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Abstract: Zeolites are amongst the most extensively explored crystalline microporous materials
because of their variable chemical composition, framework geometry, pore dimensions, and
tunability. Due to their high surface area, adsorption selectivity, mechanical, biological, chemical, and
thermal stability, these molecular sieves are widely used in adsorption, catalysis, ion exchange, and
separation technologies. This short review highlights the notable progress achieved in leveraging the
properties of zeolite materials for multiple applications, including gas separation and storage,
adsorption, catalysis, chemical sensing, and biomedical applications. The aim is to emphasize their
capabilities by showcasing important achievements that have driven research in this field toward
new and unforeseen areas of material chemistry.
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1. Introduction

Zeolites are amongst the most extensively explored crystalline porous materials due to their
variable chemical composition, framework geometry, pore size, and tunability. Because of their high
surface area, adsorption selectivity, and mechanical, biological, chemical, and thermal stability, these
molecular sieves are widely used in adsorption, catalysis, ion exchange, and separation technology.

Porosity is a crucial feature of most zeolites, playing a pivotal role in many applications such as
water purification, catalysis, and gas separation. This property controls the size and accessibility of
the internal surface area, where important chemical interactions occur.

The simplest way to classify zeolites is by the number of tetrahedra that form their pore openings
(see Table 1). According to Flanigen et al. [1], zeolites with tiny pores have channels defined by 8-
membered rings (8R) with diameters ranging from 3.5 to 4.5 A (for example, gismondine). Medium-
pore zeolites contain 10-membered rings (10R) with apertures between 4.5 and 6 A (such as ferrierite).
Large-pore zeolites are characterized by 12-membered rings (12R), with free diameters ranging from
6 to 8 A (for instance, mordenite). Finally, zeolites with pore openings consisting of 14 or more
membered rings (14+R) fall into the category of extra-large pores (such as covert) [2].

Table 1. Channel systems are categorized by decreasing tetrahedral atoms in the largest rings (bold). They
include channel direction, bold T-atom counts in the ring controlling diffusion, and crystallographic channel

diameters in Angstroms. Asterisks denote whether the system is one, two, or three-dimensional.

