Advances and Future Perspectives of Zeolite Materials: Bridging the Structure-Function Relationship for Environmental and Industrial Applications

ABSTRACT
Zeolites, due to their unique microporous structure, high thermal stability, and outstanding ion-exchange capabilities, have long served as versatile materials in various environmental, catalytic, and industrial sectors. However, the current research landscape remains fragmented, often isolating structure-function relationships within narrow application domains. This review offers a critical and integrative synthesis of recent advances in zeolite science, focusing on how structural engineering strategies-such as hierarchical pore design, surface functionalization, and ion exchange tuning-improve application-specific performance. Emphasis is placed on the role of structural modifications in overcoming mass transport limitations, enhancing adsorption selectivity, and facilitating catalytic activity for sustainable technologies. Applications discussed include heavy metal removal, ammonium recovery, volatile organic compound (VOC) mitigation, and carbon dioxide capture, with additional insights into emerging areas such as solid waste stabilization and resource recovery. By bridging structural features with multifunctional applications, this review not only identifies current gaps in the literature but also charts future directions for the rational design of next-generation zeolite materials. The findings highlight the critical role of engineered zeolites in addressing global challenges in environmental protection, energy transition, and sustainable development.
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A. INTRODUCTION
Zeolites are a unique class of crystalline aluminosilicates characterized by well-defined micropore structures, high thermal stability, and outstanding ion exchange and adsorption capacities (Kordala & Wyszkowski, 2024) . Naturally and synthetically formed zeolites have attracted great scientific and industrial interest due to their versatile functions across a wide range of applications, including environmental remediation, catalysis, energy storage, and water purification. The intrinsic properties of zeolites-such as their large surface area, tunable pore size, skeletal flexibility, and chemical resistance-make them particularly suitable for addressing pressing global challenges related to sustainable development and green technologies. (Y. Li & Yu, 2021a; Ristanović et al., 2013; Wu et al., 2019) . In recent decades, the strategic utilization of zeolite materials has expanded beyond traditional uses, finding new roles in emerging fields such as carbon capture, biomedical applications, and smart catalysis systems (Valencia, 2021; Weckhuysen & Yu, 2015; Xu & Wu, 2022) . This evolving landscape underscores the importance of zeolites as multifunctional materials that can bridge the gap between materials science innovation and practical environmental and industrial solutions (Bacakova et al., 2018; Lü et al., 2024; Yu & Zhao, 2022a).
Despite the tremendous progress in zeolite research, the current literature remains fragmented, with most reviews narrowly concentrated on isolated application domains such as heavy metal adsorption, petrochemical catalysis, or wastewater treatment. Although such compartmentalized approaches have yielded important insights into specific functions, they fail to present a holistic view of how fundamental structure-property relationships in zeolites govern their multifunctional performance in various sectors. . (Kordala & Wyszkowski, 2024) . Moreover, significant advances in zeolite engineering - which include hierarchical porosity design, ion exchange optimization, surface functionalization, and the development of hybrid composites - are still not critically synthesized in an integrated framework. The lack of comprehensive analysis linking these structural innovations to emerging applications, especially those aligned with sustainability imperatives, leaves substantial gaps in the scientific understanding required to advance zeolite-based technologies. Addressing these gaps is critical not only to maximize the potential of zeolite materials but also to strategically guide future research and industry deployment . (Huang et al., 2024).
In contrast to previous reviews that largely emphasize traditional roles or isolated applications of zeolites, this study offers a critical and integrative perspective that bridges structural characteristics with multifunctional applications across environmental, energy, and industrial sectors . (Xue & Yang, 2021) . By systematically synthesizing recent developments in zeolite modification strategies-such as hierarchical pore engineering, ion exchange optimization, and hybrid material formation-this review highlights how structural adjustments directly influence application-specific performance. Furthermore, the article contextualizes these advances within the framework of sustainable development, mapping the emerging role of zeolites in carbon capture, green catalysis, and resource recovery initiatives (Y. Li & Yu, 2021a) . Such a holistic approach not only deepens the understanding of structure-function-application relationships but also identifies new frontiers where zeolite materials can be strategically positioned to address global sustainability challenges . (Kumari et al., 2024).
This review aims to provide a comprehensive and critical synthesis of recent advances in zeolite research, with a particular focus on elucidating the relationship between structural modifications and multifunctional applications. By integrating insights across environmental remediation, catalysis, energy storage, and industrial processes, this article seeks to bridge existing disciplinary gaps and offer a unified framework for understanding zeolite functionality. In addition, this review seeks to identify current challenges, emerging trends, and prospective research directions that can guide the rational design of next-generation zeolite materials. Through this systematic approach, this review aims to serve not only as a reference point for researchers and practitioners but also as a strategic roadmap to advance the deployment of sustainable and innovative zeolite-based technologies.
With the increasing demand for sustainable technologies and advanced functional materials, a comprehensive and integrative understanding of zeolite systems is becoming increasingly important. Zeolites, with their tunable structures and outstanding physicochemical properties, are poised to address a spectrum of global challenges ranging from environmental pollution to the production of renewable energy. . However, the fragmented nature of existing research hinders the optimization and large-scale application of zeolite materials. By offering a critical synthesis linking structure, properties, and applications, this review fills a significant gap in the current literature and provides important insights for academic research and industrial innovation. Moreover, aligning the discussion with the imperatives of the Sustainable Development Goals (SDGs) enhances the relevance of zeolite research in contributing to a greener and more resilient future. As such, this review is not only timely but also strategically positioned to catalyze future advancements in materials science, environmental engineering, and sustainable technology development.

