providing conversions of (72.6 Vs 71.8) with glycol and (35.0 Vs 33.5) with 
pentaerythritol for a 2 h reaction time. Additionally, Gackowski et al. [90,91] emphasized the creation 
of extremely acidic hydroxyl groups (characterized by an IR band at 3600 cm-1) when desilicating 
dealuminated Y zeolite (Si/Al=31) with a mixture of NaOH and tetrabutylammonium hydroxide 
(TBAOH), which is believed to occur during the calcination of desilicated zeolite Y in the presence of 
atmospheric water, which facilitates the extraction of aluminum from the framework. Also, the 
authors supposed that the location of these OH groups is inside supercages and can work as active 
sites when catalyzing reactions, like isomerization processes. These observations highlight the 
significance of the interplay between desilication and dealumination to create hierarchical structures 
that offer improved transport features, which are notably advantageous for complex reactions and 
reactions that include larger molecules. 

2.3. Ion Exchange 

Ion exchange is another significant technique in modifying zeolite Y. It refers to the substitution 
of the inherent cations (such as Na⁺ or H⁺) within the zeolite’s framework with other cations. This 
substitution is typically achieved through either liquid-phase ion exchange (LPIE) (Figure 9) or solid-
state ion exchange (SSIE) methods [92,93]. The major factors that dictate it are (1) the properties of 
the cation species, their sizes, hydration settings, and the charge they carry, (2) the cation species’ 
concentrations in the solutions, (3) the anion species that coexist with the cation in those solutions, 
(4) solvents (the remaining water in non-aqueous solvents is essential for driving the ion-exchange 
process), (5) the pH readings of exchange solutions arising from cation hydrolysis, (6) the 
temperature at which the ion-exchange takes place, (7) the duration of the ion-exchange, (8) the three-
dimensional structural shapes of frameworks, and (9) the structures’ Si/Al ratios [94]. Moreover, 
introducing protons (H+) into the zeolite framework is one of the common methods of ion exchange 
that significantly enhances the acidity of zeolite Y. The conversion from NaY to HY is typically 
achieved through ion exchange with ammonium (NH4) using a strong acid solution such as NH4NO3 
and NH4CL, NH4-Y zeolite is then heated at high temperatures (typically above 500 °C) to decompose 
the ammonium ions, releasing NH3 and leaving behind hydrogen ions (H⁺) in the zeolite framework. 
This process increases the number of Bronsted acid sites, which improves the zeolite’s performance 
in various catalytic processes, including hydro-isomerization and hydrocracking [93,95–98]. 
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Figure 9. Schematic illustration of the ion exchange process of NaY zeolite (own elaboration based on Khalaf et 
al. [98] and Seo et al. [99]). 

The exchange of alkali and alkaline earth metal ions is another common method employed in 
modifying zeolite Y. For instance, Shrestha and Dutta [100] conducted ion exchange with manganese 
(Mn2+) and the alkaline earth metal cation (M2+= Br2+, Sr2+, Ca2+, and Mg2+) to facilitate the loading of 
MnOx on the zeolite to form KMnOx- Y(M2+), a catalyst for water oxidation. The study demonstrated 
that the size of the alkaline earth metal cation affects the amount of Mn2+ that can be exchanged into 
the zeolite; a larger cation leads to a decrease in the amount of Mn2+ and a higher catalytic rate (i.e., 
KMnOx- Y(Br2+) achieved 1.67 mmol-1 O2 mol-1 Mn s-1). To understand the ion selectivity of zeolite Y, 
Kim et al. [101] examined the selectivity for Sr2+ ions in a binary solution with varying concentrations 
of Sr2+ and K+ ions. They synthesized two distinct crystals with different Sr2+/K+ ratios (1:1 and 1:100), 
resulting in ion exchange degrees of 74.7% for the first crystal and 45.3% for the second one. The 
decrease of Sr2+ exchange from crystals 1 to 2 indicates that ion exchange dynamics can be 
manipulated through solution composition. Additionally, regarding cation affinity, the work by 
Khabzina et al. [102] identifies the exchange of alkali metals (i.e. K+ and Cs+) and alkaline earth metals 
(i.e. Ca2+, Ba2+) with zeolite Y. It highlights that bivalent cations like Ba2+ show a more favorable 
exchange compared to monovalent cations, particularly at type II sites. 