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

CLO Cloverite <100> 20 4.0 x 13.2*** | <100> 8 3.8 x 3.8***

VFI VPI-5 [001]1812.7 x 12.7*

AET AlPO-8 [001] 14 7.9x8.7*

CFI CIT-5 [010] 14 7.2 x 7.5*

DON UTD-1F [010] 14 8.1 x8.2*

0so 0SB-1 [001] 14 5.4x 7.3* 1L [001] 8 2.8 x 3.3**

Large pores

AFI AlIPO-5 [001]127.3x7.3*

*BEA Beta <100>12 6.6 x 6.7** [001] 12 5.6 x 5.6*

BOG Boggsite [100] 12 7.0 x 7.0* [010] 10 5.5 x 5.8*

CAN Cancrinite [001] 12 5.9x 5.9*

FAU Faujasite <111> 12 7.4 x 7.4***

GME Gmelinite [001]12 7.0 x 7.0* L [001] 8 3.6 x 3.9**

ISV ITQ-7 <100>12 6.1 x 6.5** [001] 12 5.9 x 6.6*

LTL Linde Type L [001]127.1x7.1*

MAZ Mazzite [001]12 7.4 x 7.4* | [001] 8 3.1 x 3.1***

MOR Mordenite [001] 12 6.5x 7.0* {[010] 8 3.4x 4.8 "[001] 8 2.6 x 5.7}**

MTW ZSM-12 [010] 12 5.6 x 6.0*

OFF Offretite [001] 12 6.7 x 6.8* 1L [001] 8 3.6 x 4.9**
Medium pores

DAC Dachiardite [010] 10 3.4 x 5.3* [001] 8 3.7 x 4.8*

EPI Epistilbite [100] 10 3.4 x 5.6* [001] 8 3.7 x 4.5*

FER Ferrierite [001] 10 4.2 x 5.4* [010] 8 3.5 x 4.8*

HEU Heulandite {[001] 10 3.1 x 7.5* + 8 3.6 x 4.6*}x[100] 8 2.8 x 4.7*

MFI ZSM-5 {[100] 10 5.1 x 5.5 [010] 10 5.3 x 5.6}***

STI Stilbite [100] 10 4.7 x 5.0* [001] 8 2.7 x 5.6*

TER Terranovaite [100] 10 5.0 x 5.0* [001] 10 4.1 x 7.0*

NAT Natrolite <100>8 2.6 x 3.9** [001] 9 2.5 x 4.1*

Small pores

ABW Li-A [001] 8 3.4 x3.8*

BRE Bikitaite [010] 8 2.8 x 3.7*

CHA Chabazite 1[001] 8 3.8 x 3.8***

LTA Linde Type A <100> 8 4.1 x 4.1***

YUG Yugawaralite [100]82.8x3.6* [001] 83.1x5.0*

VNI VPI-9 {<110>83.1x4.0 [001] 8 3.5 x.3.6}***

doi:10.20944/preprints202501.0157.v1

2 of 14

According to Catizzone et al. [3], the characteristics of the zeolite channel system —including
channel orientation and geometry, spatial connections, pore size, and presence of cages—are essential

factors that influence their activity and selectivity in transformations of organic compounds. These

features play a significant role in the diffusion processes within zeolites and affect the performance

of zeolite catalysts. Increasing both channel dimensions and connectivity was thought to improve

zeolite activity. Notably, zeolites with lower dimensionality in their channels exhibit more rapid

deactivation. The shape selectivity property strongly depends on the zeolite structure: channels with
different paths and shapes (e.g., sinusoidal or straight channels) and pore dimensions can limit or
enhance the diffusion of host molecules, thus determining unique selectivity effects. Therefore, access
to the framework voids is allowed only to species characterized by shapes and sizes comparable to
the framework topology selected.
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Figure 1. Zeolites with channels mono, bi, and tri-directional.

Micropores frequently restrict the diffusion of reactants and products to and from active sites
due to their molecular dimensions. Shortening the diffusion route in voids improves transport and
makes zeolites more efficient as catalysts. Attempts have been undertaken to introduce mesopores
into zeolites to overcome the constraints of the zeolite framework in allowing large molecules (kinetic
diameter 4-10 A) [4]. The intracrystalline mesoporosity can be achieved through templating, post-
synthesis treatments (dealumination and desilication), or hydrothermal treatment using steam [5-7].
The latter often involves temperatures above 500 °C and utilizes ammonium (or hydrogen) zeolites.
As a result, the Si-O and Al-O bonds in the framework undergo hydrolysis, which greatly increases
the mobility of aluminum and silicon species, leaving a void (hydroxyl nest) or partial amorphization.
Combining micropores and mesopores in a single zeolite crystal can improve catalytic performance
significantly [8, 9]. Mesopores in zeolite crystals lead to shorter intracrystalline diffusion channel
lengths and increased exterior surface area. Mesopores facilitate the efficient transport of reactants
and products, while the micropores in zeolites contribute to shape-selective properties. The features
of zeolites arise from structural confinement, resulting in an inherently confined system at the
molecular scale. Significant effort has been devoted to exploring and employing this structural
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confinement to address two fundamental questions what causes the distinctive properties of zeolites
and how they can be applied in innovative applications.

This short review highlights the significant progress achieved in leveraging the properties of
zeolite materials for various applications, including gas separation and storage, adsorption, catalysis,
chemical sensing, and biomedical applications. The aim is to emphasize their capabilities by
showecasing significant milestones that have driven research in this field toward new and unexpected
areas of material chemistry.

2. Zeolites for Sustainable Environmental Applications

To effectively control and optimize the properties of zeolites, it is crucial to understand their
framework types, structural connectivity of tetrahedrally coordinated atoms, and crystal chemistry.
The Si/Al ratio (SAR) of zeolites is a critical parameter affecting properties such as the maximum ion-
exchange capacity, thermal and hydrothermal stability, hydrophobicity, concentration, and strength
of Bronsted-type acid sites, along with catalytic activity and selectivity (Figure 2).

Adsorption Capacity

lon Exchange Capacity
Photocatalyst
Thermal Stability

Environmentally Harmless

Regenerability

Uniform Micropore Size

Catalytic Activity

Bronsted Acidity
Lewis Acidity

Shape Selectivity

Figure 2. Main zeolite properties.