B. Zeolite Structure Basics
Zeolites are aluminosilicate crystals distinguished by a highly ordered three-dimensional framework consisting of SiO₄ and AlO₄ tetrahedra connected through shared oxygen atoms (Boer et al., 2023; J. Li et al. )., 2022 . Zeolites   can be   divided   based on secondary   building units (sodalite and  pentasil units) as   arrays   of primary building units  (SiO4- and AlO4- tetrahedrals) with different pore     void  systems and  dimensions   as Figure 1 shows.This intricate framework results in a system of uniform micropores and interconnected channels, providing zeolites with extremely high surface area, tunable pore size, and outstanding selective adsorption properties. The substitution of Si⁴⁺ by Al³⁺ in the framework introduces a net negative charge, which is compensated by the presence of additional exchangeable framework cations such as Na⁺, K⁺, or Ca²⁺ (Kordala & Wyszkowski, 2024; J. Li et al., 2022). These unique features support the diverse functional applications of zeolites, ranging from catalysis and adsorption to ion exchange and separation processes. A thorough understanding of their chemical composition, pore topology, and cation distribution is essential for the rational design and optimization of zeolite-based materials for targeted applications (Bacakova et al., 2018; Tang et al., 2008).Figure1 Primary and secondary structures of various zeolites


1. Zeolite Chemical Composition
The chemical composition of zeolites mainly consists of silicon and aluminum atoms coordinated tetrahedrally by oxygen atoms, forming an extensive three-dimensional network. Variations in the Si/Al ratio significantly affect the physicochemical properties of zeolites, including hydrophobicity, acidity, thermal stability, and ion exchange capacity (J. Li et al., 2022; Rajaei et al., 2021) . Zeolites with high silica content (Si/Al >10) exhibit enhanced hydrophobicity and thermal resistance, making them ideal for hydrocarbon processing and adsorption of organic pollutants under harsh conditions. In contrast, zeolites with low silica (Si/Al ~1) have higher ion exchange capacity, thus favoring their use in water softening, heavy metal removal, and other aqueous applications . (S. Lee et al., 2024; Y. Li & Yu, 2021a; Xu & Wu, 2022) . In addition, the presence and type of extra-skeletal cations not only stabilize the structure but also affect the electronic environment of the skeleton, thus affecting catalytic activity. Understanding these compositional nuances enables strategic selection or modification of zeolites to enhance their performance in specific environmental and industrial settings.