The ion exchange with transition and rare earth metals has also attracted extensive scholarly 
focus. For transition metals, the findings by Wu et al. [103] reveal that Mn2+ and Zn2+ exchanged 
zeolite Y are more stable than those exchanged with Co2+ and Cu2+. Also, the analysis by Izquierdo et 
al. [104] found that zeolite Y that underwent Cu2+ ion exchange displayed better catalytic efficiency 
than the one exchanged with iron ion (Fe2+) in the selective catalytic reduction of nitrogen oxides from 
fuel gas. This emphasizes that the stability and catalytic efficiency of the zeolites vary with the type 
of the ion in general. Likewise, in terms of rare earth metals, Wang et al. [105] examined how La3+ 
ions behave in the ion exchange process, demonstrating that these ions can substantially improve the 
stability and efficiency of zeolite Y in catalytic cracking reactions. This underlines the critical role of 
metal cations in boosting zeolite functionalities for catalytic reaction processes, which were attributed 
to the presence of active metal sites created through ion exchange. 

In addition to their catalytic attributes, ion-exchanged zeolite Y is extensively utilized in 
adsorption applications. For example, Dastanian et al. [106] used nickel-loaded zeolite Y as an 
absorbent for the desulfurization of heavy straight-run gasoline at ambient conditions. The Ni-Y 
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zeolite exhibited excellent desulfurization capabilities. Chen et al. [107] conducted research that 
focused on Cu2+, Co2+, Ni2+, and Zn2+ ion-exchanged zeolite Y and their performance in the selective 
adsorption of methyl mercaptan (CH3SH) from natural gas. They achieved improved adsorption 
efficiency, especially Cu-Y zeolite, which showed the largest CH3SH breakthrough adsorption 
capacity. Similarly, Chen et al. [108] applied a series of ion exchanges to zeolite Y with (Na+, Ag+, Cu2+, 
Zn2+, Co2+, and Ni2+) to use them as adsorbents for the removal of carbon disulfide (CS2) from tail gas. 
They found that the samples exhibited varying adsorption capacities, with the highest CS2 
breakthrough adsorption capacity being up to 44.8 mg g-1 for Ag-Y zeolite. Moreover, Tobarameekul 
et al. [109] performed ion exchange with Zn2+ on synthesized zeolite NaY from rice husk ash and 
bagasse ash for CO2 adsorption (Figure 10). Computational and experimental tests revealed that 
increasing the amount of Zn loading led to higher adsorption capacity. They also demonstrated the 
effect of adsorption temperature on the modified adsorbent. At lower adsorption temperatures, the 
process is dominated by physical adsorption, which benefits from higher surface area, while 
increasing temperatures beyond 873.15 K significantly reduce the CO2 adsorption capacity due to the 
decreased number of adsorption sites. Djeffal et al. [110] investigated the effect of ion-exchanged 
zeolite Y with Cu2+, Ni2+, Ca2+, and Na+ in the adsorption of CO2, resulting in an enhancement in 
adsorption capacity in the order of Na+ > Ca2+ > Ni2+ > Cu2+ with 77.57 cm3 g−1 being for Na -Y zeolite, 
making it suitable for carbon capture and storage applications. According to Pillai et al. [111], the 
properties of the cation play a significant role in the adsorption of nonpolar molecules, like CO2 and 
CH4, due to electrostatic forces interacting with the zeoliteʹs ionic surface. Furthermore, the findings 
from the work by Silva et al. [112] showed that Y zeolite charged with chromium (Cr) after 
biosorption could be effectively utilized as a catalyst for the oxidation of volatile organic compounds 
(VOCs), namely ethyl acetate, ethanol, and toluene. This dual functionality is advantageous in 
sustainability-driven processes, where materials with dual capabilities can enhance efficiency and 
reduce operational costs. 

