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There are many natural zeolites, of which a small number, including clinoptilolite, chabazite, mordenite, erionite,
ferrierite, and phillipsite offer the greatest promise for industrial applications. Natural clinoptilolites have been the
subject for different modifications in order to improve their use potentialities, where the ion exchange property has
been a key role for their different applications. Application of ion exchange to modify clinoptilolites, cation selection,

mono- and polycationic exchange to create new functional materials for specific applications are key issues.

clinoptilolite heulandite ion exchange

| 1. Removal of Cationic Contaminants from Water
1.1. Removal of Heavy Metals

As W states, “The world is so polluted with heavy metals, mainly due to human pollution, that it affects the health of
so many people”. Therefore, research and engineering work to find a way out of this situation must continue
intensively so that we are aware of the effects caused by pollution of the biosphere with these metals, the

symptoms observed, and ways to remove at least part of the pollution that we have from all heavy metals.

The depletion of water resources and water scarcity have become one of the greatest threats to society today,
plaguing the environment [&. Due to population growth, the demand for water exceeds the amount of available
water resources; thus, wastewater treatment becomes indispensable to reduce water scarcity. Removal of heavy
metal ions from industrial and domestic wastewater is of paramount importance for the purity of the environment
and human health. The presence of heavy metals in wastewater increases with the growth of industry and human
activities, for example, in the electroplating industry, electrolysis, metal washing processes, the production of
batteries, pesticides, paper, metal smelting, mining, viscose industry, leather industry, textile industry, etc. Heavy-
metal-contaminated wastewater enters the environment, threatening human health and the ecosystem. Heavy
metals are not biodegradable; thus, the presence of these metals in water in the wrong amounts can lead to critical
health problems for living organisms. Various methods have been devoted to the removal of heavy metal ions from
various wastewater sources. These methods can be divided into adsorption, membrane, chemical, electrical, and
photocatalytic methods. B reviews and discusses these methods in terms of removal efficiency, operating
conditions, and the pros and cons of each method. The authors point out that the study of heavy metal removal

should focus more on using real wastewater rather than synthetic wastewater.
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In practice, the term “heavy metal” has come to encompass any metal, exposure to which is clinically undesirable
and potentially hazardous . The cited review provides a summary of some general concepts of metal toxicology,
and several metals of particular importance are discussed in detail. More information on various aspects of metal
toxicity can be found in B!, Nevertheless, metal poisonings constitute an important aspect of toxicology because

of their widespread use and availability. Some aspects of human exposure to heavy metals are shown in Figure 1.
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Figure 1. The pathways of heavy metal ions in the human body and their effects. Adapted with permission from
Briffa, J. D et al., Heliyon; Elsevier Ltd. CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/,
18 November 2022), 2020 I,

The heavy metals that draw the most attention include V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Mo, Sb, Cd, Hg, Pb (and
not only), which are arranged in order of their atomic numbers in the above list. Compared to other methods of

heavy metal elimination, ion exchange methods for the selective removal of heavy metals are energy efficient and
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environmentally friendly. In particular, zeolites have been attractive adsorbents for heavy metals since the first
attempt to systematically use zeolites for water purification in the 19th century 2. Many types of zeolites have been
tested for the removal of heavy metals, such as zeolites X, Y, A, P (types FAU, LTA, GIS), clinoptilolite, etc. (6],
Recent studies have focused on modifying zeolites with metals or metal oxides to improve their ability to remove
heavy metals. For example, iron-coated clinoptilolite showed significantly improved adsorption capacity for heavy
metals, especially Pb, compared to uncoated clinoptilolite (2. This was probably because iron could reduce Pbll
ions on the clinoptilolite surface to Pb0. Taking advantage of iron's reducing ability, nanoscale zero-valent
iron/zeolite composites can be fabricated. Due to the large surface area of iron nanoparticles and the stabilizing

effect of zeolites with respect to iron nanoparticles, the absorption of Pbll can be greatly improved.

Among the main reports on the use of the natural clinoptilolites as ionic exchanger are industrial wastewater
treatment and the pollution removal and industrial wastewater treatments, where special attention is paid to the
removal and recovery of heavy metals [BIRILYILL Although there are a very large number of reports in the literature
devoted to these processes, most of them describe only the removal of impurities to purify the water itself, i.e.,
without considering the recovery of the valuable metal (by subsequent elution, etc.) and furthermore without any

recommendations on how to proceed with the zeolite used.

