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Abstract 

Natural zeolites are effective for wastewater treatment, particularly in removing heavy metals and enhancing soil water 

content due to their high porosity, ion exchange capacity, and adsorption characteristics. Modification techniques can 

improve their performance, while regeneration methods ensure long-term viability. Future research should focus on 

nanotechnology, zeolite composites, targeted pollutant removal, long-term stability, and economic assessments to 

optimize their use in environmental remediation. Continued exploration of zeolites presents a promising avenue for 

sustainable, cost-effective water quality solutions. 
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Introduction 

The growing need for clean water demands efficient and 

sustainable wastewater treatment methods. Among the 

many strategies, the application of natural zeolites has 

been a promising and extensively researched area [1]. 

Natural zeolites are crystalline aluminosilicates with 

typical ion exchange and adsorption characteristics, 

which make them suitable for the removal of heavy 

metals and other contaminants from wastewater [2]. They 

have high porosity, which enables them to hold a large 

quantity of water, and their adsorption behavior is 

frequently Langmuir-type isotherms. This review 

discusses the application of natural zeolites in wastewater 

treatment, including the removal of heavy metals, their 

impact on soil water content, and future trends in this 

area. 

Properties of Natural Zeolites 

Natural zeolites possess a unique combination of physical 

and chemical properties that make them effective 

adsorbents and ion exchangers [3]. Their crystal structure 

is a three-dimensional network of pores and channels that 

are connected [4]. This microporous structure provides a 

high surface area for adsorption and allows zeolites to act 

as molecular sieves [5]. The presence of exchangeable 

cations in the zeolite structure facilitates ion exchange, 

where wastewater cations are exchanged with zeolite 

cations [6]. These render natural zeolites useful across 

various applications in wastewater treatment, agriculture, 

and catalysis [5]. 

Natural Zeolites for Heavy Metal Removal 

Adsorption and Ion Exchange Mechanisms 

Natural zeolites are effective in removing heavy metals 

from wastewater through adsorption and ion exchange 

processes [7]. The negatively charged framework of 

zeolites attracts positively charged heavy metal ions, 

facilitating their adsorption onto the zeolite surface [8]. 

Simultaneously, ion exchange occurs as heavy metal 

cations replace the cations (e.g., Na+, K+, Ca2+, Mg2+) 

present in the zeolite structure [6]. The selectivity of 

zeolites for different heavy metals varies depending on 

factors such as the zeolite's composition, the charge and 

size of the metal ions, and the solution pH [9]. 

Factors Affecting Heavy Metal Removal 

Several factors influence the efficiency of heavy metal 

removal by natural zeolites. pH of wastewater is very 

important since it controls heavy metal speciation and 

surface charge of the zeolite [10]. Heavy metal adsorption 

is generally favored at close to neutral to slightly alkaline 

pH [11]. Heavy metal concentration in wastewater 

controls removal efficiency, and higher concentration 

presumably can saturate zeolite adsorption capacity [12]. 

The particle size of the zeolite can influence the rate of 

adsorption, with smaller particles providing a larger 

surface area for interaction with heavy metals [13]. 

Types of Heavy Metals Removed 

Natural zeolites have demonstrated effectiveness in 

removing a wide range of heavy metals from wastewater. 

These include, but are not limited to, arsenic (As), 

cadmium (Cd), chromium (Cr), lead (Pb), mercury (Hg), 

nickel (Ni), copper (Cu) and zinc 

(Zn) [9], [14], [15], [16], [17], [18]. Clinoptilolite is the 

most frequently utilized zeolite for heavy metal 

removal [9]. The removal efficiency varies depending on 

the specific heavy metal and the conditions of the 
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wastewater [12]. For instance, lead (Pb) is often removed 

efficiently across a range of pH conditions, while the 

uptake of zinc (Zn) and cadmium (Cd) may decrease at 

low pH and high iron concentrations [19]. 

Comparison with Other Technologies 

While natural zeolites offer a cost-effective and 

environmentally friendly option for heavy metal removal, 

other technologies are also available. Chemical 

precipitation, ion exchange resins, membrane filtration, 

coagulation-flocculation, and electrochemical methods 

are among the alternatives [20]. Each technology has its 

advantages and limitations in terms of cost, efficiency, 

and applicability to different types of wastewater [21]. 

Adsorption using zeolites is often favored due to its 

simplicity, cost-effectiveness, and potential for in-situ 

application [7]. 