 

Figure 10. Schematic of the ion exchange process of NaY zeolite for CO2 capture [109]. 

2.4. Surface Functionalization 

One of the primary methods for modifying zeolite Y involves the incorporation of organic 
functional groups or nanoparticles onto its surface. Grafting is the common approaches that fall 
under this technique, specifically Silanation [113]. Silanation typically involves the reaction of silane 
compounds (often organosilanes) with hydroxyl groups on the zeolite surface, resulting in the 
formation of siloxane bonds (Si-O-Si). This method allows for the introduction of various functional 
groups that can tailor the zeoliteʹs properties for specific purposes (Figure 11) [114]. For example, 
Kukwa and Dann [115] prepared 3-Aminopropyltriethoxysilane (APTES) grafted zeolite Y for the 
extraction of metal cations from the effluent of crude oil hydrotreatment using three different solvents 
(i.e., hexane, toluene and acetone). A total of 2.5 g of HY zeolite was dispersed in 40 mL of the selected 
solvent in a round-bottom flask and stirred under reflux conditions at 40 °C for 1 hour. Subsequently, 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 December 2025 doi:10.20944/preprints202512.2606.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.2606.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 26 

 

6 mL of APTES was added dropwise to the suspension using a dropping pipette while maintaining 
continuous stirring. The reaction mixture was then refluxed at 40 °C for an additional 24 hours. Upon 
completion of the reaction, the APTES-functionalized zeolite Y was recovered by filtration, washed 
thoroughly with the same solvent and distilled water, and then dried overnight at 80 °C. The 
experimental analysis revealed that the optimal solvent for legend grafting was hexane. Furthermore, 
the selectivity tests, which evaluated the removal of Zn(II), Ni(II), V(IV), Cu(II), and Fe(II) commonly 
found in hydrotreatment extracts, showed substantial and fairly consistent removal efficiencies of 
70.6%, 83.7%, 91.3%, 82.8%, and 85.7%, respectively. 

Following the same technique, Sanaeepur et al. [116] grafted NaY zeolite with aminopropyl 
silanes for CO2 separation. In their procedure, 3-aminopropyl(diethoxy)methylsilane (APDEMS) was 
utilized as silanization agent and has been shown to enhance CO2 permeability in mixed matrix 
membranes (MMMs) by an average of 4.67%, and an increase in CO2/N2 selectivity of 6.34% compared 
to pure zeolite Y filled to MMMs. Similarly, Lu et al. [117] used N-[3-
(trimethoxysilyl)propyl]ethylenediamine (AEAPTMS) as a silanizing agent. They reported that the 
aminosilane-functionalized zeolite Y maintained its structural integrity while enhancing its 
selectivity for CO2 over CH4 in gas separation applications. Moreover, Zhang et al. [118] compared 
the conventional silanization and the vapor-phase silanization overlay modification of HY zeolite. To 
prepare the vapor-phase grafted zeolite, 3 g of Y zeolite was placed in a quartz tube and pretreated 
with nitrogen at 550 °C for 2 hours, then cooled to 250 °C. A mixture of trimethylchlorosilane and 
nitrogen was introduced for 40 minutes, followed by a nitrogen purge to remove unreacted silane. 
The temperature was then raised to 550 °C, and oxygen was introduced for 1 hour to oxidize the 
carbonsilyl groups into a silica layer. The results showed an enhancement in the vapor-phase 
salinized zeolite, while maintaining nearly the same toluene adsorption performance compared to 
the traditional liquid-phase silanization. 