Rodriguez-1znaga et al. 19 reported a large-scale study of natural clinoptilolite from the Caimanes deposit, Cuba,
modified into its ammonium form by replacing the original mineral cations through ion exchange in a ammonium-
concentrate solution (concentrated NH,OH) and then using the resulting material as an efficient exchanger in cyclic
Ni%* removal—elution processes 20 or more times in a row, without significantly degrading both the crystal
framework and the Ni?* and NH,* exchange capacity for this modified clinoptilolite. The authors showed that use of
this ammonium-rich solution allows ion exchange processes to be carried out that lead to both the recovery of
nickel once retained on zeolite phase during its removal from solution and the regeneration of the ammonium—
clinoptilolite form for starting a new cycle. Moreover, the Ni?* removal capacity of this clinoptilolite substantially
increased due to the OH™ anions from ammoniac solution are retained (adsorbed, occluded) on zeolite phase, and

consequently, a low-soluble nickel hydroxide precipitation process takes place parallel to the ion exchange.

Greek natural clinoptilolite, supplied by S&B Industrial Minerals S.A. Zeolite, was treated with different wasters
(synthetic aqueous solutions, secondary effluent from system treating municipal wastewater and primary treated
wastewater collected from municipal wastewater treatment plant) containing Zn(ll) and Pb(ll) 2. The desorption
(elution) of Zn(Il) and Pb(ll) retained on zeolite was evaluated by using solutions of HNO3, NaCl, KCl and NH,4CI in
batch processes, which lead to test the clinoptilolite regeneration by conducting successive Pb(Il) and zZn(ll)
removal/elution (adsorption/desorption) cycles. The best results in the clinoptilolite regeneration and metal elution
were obtained with KCI solutions (3 M KCI solution for lead and 1 M KCI for zinc). However, after nine and four
cycles for lead and zinc, respectively, regeneration—elution efficiency decreased by more than 50%, which showed
difficulty desorbing the ions that were easily adsorbed. The authors suggest several issues that could affect the
regeneration—elution efficiency, such as impurities (carbonates, sulfates, etc.) mainly in the wastewater,

replacement of Ca?*, Na*, Mg?" (native cations in the zeolite) by K* and the formation of chloride—metal
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complexes. In addition to this, it is necessary to take into account that high coordination K* cation can achieve with

the clinoptilolite framework.

The ion exchange capacity of the Bulgarian natural clinoptilolite to remove Cd?*, Cu?*, Zn?* and Ni?* from mono-
and multi-component solutions was improved after applying a modification pretreatment by Na* cation exchange to
obtain the exchanged Na-clinoptilolite. However, the reached change had no significant effect on Pb%* removal,
which was associated with the fact that Pb%* ion exchange is more related with other cations (Ca%*and K*) different
to NaZ* 23l |n the same way, the ammonium removal capacity of the natural clinoptilolite from Beli Plast deposit,
Bulgaria, was enhanced after modifying this zeolite to its Na- form 1413l The effect of pretreatment of Chilean
natural zeolite (composed mainly of clinoptilolite and mordenite) with NaCl, NaOH, Na,CO5; and NH,CI solutions on
its capacity to be removed by Mn2* ion exchange was studied 1€ The results showed that the applied
pretreatment type led to an increase in the level of manganese removal. The efficiency depends on the applied
treatment in the following way: NaCl ~ NaOH > Na,CO3 > NH,CI > natural clinoptilolite. The level of Ni?* cation
removal on natural clinoptilolite from a Serbian deposit was improved by modifying this zeolite through Na* ion
exchange to its Na-clinoptilolite form 22, The authors have also reported a low level of nickel removal at room

temperature, which can be improved with temperature increases is in line with other reports B9,