Zeolites with high SAR exhibit higher thermal stability reaching temperatures as high as 1300
°C, and lower dehydration temperatures, due to their surfaces becoming more hydrophobic [10-13].
The selective adsorption capability alongside the size and shape of the pores and channels through
which host molecules diffuse. Consequently, zeolites can act like molecular sieves, meaning that
when a mixture containing two components differing in shape and size flows through the zeolite
channels, the different components can be successfully separated.

2.1. Zeolites for Inorganic Contaminants Removal

The SAR significantly impacts the ability to host water and extraframework cations [14]. The
high ion exchange capability and the selectivity of zeolites are vital for removing ammonia, heavy
metals, and radionuclides from natural waters and wastewater. According to Jin et al. [15], heavy
metal adsorption initially involves the external surface of the particles, followed by the counter-
diffusion of interchangeable cations, and finally the sorption in the microporosities of the zeolite.
Zeolites such as X, Y, A, and P can achieve the removal of up to 96% of heavy metals, 90% of
phosphoric compounds, 96% of dyes, 80% of nitrogen compounds (96% specifically for ammonium),
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and 89% of organic substances [16, 17]. The sequestration of Hg, Cu, Cd, Zn, Cr, and Ni using natural
zeolites like clinoptilolite and chabazite can be enhanced through iron coating or by utilizing
nanoscale zero-valent iron combined with zeolite materials. Core-shell ZnO/Y particles are effective
at enhancing lead uptake and have antibacterial properties. [18]. Due to the similarity in size between
metallic ions and the pores, the kinetics are fast, regardless of the type of zeolite or the heavy metal
being removed.

Zeolites are radiologically stable and exhibit a strong affinity for radionuclides like *Sr and '3’Cs.
Natural mordenite and clinoptilolite are effective in decontaminating nuclear power plant
wastewater [19]. Furthermore, all-silica zeolites are used to capture iodine released during the
dissolution of nuclear fuel rods [20, 21].

Recently, Kwon et al. [22] investigated the efficiency of zeolites with both different framework
topologies and Si/Al ratios, to carefully evaluate their sequestration capabilities for Cs* and Sr?* in
simulated groundwater and seawater. The strong attraction of the Cs+ ion to zeolites with high Si/Al
ratios can be explained through dielectric theory. The geometry and dimensions of zeolite openings
are also significant in their ion-exchange capabilities. Zeolite frameworks containing 8-membered
rings (8MR), such as LTA, GIS, CHA, and MOR, demonstrate exceptional selectivity for Cs+
compared to frameworks without 8MR units. This occurs because Cs* is likely to fit within the center
of the 8MR units, and its ionic size (3.6 A) is well matched to the size of these cavities, which range
from 3.6 to 4.1 A [23]. On the other hand, zeolites with larger and more ellipsoidal cages, like
chabazite, phillipsite, stilbite, and heulandite (with SAR, ranging from 2 to 3), tend to prefer larger
cations, such as Cs over Na* or Sr?*. Conversely, lower Si/Al ratios are crucial for enhancing the
attraction to strontium ions, as this allows for the formation of Al-Al pairs that can effectively interact
with strontium.

Moreover, zeolites with low Si/Al ratios can release extraframework sodium and calcium ions
from their structure to sequester ammonium and potassium from soils (Figure 3). This process
reduces the leaching of nutrients from the soil and enhances the recovery of insoluble phosphorus
from agricultural fields, promoting a more sustainable and healthier farming environment. Zeolites
exhibiting a high Si/Al ratio possess fewer sites available for exchange, a lower electric field gradient,
and a reduced level of hydration [1]. In these materials, the ion exchange capacity is strongly related
to defect sites (5iO) and the framework-terminating Si-OH groups.

Figure 3. Cationic exchange in zeolites.