 

Figure 11. Schematic representation of the silanization process of Zeolite Y (own elaboration based on Kukwa 
and Dann [115], Sanaeepur et al. [116], Lu et al. [117]). 
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Besides silane grafting, Yang et al. [119] perform small amine molecules grafting onto cobalt 
exchanged Y zeolite to improve CO2 adsorption capabilities. The ion exchanged adsorbent was 
functionalized with ethylenediamine, achieving 4.36 mmol/g adsorption capacity, which is 1.73 times 
higher than unmodified zeolite. These strong interactions between the grafted amines and CO2 
molecules enhance the selectivity of the zeolite for CO2, making it a promising candidate for carbon 
capture applications. Likewise, the study by Li et al. [120] focused on enhancing the separation 
efficiency of CH4/N2 using modified zeolite Y. The modification involved a two-step process: ion 
exchange with Zn2+ and grafting with the ligand 4-methylimidazole-5-carbaldehyde (almIM). The 
modified adsorbent, ZnY-almIM, achieved a CH4/N2 selectivity reaching 4.52 compared to 1.52 for 
pristine zeolite NaY at 298 K and 1 bar. Additionally, two-bed six-step pressure swing adsorption 
(PSA) simulations showed that the process could enrich a feed gas containing 50% methane to 90% 
methane, with a recovery rate of 87%. This proves the efficiency of modified zeolite Y in gas 
separation, particularly for challenging mixtures like CH4 and N2. 

The hydrophilicity or hydrophobicity of zeolite Y can be significantly altered through surface 
functionalization. For instance, introducing hydrophobic functional groups by silanation, has been 
shown to enhance the material’s hydrophobic character through the effective reduction of the free 
silanol groups (≡Si-OH), which are responsible for the hydrophilic nature of the zeolite. According to 
Wang et al. [121], hydrophobic zeolites exhibit higher adsorption rates for organic pollutants like 
naphthalene and chromate, despite experiencing a notable decrease in surface area and only minor 
crystallinity alterations. In terms of catalysis, Rahaman et al. [122] introduced n-
octadecyltrichlorosilane (OTS) onto HY zeolites, resulting in a marked increase in hydrophobicity, 
leading to the formation of an emulsion between the two immiscible reactants, thereby minimizing 
the interfacial mass transfer limitation during reactions, such as glycerol acetalization with 89% 
conversion, whereas the unmodified HY catalyst only reached 28% conversion. Similarly, Vu et al. 
[123] explored the silylation of zeolite Y using different chlorosilanes. The results showed that the 
silyation with trichlorosilanes enhanced the hydrothermal stability of the zeolite under harsh 
aqueous-phase processing conditions (pH ≈ 2, T= 473 K). However, it resulted in a decrease in total 
specific pore volume and specific surface area. For example, the silylated zeolite Y with n-octadecyl 
trichlorosilane had a specific surface area of 507 m²/g, down from 788 m²/g for the parent zeolite Y. 
Also, the hydrogenation of levulinic acid to γ-valerolactone (GVL) using silylated zeolite Y showed 
that while stability was improved, catalytic performance was affected. Using an excess of 
methyltrichlorosilane improved stability but led to pore blockage, resulting in lower GVL yields (12% 
vs. 34% for 3PtY). These findings indicate that the introduction of hydrophobic functional groups can 
enhance the stability of zeolite Y in challenging environments, but it may also compromise its 
catalytic efficiency due to structural changes and pore blockage if not carefully managed. 

Conversely, grafting with amine groups preserves their hydrophilic nature. Kim et al. [124] 
synthesized ethylenediamine-grafted zeolite Y via gas-phase functionalization. They have combined 
the strengths of both amine groups in capturing CO2 in wet flue gas and strongly co-adsorbed H2O 
within the hydrophilic Y zeolite, which helps prevent urea formation that causes the deactivation of 
amine-functionalized adsorbents. The resulting adsorbent demonstrated excellent regenerability, 
maintaining working capacities greater than 1.1 mmol g−1 over 20 temperature swing adsorption 
(TSA) cycles. 