The ion exchange property has also been used to improve the natural clinoptilolites capacity in removal processes
of water pollution that is unusual, difficult to eliminate or that cannot be removed by direct ion exchange, for
example metal oxyanions, such as described in 18, Natural clinoptilolite from Puebla State, México, was
exchanged with 0.1 N HCI solution and then treated with silicon in the presence of peroxide and heptane at 70 °C
(291 This leads to the deposit of silicon nanocrystals on the zeolite surface without affecting its crystalline structure
and textural characteristics, which could help to improve its capacity to remove Cs and Sr isotopes from pollutant
residues. Material of inexpensive cost with increased capacity to remove Cr(VI) in chromate anion form from
waters was prepared using natural clinoptilolite from St. Cloud Mine in Winston, NM, Japan, modified by Fe3* ion
exchange and then an adjustment of pH to 9 29, The authors report that CrO42~ oxyanion binds with oxy-
hydroxides of iron on the zeolite surface, favoring the removal of this anion. This same natural clinoptilolite from St.
Cloud Mine in Winston, NM, Japan, but modified by Fe(ll) ion exchange, was used as an efficient material to
remove chromium in CrO42~ anions form from watery solution 21, The Cr(VI) removal in chromate and dichromate
form on natural clinoptilolite from Chihuahua, Mexico, was improved by pre-modifying it through applying Na* ion
exchange and then treated with hexadecyltrimethylammonium bromide (HDTMA-Br) 22, The modification by ion
exchange led to a light increase in the specific surfaces of this zeolite, which could favor the retention of HDTMA-

Br on teh clinoptilolite surface and, consequently, increase its capacity to remove Cr(VI).

Natural clinoptilolite from Metaxades deposit, Greece, was evaluated in the removal of Cu?*, Fe3* and Cr3* from
nitrate salt solutions (containing KNOj too) in the presence of SO,%~ and HPO,?~ anions (as K,SO, and K,HPO,)
(23] The authors report that Cu?* removal is significantly affected by both anions, while this negative effect is less
significant for Fe3* and Cr3* in the presence of SO,2~ and HPO,2", respectively. This was associated with the

formation of a metal-anion complex. In the case of Fe®*, the presence of HPO,2~ provokes the iron precipitation
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that occurs joint to its ion exchange, which results in a higher removal (complete iron removal). Furthermore, a

significant level of anion removal was reached.

In addition to the modification of clinoptilolites with single cations (monocationic exchange), there are other reports
on modifications with mixed cations (multicationic exchange) that lead to improving its properties for diverse uses,

nanospecies stabilizing on natural clinoptilolite matrix, etc. 241123],

1.2. Removal of Dissolved Ammonia

Dissolved ammonia, the ammonium ion (NH,"), is a water pollutant that can enter water bodies continuously and
persist for a long time. Natural sources of NH,* in water include decomposition of organic matter, gas exchange
with the atmosphere, forest fires, animal and human waste, etc. Another serious cause of ammonium in surface
water is anthropogenic activities such as municipal sewage discharge, deposition from the air, and runoff from
agricultural land 281, One of the forms of nitrogen normally presents in aquatic systems at pH below 8.75 [Z;
ammonium, however, differs from them in its effects at elevated levels. While high concentrations of other forms of
nitrogen can only lead to nutrient overenrichment and indirect effects on hydrobionts, high concentrations of

ammonium (particularly ammonium nitrate) have direct toxic effects on aquatic inhabitants 28],

To detect ammonium in aqueous solutions, conductometric sensors have been developed using the intrinsic cation
exchange of the natural zeolite clinoptilolite [22l. The sensor recognition element was fabricated with a primary layer
of clinoptilolite and a subsequent layer of Nafion on the electrode surface. The protocol for using the sensor
included soaking the sensor membrane in 5 mM sodium prior to analysis to ensure optimal conditions for ion
exchange in the zeolite. The linear range of the sensor studied for the first time was 0-1.5 mM ammonium. The
mechanism of clinoptilolite selectivity to ammonium has been widely studied and is explained by cationic exchange
between Na* ions, which initially occupy the extra-framework exchange sites of the zeolite, and NH,* from the
environment B9, The optimization data obtained by the authors can be useful for the accurate detection of
ammonium by sensors and biosensors based on clinoptilolite. Other features of the optimized ammonium selective
sensors described in this work are their low cost, high stability of operation, and stability during long-term storage,

which makes these sensors promising analytical devices for analyzing real samples.