2.2. Zeolites for the Removal of Organic Contaminants

Zeolites are pivotal in environmental remediation efforts, contributing to outdoor air quality
monitoring, as well as the purification of water and wastewater by efficiently removing cationic
species, including ammonium, heavy metals, rare-earth cations, radioactive species, and various
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organic pollutants [24-30]. It has been noted that the zeolites' adsorption is strongly affected by their
composition and structural features. Factors such as pore window size, internal pore volume, and
steric hindrance are crucial in determining adsorption selectivity. Medium-pore zeolites, including
ZSM-5 and ferrierite, exhibit exceptional efficiency in removing volatile organic compounds (VOCs)
and organic molecules of moderate size, from dilute aqueous solutions [31, 32]. Conversely, zeolite Y
demonstrates noteworthy adsorption capabilities for larger molecules, especially drugs [32-34]
(Figure 3).

Recent studies focused on the effectiveness of 13X and ZSM-5 adsorbent materials have been
undertaken in the industrial area of Tito Scalo, located in the Basilicata Region of Southern Italy,
specifically focusing on removing heavy metals and VOCs from polluted water. The results revealed
that ZSM-5 demonstrated remarkable efficacy in the removal VOCs, specifically 1,2-dichloroethylene
and trichloroethylene, achieving removal efficiencies exceeding 87%. On the other hand, 13X zeolite
exhibited remarkable selectivity for the in situ abatement of heavy metals, with efficiencies reaching
up to 100%. These noteworthy findings suggest that a sequential filtration system using both ZSM-5
and 13X zeolites could function as a highly effective adsorption method for the remediation of
groundwater contaminants, similar to the functionality of Permeable Reactive Barriers [24; 35].

Zeolites have emerged as a focal point in the research aimed at reducing emerging contaminants
in aqueous environments, including pesticides, pharmaceuticals, and perfluorinated compounds
(PFAS) [36]. Previous investigations have shown that some monomers of humic acids possess the
ability to compete with these contaminants for adsorption sites on zeolites [37]. This competition is
made more complex by the potential for complex interactions between organic contaminants and
naturally dissolved organic matter, which can significantly influence the adsorption process [38].
Recently, an investigation was conducted to assess the impact of humic monomers, specifically
vanillin and caffeic acid, on the adsorption of sulfamethoxazole by high-silica zeolite Y [39-41]. The
results indicated that the adsorption of caffeic acid was minimal and did not significantly affect the
adsorption of sulfamethoxazole within a pH range of 5 to 8. However, more recent studies have
revealed that caffeic acid concentrations below 20 mg L' can enhance the adsorption of sulfonamide
antibiotics on ZSM-5 at a pH of 9 [39].

It is also crucial to consider that these substances frequently coexist with a variety of other
contaminants in both natural and wastewater systems, i.e. per- and polyfluoroalkyl substances
(PFAS). PFAS are emerging contaminants that are gaining attention for their ubiquitous distribution,
persistence, and toxicity in the environment and ecosystem. As regulatory frameworks become
increasingly stringent regarding environmental and health standards for PFAS, adsorption is
emerging as a promising technique to address these challenges effectively. Among the PFAS removal
approaches, the adsorption from water and wastewater through porous materials has shown great
effectiveness, albeit the PFOA and PFOS adsorption mechanisms are not yet completely understood.
Zeolites differing in framework topology ((including FAU, LTL, BEA, MOR, CHA, and KFI) and
5i02/Al20s have been evaluated for several types of PFAS (i.e. PFCAs, PFSA, FTSAs, and FOSA) [40-
45]. Several factors, including the perfluoroalkyl chain length, the presence of functional groups, and
the molecular size, influence the adsorption capacity of individual PFAS. Other key factors affecting
the affinity of zeolite for PFAS include the SAR, the nature of tetrahedral cations, the occurrence of
silanol groups, the zeolite hydrophobicity, and any post-synthesis modifications like ion exchange
and ammonium fluoride treatments. [41-47].

PFASs were recently removed from different polluted waters (untreated water from drinking
water facilities, wastewater discharges from processing plants, leachate from landfills, and
groundwater from waste sites) in Uppsala, Sweden. The results indicated that zeolite Beta (SAR=25)
and mordenite (SAR=240) demonstrated absorption capacities of 99.5% and 99.2%, respectively [42].
The ability of these materials to absorb individual PEAS was affected by several factors including the
length of the perfluoroalkyl chain, the presence of functional groups, and the molecular size.
Furthermore, it has been suggested that modifying the most effective zeolites with silver could help
prevent biofilm formation while improving antifouling and adsorption capabilities in wastewater
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treatment processes. Notably, silver-functionalized zeolites demonstrated superior PFAS uptake
capacities, indicating that silver functionalization may facilitate catalytic reactions in the degradation
of PFAS [44].