3. Impact of Post-Synthesis Modifications on Zeolite Y Properties 
3.1. Structural Changes 

Post-synthesis modification techniques discussed in this paper can significantly impact the 
structural properties of zeolite Y. Geo et al. [125] applied dealumination to two commercial zeolite Y 
with similar initial properties, via steaming treatment and citric acid. The modified zeolites showed 
an increase of the Si/Al ratio from 2.5 to 5.0 and enhanced crystallinity due to the transformation of 
Al from Al(IVb) to Al(V), the form of extra-framework Al species that are removed by the following 
citric acid treatment. However, they exhibited unequal acidic and textural characteristics due to the 
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different Al migration behaviors, leading to a difference in their activity and cracking ability in the 
transformation of methylcyclohexane. Moreover, after the steam heating and acid treatment of 
granular Y zeolite, Khazipova et al. [126] found that the samples that were subjected to acid treatment 
only without prior steaming stabilization, experienced decationation, dealumination, and partial 
amorphization of its crystal lattice. In contrast, the samples that were treated with both treatments 
showed reduced lattice destruction. This demonstrates the importance of using both steaming and 
acid treatment sequentially when applying dealumination to maintain high crystallinity. 

In addition, ethylenediaminetetraacetic (EDTA) treatment was found to be more effective than 
the hydrothermal method in increasing the Si/Al ratio and pore volume of the zeolite. The research 
by Moosavifar & Fathyunes [127] emphasized that as it investigated the effect of EDTA on NaY 
zeolite and its impact on catalyst loading. The treatment enhanced the porosity by removing extra-
framework aluminum and forming secondary mesoporous structures, resulting in larger pore sizes, 
improved pore volume, and higher catalyst loading of molybdophosphoric acid (MPA) in the 
supercage of zeolite, achieving (0.049 mmol/g support) compared to (0.043 mmol/g support) with the 
hydrothermal method. Moreover, utilizing a microwave reactor combined with chemical treatment 
has recently proven highly effective in this field for its numerous advantages, including reduced 
reaction times, targeted and homogenous heating, lower energy consumption, and minimized 
environmental impact [128–130]. Abdulridha et al. [131] performed microwave-assisted chemical 
treatment using (H2EDTA). The treatment significantly enhanced the intracrystalline mesoporosity 
of zeolite Y, achieving an external surface area of 287 m²/g in just 1 minute compared to 205 m²/g after 
6 hours of conventional hydrothermal treatment. In another study, Abdulridha et al. [60] applied 
microwave-assisted chelation using EDTA to a parent zeolite Y, obtaining better results for the 
external surface area of >300 m2/g and mesopore volumes of >0.46 cm3/g. 

In a different approach, Ion exchange significantly alters the porosity of zeolites as stated by the 
study by Zhu et al. [132]. They found that adding mono- and di-valent cations through ion exchange 
affects the channel structure of the NaY zeolite membranes. The study also mentions that the degree 
of ion exchange varies with different cations. For instance, Ag+ and K+ showed high cation exchange 
degrees (96.54% and 82.77%), leading to noticeable changes in the overall porosity of the membrane. 
Additionally, the work by Seo et al. [94] highlighted that the ion exchange with Ni2+ resulted in a 
slight decrease in crystallinity while maintaining the overall framework intact. This finding is 
important because it indicates that although ion exchange can alter the characteristics of zeolite, 
precise management of the procedure can minimize negative impacts on its structure. 

To understand the impact of these approaches on the zeolite Y’s structural properties, 
characterization techniques are essential. Various methods provide insights into crystallinity, 
framework stability, and porosity. Table 1 gives an overview of the different characterization 
techniques commonly employed in zeolite research, supported by relevant literature. 

Table 1. The common characterization techniques used to characterize the structural properties of zeolite Y. 

Characterization 
Technique 

Purpose Typical Conditions Example in Literature Ref. 

XRD Determine crystalline 
structure and phase purity. 

Ambient; powdered 
samples; X-rays 

XRD was used to confirm the crystalline 
structure of synthesized hexagonal zeolite Y 

from Kankara kaolin. 

[133,134] 

SEM Study surface morphology 
and particle size. 

Vacuum; conductive 
coating required 

SEM was used to analyze the microstructure 
of nanocrystalline zeolite Y. 

[135,136] 

TEM Provide detailed internal 
structure and morphology 

at an atomic scale. 

High vacuum; 
ultrathin samples 

The mesopores of the zeolite Y (CBV 720) 
containing platinum tracking were visualized 
by TEM, including inside crystals and those 

that emerge at its surface. 

[137,138] 

BET Determine surface area, 
pore volume, and pore size 

distribution. 