The use of clinoptilolite allows for the development of other conductometric sensors. The ion exchange properties
of zeolites can be used to accumulate electroactive cations within zeolite particles located on the electrode surface
B This is a key starting point for many electroanalytical applications using zeolite-modified electrodes. Highly
sensitive conductometric urea biosensors have been developed by exploiting the successful combination of the ion
exchange selectivity of clinoptilolite to ammonium with the unique biorecognition ability of urease. To optimize the
performance of urea biosensors based on clinoptilolite, the dependencies of their analytical signals on the pH,

buffer capacity, and ionic strength of the phosphate-buffered solution were investigated 32,

Due to its high affinity for the ammonium ion, clinoptilolite can be used not only for its determination, but also for its

removal from wastewater. This raises the need for the preparation of engineered zeolites having a high ammonium
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exchange capacity and at the same time mechanical strength and abrasion resistance. Research 23 was devoted
to the production and evaluation of synthetic zeolites and comparison with natural clinoptilolite in a demonstration
ion exchange plant treating secondary effluents from municipal wastewater treatment plants. Future work should
focus on optimizing the granular zeolite production process (temperature, time, and furnace size during calcination)
to produce a spherical engineered zeolite that will reduce possible sharp edges that can affect mechanical

strength.

1.3. Removal of Contaminants from Organic Solutions

Besides the ion exchange removal processes performed commonly in aqueous solutions, there are other unusual
methods such as those where the solvents used are organic. The natural clinoptilolite from the northern part of
Greece was used to remove Cu?*, Cr3* and Fe3* cations from nearly pure ethanol and acetone where the cations
are in the form of cation—solvent complex B4, The authors have compared the ion exchange levels in water with
respect to those reached in the organic solvents, being observed as satisfactory levels only to Cr3* in ethanol and

Cu?* in acetone.

2. Storage and Conversion of Undesirable Gas Emissions
into the Atmosphere

The unique and exceptional physical and chemical properties of zeolites in general, and of the heulandite—
clinoptilolite family of zeolites in particular, favor their use in many applications, including CO, post-combustion
adsorption 22, One of these properties is a high adsorption capacity, which is combined with a molecular sieve
effect, which makes it possible to selectively absorb certain gases from mixtures. In combination with ion exchange
properties that allow one to control the number and size of cations in the channels of clinoptilolite, such adsorption

becomes somewhat controllable.

There are many natural zeolites, a number of which, including clinoptilolite, chabazite, mordenite, erionite, ferrierite
and phillipsite, are widely available and are the most promising for gas separation. The results 28 show that these
natural zeolites are particularly well suited for the removal of gaseous impurities. Clinoptilolite and chabazite are

considered the most versatile.

Separation of mixtures is always necessary in modern industry, especially in the fine chemical, petrochemical, and
pharmaceutical industries. The problem of the separation process is usually associated with small molecules with
very similar physical and chemical properties. The widely used high-pressure cryogenic distillation process is
energy intensive. The adsorptive separation process based on zeolite sorbents is a promising low-energy
alternative; however, the efficiency in this case directly depends on the zeolitic material. Review B2 considers
separation mechanisms based on steric, equilibrium, kinetic, and other effects and summarizes recent advances in
adsorption separation using zeolites, including the separation of CO,, light olefins, C-8 aromatics, and hydrogen

isotopes.
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It has been found 28! that in Na- and Ca-clinoptilolites, the diffusion rate of N, is much higher than the diffusion rate
of CHy, resulting in excellent separation performance. The separation kinetics for an N,/CH, mixture depend on the
cationic composition; in clinoptilolites with Li*, Mg2+, and Ca?", N, diffuses much faster than CH,. In addition, a
mixed ion exchanged clinoptilolite such as Mg/Na (50/50) exhibits even better kinetic selectivity for N,/CHy4

separation.

A serious problem is the processing of organic waste. Composting is a promising technology that makes it possible
to obtain a humus-like high-quality compost substance that can be used as an organic fertilizer. However, both
greenhouse gases (N,O, CO,, CH,) and odorous emissions (H,S, NH3) are emitted, which is a serious concern.
These secondary pollutants have adverse effects on the environment and human health. It is known that in the
process of composting, an important role for the quality of the resulting fertilizer is played by the nitrogen cycle. In
review 39 the authors summarized the basics of the nitrogen composting cycle; examined the impact of operating
parameters, microbial activity, enzyme functions influencing the nitrogen cycle; and discussed strategies to mitigate
nitrogen losses. Operating parameters such as humidity, oxygen content, temperature, C/N ratio and pH play an
important role in the nitrogen cycle, and adjusting them is the simplest method to reduce nitrogen losses.
Furthermore, the addition of biochar, and especially clinoptilolite, helps control nitrogen losses, which has a

beneficial effect on the quality of the compost and controls air pollution.