2. Pore Topology and Structural Framework
The pore topology of zeolites-defined by the size, shape, and connectivity of internal cavities and channels-plays an important role in determining their functional properties. Zeolite frameworks are classified into several different types such as MFI, FAU, LTA, MOR, and BEA, each characterized by a unique pore system catalogued by the International Zeolite Association (IZA) as shown in Figure 2. Pore sizes are typically in the micropore range (<2 nm), although hierarchical zeolites exhibiting mesoporous features (2-50 nm) have been engineered to overcome diffusion limitations (Y. Li & Yu, 2021a; Moller & Bein, 2013) . Three-dimensional channel systems, as seen in FAU and MFI types, facilitate high molecular accessibility and are favorable for catalytic and adsorption processes involving large molecules. In contrast, one-dimensional channels, such as those present in mordenite (MOR), offer better shape selectivity but may suffer from diffusion constraints (Pérez-Ramírez et al., 2008) . Tailoring the pore structure through synthetic strategies, such as templating or post-synthetic modification, allows to fine-tune the performance of zeolites towards specific separation and catalytic applications. Table 1 summarizes the main zeolite frameworks, characteristic pore sizes, channel dimensions, and typical application domains (Davis, 1993; Jiang et al., 2010; Z. Liu et al., 2020; Paillaud et al., 2004; Tang et al., 2008).
Figure2 Comparison of pore sizes of different skeleton structures

Table 1. Zeolite Skeleton: Pore Sizes, Channel Systems, and Applications
	Framework Type
	Pore Size (Å)
	Channel System
	Typical Applications

	LTA (Zeolite A)
	~4.1
	3D
	Water softening, gas separation (CO₂, O₂, N₂)

	FAU (Zeolite X/Y)
	~7.4
	3D
	Catalysis (FCC), adsorption of large organic matter

	MFI (ZSM-5)
	~5.5-5.6
	3D
	Shape-selective catalysis, hydrocarbon isomerization

	MOR (Mordenite)
	~ 6.5 × 7.0 and 2.6 × 5.7
	1D
	Aromatic adsorption, alcohol dehydration

	BEA (Beta Zeolite)
	~6.6 × 6.7
	3D
	Biomass conversion, fine chemical synthesis

	FER (Ferrierite)
	~4.2 × 5.4 and 3.5 × 4.8
	2D
	Isomerization of olefin skeleton, gas separation



3. Cation Distribution and Ion Exchange Properties
Beyond their framework architecture, the location and nature of extra-skeletal cations strongly influence the functional behavior of zeolites, especially in ion exchange and catalytic applications (Lü et al., 2024) . Cations are positioned within the channels and cages of zeolite structures, often located close to the AlO₄ units creating localized negative charges. The accessibility, mobility, and exchangeability of these cations is highly dependent on the framework topology, Si/Al ratio, and degree of hydration. Ion exchange processes, in which native cations are replaced with desired target ions, support key applications such as water decontamination, heavy metal capture, and selective separation of ions in industrial processes. In addition, the nature of these cations can modulate the Brønsted and Lewis acidity of zeolites, significantly affecting their catalytic activity in acid-catalyzed reactions . (S. Lee et al., 2024) . Optimizing cation distribution through tailored synthesis or post-synthetic ion exchange treatment is thus crucial to maximize the efficiency of zeolites in specific functional roles (Yu & Zhao, 2022b).


C. Zeolite Structure Engineering for Advanced Applications
The outstanding performance of zeolites in various technological fields stems not only from their intrinsic crystal structure, but also from deliberate engineering strategies to modify and improve their physicochemical properties (Huang et al., 2024; Yue et al., 2020) . Recent advances in zeolite science have focused on tailoring pore architecture, surface chemistry, and compositional characteristics to overcome inherent limitations such as restricted mass transport, limited active site accessibility, and structural rigidity (Blay et al., 2017; Grifasi et al., 2024; Masoumifard et al., 2018) . This engineering approach aims to expand the functional versatility of zeolites, enabling their application in more complex and demanding environmental, catalytic, and energy-related applications . (Ding et al., 2015; F. Yang et al., 2023) . In this section, we discuss the main strategies for engineering zeolite structures, namely hierarchical pore design, surface functionalization, and ion exchange tuning, with an emphasis on their impact on application-specific performance . (X. Liu et al., 2024).