Liquid nitrogen; 
under vacuum, gas 

adsorption 

The specific surface area of nano zeolite Y 
(NFA-Y) that was synthesized from fly ash 

was obtained by BET 

[139,140] 

NMR Analyze local chemical 
environment 

Ambient; solid-state 
or powdered 

27Al NMR showed steam calcination reduces 
framework aluminum, creating extra-

[141,142] 
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samples; magnetic 
field 

framework aluminum that alters the acidity 
and catalytic behavior of USY. 

Raman Provide information on 
vibrational modes of the 

framework. 

Ambient; laser 
excitation 

Raman was utilized to analyze the vibrational 
spectra of zeolite Y after ion exchange with 

different cations, comparing computed 
spectra of optimized structures with 

experimental data. 

[143,144] 

As evidenced by the previous studies mentioned in this section, these treatments can 
significantly enhance Zeolite Yʹs crystallinity, framework stability, and porosity as they allow for 
tailored adjustments at atomic, micropore, and crystal levels, optimizing the materialʹs performance 
for specific applications beyond the limitations of initial synthesis conditions. 

3.2. Physicochemical Properties 

The stability of modified Zeolite Y is often superior to that of unmodified zeolites. Vu et al. [145] 
improved the hydrothermal stability of zeolite Y by incorporating lanthanum (La3+) cations into its 
framework through ion exchange and used it as a catalyst for the aqueous-phase hydrogenation of 
levulinic acid (LA) with formic acid (FA). They tested its stability by subjecting it to a reaction mixture 
(0.2 mol/ L LA, 0.6 mol/ L FA) at 473 K under autogenous pressure for 24 h. After the hydrothermal 
treatment, the zeolite with the highest La content (0.5 mmol/ g) demonstrates the highest stability, 
maintaining 25% of its original specific micropore volume, while unmodified zeolite Y entirely loses 
its microporosity. A pivotal element contributing to this stabilization is the preservation of the 
structural integrity of the zeolite framework. This preservation is realized through a multi-core rare 
earth bridging structure, which incorporates a greater number of non-skeletal oxygen atoms. This 
structure helps maintain the zeolite’s framework under harsh conditions. [146,147]. Furthermore, 
Buttersack et al. [148] investigated the stability of highly dealuminated zeolite Y within aqueous 
media. The stability assessment of Y zeolite in both pure water and NaCl solution across varying pH 
levels revealed that the hydrothermal stability of high-silica zeolite is comparatively higher, but the 
presence of Na+ ions significantly accelerates the degradation of the zeolite structure. 

Altering the Bronsted and Lewis acid sites of zeolite Y through dealumination and desilication 
processes markedly impacts their catalytic properties. Dealumination leads to the generation of tri-
coordinated aluminum, which acts as a Lewis acid site, crucial for catalytic reactions like oxidative 
desulfurization [149]. Wang et al. [150] achieved an increase in the Si/Al ratio of 2.7 after a mild steam 
treatment of a parent zeolite Y. They noted that the concentration of Bronsted acid sites decreases 
with dealumination, but the remaining sites exhibit increased strength due to a reduced framework 
aluminum content. Additionally, Li et al. [151] investigate the spatial proximities among acid sites in 
dealuminated H-Y zeolites. As a result, the extra framework AlOH species (Lewis acid sites) are 
consistently located near bridging AlOHSi hydroxyls (Bronsted acid sites) in zeolites treated by 
thermal and hydrothermal methods, creating a synergistic effect that improves the catalytic activity. 
On the other hand, during desilication, aluminum is reinserted into the zeolite framework, forming 
tetrahedral coordination similar to amorphous aluminosilicates, which can generate both Bronsted 
and Lewis acid sites [91]. 

All the above changes in chemical and physical properties cannot be evaluated if it were not for 
characterization techniques, which are listed in Table 2. 

Table 2. The common characterization techniques used to characterize the physicochemical properties of zeolite 
Y. 

Characterization 
Technique 

Purpose Typical Conditions Example in Literature Ref. 

FTIR Identify functional groups 
and framework vibrations. 