Zeolite membranes can remove salts and oils from water, offering an alternative to reverse
osmosis membranes. Natural zeolite membranes, like heulandite and clinoptilolite show high
rejection rates for metal cations and toluene in synthetic seawater.

Zeolite-coated mesh films, such as those made with silicalite-1, achieve efficient gravity-driven
oil-water separation thanks to their super hydrophilicity and underwater superoleophobicity [48-49].
Composite zeolite-polymeric membranes (like polysulfone, polyethersulfone, polyacrylonitrile,
polyvinylidene fluoride, alcohol/agar, and cellulose acetate) result in a powerful mix of mechanical
toughness, chemical stability, flexibility, adsorption ability, selectivity, and surface area. [50, 51].
Recent studies highlight the great potential of zeolite/activated carbon composites in water treatment
technologies. These composites are highly effective at trapping heavy metals and dyes from water
because of the tiny pore sizes of zeolites, while the multilayer structure of activated carbon facilitates
the absorption of larger molecules [53]. Increased amounts of graphene oxide greatly improve dye
decolorization. Additionally, a new hybrid magnetic composite combining zeolite and graphene
oxide has successfully adsorbed 97.346 mg/g of methylene blue dye [54].

Lastly, the development of a water purification membrane made of zeolite, graphene oxide, and
polyvinylidene fluoride (PVDF) demonstrates outstanding water permeability at 28.9 L/m?/h and a
remarkable desalination efficiency of 98% [55]. These cutting-edge innovations are leading towards
a cleaner and more sustainable future for water treatment.

2.3. Zeolites for CO: Capture and Storage

Zeolites with FAU-type topology (i.e. 13X, 4A, and NaY) have been investigated for their ability
to capture and retain CO:z concentrations from 400 ppm to 20-30% [56]. The trapping mechanism
involves both reversible physical adsorption and irreversible chemical adsorption. Typically, zeolites
display moderate adsorption capacities (1-7 mmol g-') at low pressure (1 bar) and elevated
temperatures. Surface modification of zeolites through acid treatment increases performance by
raising the number of acid sites on their surfaces. Moreover, the rate of CO2 adsorption can be
increased through amine-functionalization (i.e. involving mono-ethanolamine, diethanolamine, and
triethanolamine) due to the chemical reactions between the -NH- functional group, CO2 molecules,
and the active sites of the zeolites. Amine grafting is a chemical method that increases CO: uptake by
promoting interactions between CO2 and amine groups and improving the zeolites' surface area and
porosity. The CO:z adsorption performance can be further enhanced by ion exchange with Li*, H¥,
NHy+, Ba?, Mg?, Ca?*, and Fe¥, which modifies the surface properties and structure of the zeolite. For
large and medium-pore zeolites, the spatial constraints are usually negligible because the molecular
dimensions of CO: are considerably smaller than the window apertures. Here, the adsorption
capacity and selectivity are mainly influenced by the interactions between CO:z and the cations. For
example, the CO2 adsorption capacity of 13X is enhanced after Li-loading as the smaller atomic size
and higher basicity of lithium lead to stronger ion-quadrupole interactions in comparison to larger
cations like Na*, K+, Rb*, and Cs*.