1. Hierarchical Pore Engineering
The intrinsic microporosity of conventional zeolites offers excellent selectivity and molecular stability; however, it also provides significant diffusion limitations, especially for larger molecules (Sun et al., 2022) . Limited mass transport through narrow micropores can lead to inefficient reactant accessibility, delayed product evacuation, and decreased overall catalytic efficiency, especially in reactions involving large substrates. Overcoming these intrinsic limitations has been a major focus of modern zeolite research, leading to the development of hierarchical zeolite structures that integrate different levels of porosity (Rhodes, 2011).
Hierarchical zeolites are characterized by the coexistence of micropores (<2 nm), mesopores (2-50 nm), and sometimes macropores (>50 nm) in a single material (Qiu et al., 2024) . These multiscale porosities dramatically improve mass transport properties while maintaining the intrinsic catalytic or adsorption functions of the microporous framework. Various synthetic strategies have been designed to create hierarchical structures, including bottom-up templating methods and top-down post-synthetic modifications. The hard templating approach uses a pre-formed template, such as carbon particles or polymer beads, on which the zeolite framework is crystallized (Schrettl et al., 2016; Serrano et al., 2013) . After template removal, a well-defined mesoporous network remains embedded within the microporous matrix. On the other hand, soft templating relies on surfactant micelles or other organic materials to direct mesopore formation during synthesis (Qin et al., 2015) . Alternatively, post-synthetic treatments such as desilication (selective removal of Si atoms) or dealumination (removal of Al atoms) create mesopores by introducing controlled defects into the existing framework . (Valtchev et al., 2013).
Each hierarchical engineering method provides different structural and functional characteristics. Templated synthesis usually results in uniform and ordered mesoporosity, offering highly accessible active sites and reducing the length of diffusion pathways (Khan et al., 2019) . In contrast, post-synthesis treatment often results in a wider pore size distribution but is simpler and more flexible for industrial-scale modification (Qu et al., 2020) . Regardless of the technique used, hierarchical zeolites consistently show superior performance in catalytic processes where diffusion limitations are critical (Samart, 2022) . For example, in biomass valorization reactions, the increased accessibility provided by hierarchical porosity enables effective conversion of large, oxygen-rich molecules that are inaccessible to conventional microcatalysts (Bai et al., 2019).
In addition, the introduction of mesoporosity in zeolites also reduces deactivation problems such as coke deposition, which usually occurs near the outer surface or at the pore entrance in traditional microporous materials (Qiu et al., 2024) . By facilitating faster bulk transportation and providing alternative pathways, the hierarchical structure extends catalyst lifetime and increases turnover frequency. Hierarchical zeolites have also demonstrated improved adsorption capacity and kinetics in environmental applications, especially for the removal of large organic contaminants and complex mixtures of pollutants from water and air matrices (Wu et al., 2019; Xia et al., 2011) (karen, 11). A schematic comparison of mass transport pathways in conventional microporous zeolites and hierarchically structured zeolites is illustrated in Figure 3. The introduction of mesopores effectively reduces diffusion limitations, improving reactant accessibility and product evacuation.Figure 3 Microporous Zeolite Mass Transport vs. Hierarchical

In summary, hierarchical pore engineering represents a transformative strategy in zeolite design, bridging the gap between micropore precision and mesopore accessibility. The creation of multiscale porosity allows zeolites to overcome longstanding transport barriers, expanding their applicability to reactions and separations that demand molecular selectivity and rapid mass transfer. Future advances in the synthesis of hierarchical zeolites are expected to further refine the pore architecture, achieving an optimized trade-off between structural order, surface area, and functional performance for next-generation catalytic, environmental, and energy-related technologies . (Bai et al., 2019)