Ambient; powdered 
or pellet samples 

FTIR confirmed the successful synthesis of 
zeolite NaY from Rice husk ash by 

identifying the distinct functional groups, 
such as Si-O and Al-O stretches. 

[152,153] 
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XRF Determine elemental 
composition. 

Ambient; solid or 
powdered samples 

XRF measured the elemental content in 
zeolite Y synthesized from natural clay. 

[154] 

TGA Study thermal stability and 
decomposition behavior. 

commonly up to 
1000°C, controlled 
atmosphere (air or 

inert) 

The thermal stability of NaTMA-Y zeolite 
was quantified before and after activation 
utilizing TGA, which revealed a mass loss 

between (625-1050K) due to the 
decomposition of the TMA+ cations. 

[155,156] 

NH₃-TPD Determines the acidity 
strength and distribution of 

acidic sites. 

Variable 
temperatures; 

controlled ammonia 
gas flow 

NH3-TPD analysis showed that modified 
zeolite Y via dealumination increased the 

concentration of strong acid sites. 

[157] 

EPR Study paramagnetic species 
and defects. 

Ambient or low 
temperatures; under 

magnetic field 

EPR identified the formation of Cu2+ NO₃- 
species at room temperature in Cu-Y 
zeolites when used for the catalytic 

reduction of NOx with hydrocarbons. 

[158,159] 

ICP-OES determining the elemental 
composition and metal 

loading 

Ambient; sample 
digested in solution 

The Si/Al ratio of modified zeolite Y with 
iron species was measured using ICP-OES. 

[160,161] 

DR UV-Vis Analyze electronic 
transitions in metal-
substituted zeolites. 

Ambient; solid 
samples in diffuse 
reflectance mode 

DR UV-Vis is used to study the electronic 
transitions in the FeY zeolite, helping to 
identify the presence and nature of iron 

species within the zeolite structure. 

[162] 

Moreover, the performance of modified Zeolite Y in specific reactions, such as the 
transesterification of waste cooking oil for biodiesel production, has demonstrated that modifications 
can lead to significant improvements in conversion rates and product yields compared to unmodified 
zeolite [163]. This is indicative of the broader applicability of modified zeolites across various catalytic 
processes, where the tuning of physicochemical properties can lead to optimized performance. 

4. Limitations and Future Prospects 

Although post-synthesis modification has significantly enhanced its applicability, several 
constraints continue to influence the extent to which these techniques can be executed. One of the 
main challenges is maintaining the stability of the FAU framework during treatments such as 
dealumination and desilication. Too aggressive dealumination might lead to structural 
disintegration, loss of crystalline structure, and the appearance of unwanted non-framework species, 
all significantly impacting the acidity and molecular diffusion of zeolite. Desilication presents similar 
challenges as alkaline solutions can easily over-etch the framework, resulting in inconsistent 
mesoporosity and sometimes destroying micropores. Consequently, creating uniform and 
predictable pore structures remains difficult. Moreover, the uneven distribution of active sites after 
modifications like ion exchange, metal loading, or steaming is another issue. Incomplete exchanges, 
or the formation of EFAL can produce catalysts with performance variations that exceed anticipated 
levels. Scaling up these processes is also not straightforward. Many post-treatment procedures, 
particularly those that necessitate careful leaching, multi-stage exchanges, or template-based 
methods, are hard to reproduce consistently on a large scale, and they increase production costs. 
Environmental concerns add further complications. Acidic, alkaline, and solvent-intensive processes 
generate waste that must be properly managed, which may reduce the appeal of these methods for 
industrial applications. Even after successful modifications, researchers frequently face a trade-off; 
enhancing molecular transport through the creation of mesopores comes at the cost of the density of 
strong Bronsted acid sites, thereby potentially compromising catalytic efficacy for reactions reliant 
on acidity. Despite these challenges, several promising avenues could steer future advancements. 
More refined and mild modification pathways, such as the utilization of chelating agents, may 
facilitate precise control over the Si/Al ratio without compromising the integrity of the framework. 
New strategies for generating hierarchical pores without surfactants or excessive chemical usage, 
including dry-gel or steam-assisted approaches, could make the process more sustainable and 
reproducible. Improvements in characterization techniques, such as in-situ NMR and high-resolution 
microscopy, will also give clearer insights into the structural evolution during treatment, helping 
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researchers design modifications more deliberately. Another area with considerable potential is the 
incorporation of single-atom metals or dual-function sites. If metals can be anchored more firmly 
within the FAU structure, Zeolite Y could be customized for reactions in fuel upgrading, alkylation, 
or biomass conversion with much higher precision. Computational tools and machine-learning-
based screening may also help identify optimal treatment conditions more efficiently. Finally, the 
development of greener and more scalable methodologies that employ reduced solvent usage, lower 
energy inputs, or alternative activation techniques will be essential for the long-term industrial 
integration of these processes. Moving ahead, research is likely to concentrate on formulating 
modification strategies that strike a balance between pore architecture, acidity, and stability for 
specific catalytic or adsorption applications. Overcoming these challenges through careful 
engineering and sustainable practices will play a key role in advancing the next generation of high-
performance Zeolite Y materials. 