Modification of Natural Zeolites 

Enhancing Adsorption Capacity 

Natural zeolites, while effective, sometimes have limited 

adsorption capacities. To enhance their performance, 

various modification techniques have been developed 

[22]. These changes intend to enhance the surface area, 

change the surface charge, or add certain functional 

groups that enhance the heavy metal affinity [23]. 

Acid/base treatment, surfactant modification, and the 

addition of metallic reagents are frequent methods of 

modification [9]. 

 

Types of Modification 

Acid and base treatments can alter the surface properties 

of zeolites, increasing their reactivity and adsorption 

capacity [9]. Surfactant modification involves coating the 

zeolite surface with organic surfactants, which can 

enhance the adsorption of hydrophobic pollutants or 

create a more favorable environment for heavy metal 

adsorption [8]. The incorporation of metallic reagents, 

such as iron oxides, can create composite materials with 

enhanced adsorption capabilities for specific heavy 

metals like arsenic [24]. 

Impact on Pollutant Removal 

Modified zeolites have been found to show enhanced 

performance in the removal of diverse pollutants from 

wastewater [25]. Modified zeolites with sulfur-containing 

polymers, for instance, have exhibited higher selectivity 

for heavy metals [24]. Mg/Al layered double hydroxide 

(LDH)-zeolite composites show better heterogeneity and 

more efficient ammonium removal than traditional 

zeolites [11]. The type of modification and the caused 

change in the properties of the zeolite decide how much 

improvement is observed in the removal of pollutants 

[23]. 

 

Natural Zeolites and Soil Water Content 

Impact on Soil Properties 

Natural zeolites may alter soil water content and enhance 

the soil attributes related to agriculture [26]. Their porous 

nature and high surface area enable them to hold water 

and gradually release it, enhancing the water-holding 

capacity of the soils [27]. Zeolites also influence the soil 

bulk density and porosity by aeration, which are crucial 

for root growth and stability of the soil [27]. The 

incorporation of zeolites into sandy soils will greatly 

enhance their ability to retain water, promoting plant 

growth and alleviating water stress in the case of drought 

[27]. 

Water Retention and Availability 

Studies have shown that incorporating natural zeolites 

into soil can increase water retention by 0.4–1.8% under 

drought conditions and by 5–15% under general 

conditions [27]. The particle size of the zeolite affects its 

water-holding capacity, with smaller particles generally 

leading to greater water retention [27]. Zeolites modify 

the pore-size distribution of the soil, increasing the 

amount of micro-porosity and enhancing water 

retention [27]. However, excessive zeolite addition can 

reduce soil drainage capacity and negatively impact plant 

growth [26]. 

Applications in Agriculture 

The capacity of natural zeolites to increase soil water 

levels makes them significant for agricultural uses [28]. 

They can also be applied as soil amendments in order to 

promote water availability for crops, especially in arid 

and semi-arid areas where water is scarce [27]. Zeolites 

can also enhance nutrient retention within soils, 

mitigating nutrient loss by leaching and enhancing the 

efficiency of fertilizers [29]. In addition, zeolites have 

been able to trap heavy metals in polluted soils, 

minimizing their bioavailability and their plant uptake 

[30], [31]. 

Aquaculture Applications 

Natural zeolites serve important functions in aquaculture 

systems by minimizing waterborne pollutants and 

maximizing sustainability [3]. They are also responsible 

for removing ammonia and other nitrogenous waste, 

which is poisonous to aquatic life [4]. Zeolites are able to 

adsorb heavy metals as well as other impurities and thus 

improve water quality and increase the health and 

development of aquatic animals [3]. The application of 
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zeolites in aquaculture systems leads to a more 

environmentally friendly and sustainable method of fish 

farming. 

Zeolites in Constructed Wetlands 

Modified zeolites can be optimally used in constructed 

wetlands to improve pollutant removal efficiency from 

wastewater [22]. Constructed wetlands are manmade 

systems utilizing natural processes that incorporate 

vegetation, soil, and microorganisms to remove 

pollutants from wastewater [22]. The addition of 

modified zeolites to the wetland media can enhance 

pollutant adsorption and storage capacity, thus raising 

removal efficiencies [23]. The use of constructed 

wetlands and modified zeolites presents a promising 

method of wastewater treatment that is cost-effective and 

sustainable in nature [22]. 

Regeneration and Reuse of Zeolites 

Methods for Regeneration 

To ensure the long-term economic viability of using 

natural zeolites in wastewater treatment, regeneration and 

reuse are crucial [32]. Regeneration involves removing 

the adsorbed pollutants from the zeolite, restoring its 

adsorption capacity [32]. Several methods can be used for 

zeolite regeneration, including thermal treatment, 

chemical treatment, and biological treatment [32]. 