2. Surface Functionalization Strategy
Although zeolites' intrinsic properties such as high surface area, ion exchange capacity, and shape selectivity have made zeolites indispensable materials in catalysis and separation, their natural surface chemistry often requires further modification to meet the demands of sophisticated and highly specific applications (Bein & Mintova, 2005; Lang et al., 2024) . Surface functionalization strategies offer a versatile route to tailor the chemical, physical and catalytic properties of zeolites without compromising the stability of the underlying framework . (Mancinelli & Martucci, 2025) . By selectively modifying the external surface and internal pore environment, functionalization expands the range of interactions that zeolites can perform, thus enabling new or enhanced functionalities for environmental remediation, chemical synthesis, and energy storage applications . (Chaudhary, 2017).
Surface functionalization usually involves post-synthetic treatments that graft organic groups, metal species, or other functional groups onto the zeolite surface. One widely used approach is the anchoring of organosilanes containing amino, thiol, carboxyl, or phosphonate groups (Rao et al., 2019) . These organic functionalities introduce new binding sites, alter surface polarity, and facilitate selective adsorption of target molecules such as heavy metals, dyes, or greenhouse gases like CO₂ (Barquist, 2009; S. Y. Lee et al., 2021) . For example, amine-functionalized zeolites have shown high CO₂ capture capacity under ambient conditions due to strong chemisorption interactions between amine groups and carbon dioxide molecules (Kwon et al., 2022; L. Yang et al., 2024) . Similarly, thiol-functionalized zeolites show excellent affinity towards soft heavy metal ions such as Hg²⁺, which enables efficient removal from contaminated waters.
Besides organic modification, surface functionalization through metal incorporation is another powerful strategy to introduce catalytic activity. Methods such as ion exchange, impregnation, and precipitation-precipitation allow the controlled insertion of metal nanoparticles (e.g., Pd, Pt, Ag) or single atoms (e.g., Cu⁺, Fe³⁺) into the zeolite matrix (Farrusseng & Tuel, 2016; Matveeva & Bronstein, 2023) . These metal-charged zeolites exhibit bifunctional properties, combining the intrinsic acidity or adsorption ability of zeolites with the redox or hydrogenation ability of metal species. For example, Pd-functionalized zeolites are highly effective in co-catalytic processes, such as hydrodeoxygenation reactions important for biofuel upgrading, while Fe- or Cu-modified zeolites show promise in Fenton-like oxidative degradation of organic pollutants. (Dai et al, 2020; Kanan & Moyet, 2021).
The choice of functionalization strategy significantly impacts the performance of the resulting material by changing the surface hydrophilicity/hydrophobicity balance, charge distribution, and active site accessibility. Hydrophobic surface modification can enhance the selectivity of zeolites toward nonpolar molecules and improve the stability in humid environments, which is especially important for gas separation membranes and catalytic reactions under aqueous conditions (S. Y. Lee et al., 2021; Sonoda et al., 2010) . Meanwhile, the selective introduction of acidic or basic functional groups can refine the reaction pathway in acid-base bifunctional catalysis, enabling higher product selectivity and conversion rates in complex organic transformations (Cavuoto et al., 2020).
Most importantly, the functionalization process must maintain the integrity of the original zeolite framework. Excessive blocking of micropores, aggregation of metal species, or collapse of the crystal structure during post-treatment can greatly reduce the material performance (Y. Li & Yu, 2021b). Thus, precise control over functionalization parameters-such as reagent concentration, reaction time, temperature, and pH-is critical to achieve homogeneous modification without compromising porosity or crystallinity (Rajaei et al., 2021; Valtchev et al., 2013).
In conclusion, surface functionalization provides a powerful toolkit to extend the utility of zeolite materials beyond their natural capabilities. By judiciously incorporating organic groups, metal centers, or hydrophobic coatings, the surface properties of zeolites can be fine-tuned to meet the increasingly complex requirements of modern environmental, catalytic, and energy-related applications. Future innovations in functionalization chemistry, especially at the single-atom level and under green synthesis conditions, are expected to open up broader horizons for zeolite-based technologies.