5. Conclusions 

The post-synthesis modification techniques discussed herein underscore the significance of 
customized treatments in enhancing the performance of zeolite Y. Dealumination methods, whether 
conducted via acidic, steaming, or chemical means and augmented by innovative strategies such as 
ultrasound, proficiently enhance the Si/Al ratio while generating more robust and accessible acid 
sites. Desilication, through alkaline treatments, generates mesoporosity and enhances mass transport 
as well, especially when combined with dealumination. Ion exchange further enriches the functional 
potential of zeolite Y by fine-tuning its cationic composition, consequently modifying both its acidity 
and adsorption properties. Meanwhile, Surface functionalization through silanation and grafting not 
only alters the hydrophilic/hydrophobic balance but also amplifies the selectivity for specific 
applications. Advanced modification approaches, including microwave-assisted processing, 
manifest as promising and energy-efficient alternatives to traditional methods. These strategies 
enable the development of multifunctional zeolite Y materials with superior catalytic, adsorption, 
and separation properties. Future research should focus on integrating these methodologies 
alongside the optimization of process parameters to prepare zeolite Y for emerging applications like 
CO2 capture, biofuel production, and green chemistry transformations, thus ensuring its ongoing 
relevance in sustainable industrial processes. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

FAU Faujasite framework 
USY Ultra-Stable Y Zeolite 
EFAl  Extra-Framework aluminum 
AFS Ammonium fluosilicate  
EDTA Ethylene diamine tetraacetic acid  
AHFS Ammonium hexafluorosilicate  
NaOH Sodium hydroxide 
TAAOH Tetraalkylammonium hydroxide  
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TPA  Tetrapropylammonium 
CTA Cetyltrimethylammonium 
OMM Ordered mesoporous material  
CTAB Cetyltrimethylammonium bromide  
TPAOH Tetrapropylammonium hydroxide 
TBAOH Tetrabutylammonium hydroxide  
LPIE Liquid-phase ion exchange 
SSIE Solid-state ion exchange  
VOC Volatile organic compound 
APTES 3-Aminopropyltriethoxysilane  
APDEMS 3-aminopropyl(diethoxy)methylsilane  
MMM Mixed matrix membrane 
AEAPTMS N-[3-(trimethoxysilyl)propyl]ethylenediamine ()  
PSA Pressure swing adsorption  
OTS N-octadecyltrichlorosilane 
TSA Temperature swing adsorption  
XRD X-ray diffraction 
SEM Scanning electron microscopy 
TEM Transmission electron microscopy 
BET Brunauer–Emmett–Teller surface area analysis 
NMR Nuclear magnetic resonance spectroscopy 
Raman  Raman spectroscopy 
FTIR Fourier transform infrared spectroscopy 
XRF X-ray fluorescence spectroscopy 
TGA Thermogravimetric analysis 
NH₃-TPD Ammonia temperature-programmed desorption 
EPR Electron paramagnetic resonance spectroscopy 
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