Thermal, Chemical and Biological Treatments 

Thermal treatment involves heating the zeolite to high 

temperatures to volatilize or decompose the adsorbed 

pollutants [32]. Chemical treatment uses acids, bases, or 

other chemicals to dissolve or displace the pollutants 

from the zeolite surface [9]. Biological treatment 

employs microorganisms to degrade the adsorbed 

pollutants [33]. The choice of regeneration method 

depends on the type of pollutants adsorbed and the 

characteristics of the zeolite [32]. 

Restoration of Ion-Exchange Capacity 

Successful regeneration is able to reclaim the ion-

exchange capacity of zeolites, making it possible to 

recycle them several times [32]. Research has established 

that zeolites can be regenerated with sodium hypochlorite 

solution to recover up to 90% of their ion-exchange 

capacity [32]. The possibility of regeneration and reuse of 

zeolites lowers the cost of wastewater treatment and 

decreases the environmental effect of spent adsorbent 

disposal. 

Future Opportunities and Research Gaps 

Nanotechnology and Zeolites 

The integration of nanotechnology with zeolite 

technology offers exciting opportunities for enhancing 

wastewater treatment [34]. Nanosized zeolites exhibit 

increased surface area and enhanced adsorption kinetics, 

leading to improved pollutant removal efficiencies [35]. 

Zeolite nanocomposites, where zeolites are combined 

with nanoparticles of other materials, can provide 

synergistic effects and enhanced performance [36]. 

Further research is needed to explore the potential of 

nanotechnology in developing novel zeolite-based 

materials for wastewater treatment. 

Zeolite Composites and Hybrid Materials 

Another promising research area is the development of 

zeolite composites and hybrid materials [11]. The 

incorporation of zeolites with other adsorbents, polymers, 

or catalysts can lead to materials with desired properties 

and improved performance [24]. Zeolite-polymer 

composites, for instance, can provide enhanced 

mechanical strength and flexibility, whereas zeolite-

catalyst composites can enable the simultaneous removal 

and degradation of contaminants [37]. Additional 

research is required to maximize the composition and 

structure of zeolite composites for targeted wastewater 

treatment applications. 

Addressing Specific Pollutants 

Although natural zeolites have been found effective in the 

removal of numerous pollutants, more research is 

necessary to target specific pollutants of interest [9]. The 

development of modified zeolites with better selectivity 

and adsorption capacity towards emerging pollutants 

such as pharmaceuticals, personal care products, and 

microplastics is necessary [38]. The comprehension of 

interactions between these pollutants and zeolites is 

essential for the design of efficient treatment methods. 

Long-Term Stability and Performance 

The long-term stability and performance of natural 

zeolites in wastewater treatment systems require further 

investigation [25]. Factors such as fouling, aging, and 

changes in wastewater composition can affect the 

adsorption capacity and structural integrity of zeolites 

over time [34]. Studies are needed to assess the long-term 

performance of zeolites under realistic operating 

conditions and to develop strategies for maintaining their 

effectiveness. 

Economic and Life Cycle Assessment 

Systematic economic and life cycle analyses are crucial 

to assess the sustainability of natural zeolite application 

to wastewater treatment [21]. The analyses should be 

based on the costs of mining, processing, modification, 

regeneration, and disposal of zeolites, as well as the 

respective environmental impacts of each process [21]. 
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Comparing the economic and environmental efficiency of 

zeolite-based treatment systems with other technologies 

will provide the basis for making informed decisions on 

their implementation and optimization. 

Conclusion 

Natural zeolites offer a promising and versatile approach 

for wastewater treatment, particularly for the removal of 

heavy metals and the improvement of soil water content 

[20]. Their unique characteristics, like high porosity, ion 

exchange capability, and adsorption ability, make them 

suitable adsorbents and soil conditioners [5]. They can be 

modified in order to enhance performance, and 

regeneration processes can ensure their long-term 

economic viability [22]. Future studies would aim to 

develop nanotechnology, zeolite composites, treatment of 

individual pollutants, stability over long time scales, and 

complete economic and life cycle studies to further 

exploit natural zeolites in wastewater treatment and 

environmental remediation [39]. Future development and 

study of natural zeolites for wastewater treatment 

continue to show huge promise in reaching sustainable 

and inexpensive solutions to water quality problems [40].
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