This is clearly illustrated by the "molecular trapdoor/cation gating" and "gate breathing” effects
observed in high-aluminum RHO-type, CHA-type, GIS-type, and MER-type zeolites [57, 58]. These
phenomena can lead to significantly enhanced selectivity for CO2/N2 and CO2/CH4, highlighting
the complex relationship between zeolite structure and gas adsorption behavior. For example,
zeolites like EDI, FER, and ISV show about 5% in terms of electrostatic interaction, while structures
like GIS, MER, MOR, and RHO reveal interactions exceeding 15% [57]. Membranes based on small-
pore zeolites (with 8-membered rings, or 8MR) are being actively studied for their capabilities in
separating light gases because their pore sizes are ideally suited for accommodating various light
gases. Key examples of 8MR zeolites applied in catalysis, adsorption, and membrane separation
include DDR (3.6 x 4.4 A), LTA (4.1 x 4.1 A), CHA (3.8 x 3.8 A), ERI (3.6 x 5.1 A), and MER (3.4 x 5.1
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A) [57]. Natural clinoptilolite, particularly when exchanged with alkali and alkaline earth cations
(following order of effectiveness: Cs* > Rb* > K* > Na* > Li* and Ba?* > Sr* > Ca?" > Mg?), emerges as
an up-and-coming candidate for CO2 uptake due to its adsorption capacity, widespread availability,
and economic viability [58-60].

2.4. Zeolites for Catalytic Processes

Despite all the new fields of applications, in the 1960s, catalysis in the petrochemical sector
continues to be the main domain where zeolites are utilized extensively due to their remarkable
capability to enhance catalytic processes [3]. Specifically, the possibility to modify both the type and
location of extraframework cations as well as the incorporation of framework heteroatoms, allows
changes in the selectivity and catalytic activity of zeolites [61]. Zeolite-supported metal catalysts
facilitate the formation of ultrasmall and remarkably stable metal species, contributing to their
exceptional thermal and hydrothermal stability during catalytic reactions, particularly in challenging
environments. Additionally, they exhibit unique shape-selectivity, which improves their
performance in a wide range of catalytic activities. In heterogeneous catalysis, these materials favored
several important reactions, such as hydrogenation of CO and CO:, dehydrogenation, oxidation,
selective catalytic reduction of NOx using ammonia (NH3-SCR), and hydroisomerization. Nickel and
cerium-zeolites (i.e. MFL, BEA, FAU, MOR, ITE) are efficient catalysts for converting CO: to methane,
because the presence of oxygen vacancies in CeO: species enhances the activation of CO2 and
increased the dispersion of Ni species [61-63]. Not only rare earth and noble metal-supported zeolites
(Pd, Ru, and Rh) but also alkali and alkaline metal ions (Li, Na, K, Cs, Ba, Ca, Mg) enhance the CO:
adsorption and activation. Their unique properties (i.e. excellent selectivity, long-term stability, and
recyclability) not only improve reaction outcomes but also pave the way for more sustainable and
efficient chemical processes.

Indeed, the presence of hydroxyl Si-OH-Al groups (Brensted acid sites, BAS) along with the
insertion of tri- or tetravalent heteroatoms within the framework sites confer enhanced catalytic
properties. Similarly, extra-framework aluminum species have also been reported to act as a Lewis
acid site (LAS). BAS and LAS in zeolites are extensively explored key roles in many biomass
conversion processes. For example, Bronsted acidic zeolites with large pores facilitate the conversion
of lactic acid (LA) into lactide, as well as catalyze condensation reactions. Zeolite H-Beta
demonstrates remarkable selectivity in the synthesis of lactide, achieving a yield of approximately
79% at full conversion of LA. Additionally, zeolites with large and medium pores zeolites may also
serve as catalysts for the oxidation of bioethanol to acetaldehyde, or in the conversion of sugar-based
2,5-dimethylfuran to aromatic compound. Indeed, the channels of high dimensions together with the
presence of additional supercages, render large pores zeolites suitable for large-scale processes such
as the fluid catalytic cracking of oil for gasoline production and transalkylation in the refinery
processes. Furthermore, medium pore zeolites are widely used as hydrocracking catalysts in
processes that necessitate greater shape-selectivity towards organic compounds, including olefin
isomerization, dewaxing in refineries, xylene isomerization [64 and references therein]. LAS are most
extensively evaluated for alkene epoxidation, Baeyer—Villiger oxidation of ketones and aromatic
aldehydes, alcohol dehydration, and conversion of sugars, furan, and acid derivatives. The
combination of LAS with additional functional sites (for example, Brensted acid sites, metal sites, and
alkaline sites) could open new possibilities for producing high-value chemicals or fuels from
biomass-derived oxygenates.