3. Ion Exchange Tuning and Composition Modification
Ion exchange tuning represents one of the most powerful and versatile strategies for modifying the physicochemical properties of zeolites, allowing precise control of acidity, charge distribution, redox behavior, and adsorption selectivity (Chukanov et al., 2020; Karge & Beyer, 2002) . Unlike structural modifications that alter the framework itself, ion exchange processes maintain the crystalline integrity of zeolites while significantly altering their functional characteristics. Through the selective substitution of extra framework cations, zeolites can be customized to meet very specific catalytic, separation, and environmental remediation needs . (Rodríguez-Iznaga et al., 2022).
Ion exchange processes typically involve replacing the original cation-typically Na⁺, K⁺, or Ca²⁺-that balances the negative skeletal charge with an alternative cation introduced through a solution-mediated method. Proton exchangers (H⁺-form zeolites) are one of the most widely used transformations, imparting strong Brønsted acidity to the material (Wang, 2011) . This acidic character is crucial for various catalytic processes, including hydrocarbon cracking, isomerization, and alkylation reactions, where the proton donation mechanism governs the reaction pathway. Zeolites with high acidity such as H-ZSM-5 and H-Y have shown outstanding performance in the refining and petrochemical industries, underscoring the importance of controlled protonation (Dyer, 2005; Rhodes, 2011).
Beyond simple protonation, ion exchange with transition metal cations introduces redox activity and expands the catalytic versatility of zeolites. Incorporating species such as Fe³⁺, Cu²⁺, Co²⁺, or Mn²⁺ into the zeolite matrix generates active sites capable of facilitating oxidation, reduction, and Fenton-like processes (Rhoda et al., 2022; Sazama et al., 2016) . For example, Cu-exchanged zeolites have been extensively studied for selective catalytic reduction (SCR) of NOₓ emissions in automotive exhaust treatment, while Fe-exchanged zeolites have been applied in the catalytic degradation of organic pollutants in advanced oxidation processes (AOP) (Wichtelová et al., 2003) . The dispersion and speciation of these metal ions in the zeolite framework is crucial, as it affects the accessibility, reactivity, and stability of the catalytic center (Sánchez-López et al., 2021).
In addition, ion exchange tuning allows the development of multifunctional zeolites by incorporating combinations of cations that provide complementary functions. For example, the simultaneous introduction of acid (H⁺) and redox (Cu⁺ or Fe³⁺) centers creates bifunctional catalysts capable of performing a complex series of reactions, such as tandem oxidation-isomerization processes (Moliner & Corma, 2018; Xu & Wu, 2022) . Such multifunctionality is particularly advantageous in biomass conversion, fine chemical synthesis, and emerging sustainable technologies that demand integrated catalytic systems (Lang et al., 2024).
The impact of ion exchange also extends to adsorption properties. Selective cation replacement can increase the affinity of zeolites for specific ions or molecules based on electrostatic interactions, hydration energy differences, and pore accessibility. Zeolites exchanged with Ag⁺, for example, show high selectivity for halogenated organic compounds and microbial inactivation, making them attractive for water purification and disinfection technologies (Dyer, 2005; El-Nabarawy & Samra, 1994).
Nevertheless, achieving optimal ion exchange results requires careful control of experimental parameters, including ion concentration, pH, temperature, and contact time (Uchida et al., 2010) . Excessive exchange or excessive metal loading can lead to pore blockage, skeleton distortion, or formation of unwanted out-of-skeleton metal clusters that can impair material performance. Therefore, careful optimization of the ion exchange protocol is essential to balance ion dispersion, framework preservation, and functional enhancement (Pabalan & Bertetti, 2001).
In summary, ion exchange tuning offers a highly effective way to customize zeolite materials to meet diverse functional needs. By modulating acidity, redox behavior and adsorption specificity through controlled cation substitution, researchers can strategically engineer zeolites for advanced catalytic, environmental and separation applications. Future developments are expected to explore new ion exchange methodologies, including single-atom ion exchange and in situ dynamic ion exchange systems, to expand the boundaries of zeolite functionality in next-generation technologies.

D. Environmental Applications
The unique physicochemical properties of zeolites-including high surface area, tunable pore architecture, selective adsorption ability, and ion exchange potential-make them highly attractive for a wide range of environmental applications (Senila & Cadar, 2024) . Their ability to selectively interact with contaminants at the molecular level enables zeolites to address critical challenges in water purification, air pollution control, and waste remediation. In recent decades, engineered zeolite materials are increasingly used in technologies targeting heavy metal removal, ammonium elimination, volatile organic compound (VOC) adsorption, and greenhouse gas mitigation, thus contributing significantly to sustainable environmental management (Abdelwahab & Thabet, 2023; Kordala & Wyszkowski, 2024).
One of the most studied environmental applications of zeolites is the removal of heavy metals from water systems. The negative charge framework and ion exchange capabilities of zeolites facilitate the selective sorption of toxic metal ions such as Pb²⁺, Cd²⁺, Hg²⁺, and Cu²⁺ (Dai et al., 2020; Mardiana & Rusli, 2023) . Both natural and synthetic zeolites have been shown to efficiently reduce heavy metal concentrations in industrial effluents, mining runoff, and municipal wastewater. The performance of zeolites in metal adsorption is governed by several factors, including the order of cation selectivity, pore size compatibility, and Si/Al ratio, which modulates the surface charge density. Modified or functionalized zeolites, such as variants grafted with thiols or amines, further enhance adsorption capacity and selectivity, extending their applicability even to the removal of trace-level contaminants under complex environmental conditions (Mudaber & Batur, 2023; Vishnu et al., 2021; Zhao, 2016).
In addition to heavy metals, zeolites show a high affinity for ammonium ions (NH₄⁺), making them valuable materials for nutrient recovery and wastewater treatment. Ammonium contamination is a major environmental concern due to its contribution to eutrophication in aquatic ecosystems (Godifredo et al., 2023; Rahmani et al., 2004; Wasielewski et al., 2018) . Natural zeolites such as clinoptilolite have been widely used for ammonium adsorption, offering high capacity, regeneration ability, and cost effectiveness. Emerging applications are also exploring zeolite-based systems integrated with biological processes, such as ion exchange-nitrification reactors, to achieve more efficient and sustainable nitrogen management in wastewater treatment plants (Godifredo et al., 2023; Kumari et al., 2024).
Zeolites also play an important role in air pollution control, especially in the adsorption and catalytic oxidation of volatile organic compounds (VOCs) and gaseous pollutants. The microporous network and hydrophobic characteristics of high-silica zeolites enable effective capture of VOCs, including benzene, toluene, and formaldehyde, even at low concentrations (Qiu et al., 2024; Xue & Yang, 2021) . In addition, metal-exchanged zeolites, such as Cu- and Fe-zeolites, serve as active catalysts for selective catalytic reduction (SCR) of nitrogen oxides (NOₓ), a major contributor to air pollution and acid rain. These catalysts offer high efficiency, thermal stability, and resistance to poisoning, making them integral components in automotive exhaust after-treatment systems and industrial emission control technologies (Xue & Yang, 2021; Zaitan et al., 2016).
Another rapidly growing field of environmental applications is the use of zeolites for greenhouse gas mitigation, specifically carbon dioxide (CO₂) capture. Zeolites exhibit competitive CO₂ adsorption capacity due to their high surface area, tunable pore size, and adjustable framework polarity (Boer et al., 2023; Xia et al., 2011) . Amine-functionalized zeolites, in particular, show improved CO₂ capture performance under dry and humid conditions, overcoming the limitations typically faced by purely physical adsorbents. Their potential integration into carbon capture and storage (CCS) systems offers a promising pathway to reduce anthropogenic CO₂ emissions and combat climate change (Bahmanzadegan & Ghaemi, 2023; Kwon et al., 2022; Nguyen et al., 2016).
In solid waste management, zeolites are increasingly used for immobilization and stabilization of hazardous materials. Their ion-exchange capability and structural robustness allow zeolites to adsorb radioactive isotopes (e.g., Cs⁺, Sr²⁺) and heavy metals in a stable matrix, thereby reducing leaching and environmental risks . (Lang et al., 2024; Senila & Cadar, 2024; Zhang et al., 2024) . Moreover, zeolites derived from industrial by-products (e.g., fly ash, slag) represent a sustainable approach to valorize waste streams while addressing environmental contamination (Pabalan & Bertetti, 2001; Rhodes, 2010).
Conclusion
In summary, the versatility, adaptability, and sustainability of zeolite materials support their wide application in environmental technologies. Advances in zeolite engineering-such as hierarchical structuring, functionalization, and hybrid material development-have significantly expanded its capabilities beyond traditional uses. As environmental regulations become stricter and the demand for greener and more efficient remediation technologies increases, zeolites are poised to play an increasingly important role in ensuring environmental protection and resource recovery for a sustainable future.
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