2.5. Zeolites in Bioprocessing Applications

In the last years, the potential of zeolites for recovering amino acids from fermentation broths,
underscoring their practical relevance in bioprocessing was reported [65-67]. Zeolites used as sorbent
media for a-aminoacids adsorption usually belong to medium and large pores. The affinity between
the sorbents and a-aminoacids strongly depends on their net charge, which can vary from
positive/neutral to negative in water solutions [68, 69], along with occurring host-guest interactions.
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The uptake of amino acids is mainly influenced by the electrostatic interactions between the
positively charged ammonium group of the amino acids and the negatively charged surface of the
zeolite [70]. This fundamental interaction forms the basis for the binding process. Additionally, the
hydrophobic interactions arising from the non-polar side chains of the adsorbed amino acid
molecules further enhance the overall binding mechanism. These ionic and hydrophobic interactions
synergistically aid adsorption, providing insights into how amino acids interact with zeolite surfaces.
[70, 71]. The intricate interplay between these forces is crucial for comprehending the mechanisms
that control adsorption, making it a significant topic in material science and biochemistry. Notably,
Beltrami et al. [71] demonstrated that when L-lysine is adsorbed onto L zeolite, it adopts an a-helical
conformation, which is stabilized by strong hydrogen bonds formed between the terminal amino
groups of lysine, co-adsorbed water, and the oxygen atoms in the zeolite framework.

Furthermore, investigations by Chen et al. [72, 73] on achiral MFI zeolites have shown that these
materials exhibit differential adsorption properties for the L- and D-Lys enantiomers in acidic
solutions (pH < 2). This finding suggests that achiral zeolites may be applicable for chiral separations,
thereby expanding their applications in biochemical separation processes. Furthermore, zeolites are
increasingly recognized for their significance in the medical and biotechnological fields. From a
medical perspective, zeolites enhance livestock's nutritional status and immune response while
serving as detoxifying agents for humans and animals [74-77]. This multifaceted utility underscores
the vital role that zeolites play in advancing sustainable technologies, i.e., in detecting biomarkers,
controlled drug and gene delivery, tissue engineering, biomaterial coating, and separation of cells
and biomolecules [78-80].

3. Conclusions

Zeolites are crystalline microporous materials extensively studied because of their distinctive
features, including shape selectivity, adsorption, ion exchange ability, and low manufacturing costs.
Due to their extensive surface area and stability in mechanical, biological, chemical, and thermal
processes, these molecular sieves are utilized not just in conventional processes (petrochemical, coal
chemical industries, separation, adsorption) but also as catalysts for the conversion of greenhouse
gases (CO2 and CH4) and biomass. Multifunctional zeolites, which combine Brensted and Lewis acid
sites, improve the efficacy of multistep reactions, thus offering new approaches for generating high-
value chemicals from biomass. Moreover, zeolites are utilized to produce hydrogen and methanol
for fuel cells, providing outstanding membrane characteristics and selectivity, deserving of further
investigation. Zeolites play a crucial role in generating hydrogen and methanol for fuel cells,
functioning as membranes that inhibit methanol crossover while providing excellent selectivity and
remarkable mechanical and thermal stability, justifying further investigation into this technology.

Zeolites can trap CO2due to their powerful electric fields and transform them into fuels and
chemicals, demonstrating excellent selectivity and stability.

Zeolite-water adsorption systems can store and release energy, making them useful for solar
energy applications and industrial waste heat storage. By coating zeolites onto a metallic bed, heat,
and mass transfer efficiency are enhanced, and the adsorption system is made more compact and
lasts longer. Zeolite composites can be used efficiently to eliminate heavy metals and dyes in water
purification, providing a cost-effective solution enhancing soil fertility and agricultural practices
through their cation exchange properties.

Furthermore, zeolites decrease air pollutants by reducing NOx and NH3 emissions and turning
volatile organic compounds into harmless byproducts, although there are still issues with emissions
treatment.

Despite significant advancements, the application of zeolites in sustainable processes can still be
further enhanced. Primary objectives include enhancing catalyst selectivity, reducing expenses, and
evaluating the economic viability of novel zeolites. With nearly a century of substantial history, the
future for zeolitic research and its applications appears promising.
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