An even more serious problem is the food waste digestate (FDP), which is high in NH,*-N and difficult to compost
due to higher NH3 emissions (and loss of nitrogen from the resulting fertilizer). The study 4% used clinoptilolite as a
physical additive for ammonia retention. The results showed that the addition of zeolite had a positive effect, since
at dosages of additives of 5%—-10%, nitrogen losses decreased by 34%—-39%. At the same time, the addition of

zeolite increased the decomposition rate by 30%—32%.

| 3. Production of Catalysts and Photocatalysts

All people and animals need access to clean water in their daily lives. Unfortunately, we face water shortages all
over the world. At the same time, however, we inevitably pollute water in various ways. Population growth,
globalization and industrialization are generating more and more wastewater that contains pollutants such as
organic substances, metal salts, agrochemicals, herbicides, pesticides, antibiotics, dyes, radioactive pollutants, etc.
This whole range of pollutants can cause various diseases in humans and animals, as well as damage to the
environment. In addition to existing contaminants, a number of new pollutants are now being produced by
developing industries. To solve this problem, we need new effective tools and materials to remove impurities from
wastewater. Photocatalysis can often be very effective for the removal of complex organic substances, especially
under the influence of natural sunlight. However, zeolite itself shows little photocatalytic efficiency; thus, zeolites,
using their ion exchange potential, are enriched with various photoactive materials to increase their photocatalytic

efficiency. The production of such zeolite-based composites is developing.

Natural clinoptilolite can be used as support for immobilization of TiO, nanoparticles “142143] Moreover, it was

found that the efficiency of this composite for photocatalytic degradation of organics under sunlight irradiation was
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significantly improved 41, TiO, supported on alkaline clinoptilolite followed by NH,NO5 treatment exhibited its
effectiveness in hydrogen production by photocatalytic water splitting 43, The results obtained suggest that the ion
exchange alkaline treatment of clinoptilolite along with providing strong basic sites creates mesoporosity;

altogether, this improves the photocatalytic activity of TiO,/clinoptilolite composites for hydrogen evolution.

The photocatalytic activity of CuS in the composition of clinoptilolite during the bleaching of a mixture of methyl
orange and bromocresol green under sunlight irradiation was investigated in 44, The degree of discoloration was
estimated from the residual concentration spectrophotometrically and was confirmed by the reduction in chemical
oxygen demand (COD). The formation of catalytically active copper and nickel nanoparticles on natural zeolites for
the complete oxidation of hydrocarbons was studied in 5481 A combination of green chemistry and nano-
engineering is needed to produce minimal waste, using simpler and safer products, and new technologies. Dyes
have a complex structure, an intractable/recalcitrant nature and a greater number of intermediates. Various
attempts to degrade dyes in textile wastewater using various advanced oxidation processes are being made
everywhere. Treatment technology can be improved by advanced oxidation processes 44, These processes are
efficient, inexpensive, and environmentally friendly methods of decomposing toxic pollutants. Advanced oxidation
processes (AOPs) are broadly defined as a set of chemical treatment procedures designed to remove organic
pollutants. AOPs are classified as non-photochemical and photochemical processes. Various technologies such as
ozonation, Fenton oxidation, wet-air oxidation, electrochemical oxidation, and photocatalytic oxidation can be
included. The production of highly reactive free radicals is the main goal of the AOP process. The production of free

radicals is increased by a combination of two or more AOP processes, resulting in higher oxidation rates.

The review [“8 highlights the types and mechanisms of synthesis of zeolite-based materials for wastewater
treatment and analyzes the gaps in current research, which gives a qualitative background of world research on

this topic.

In 42 Aguifiaga et al. reported that natural mixed clinoptilolite—mordenite tuff is an effective photocatalyst.
Pretreatment of the sample consisted of acid etching. The rock was crushed and sieved to obtain grains with sizes
of 2.38 and 3.36 mm. The particles were treated in 1 M aqueous hydrochloric acid for 8 h at 60 °C, thus obtaining
protonated zeolite. The results obtained were compared with those for titanium dioxide particles, and it was found
that under similar conditions, both zeolite and TiO, require the same time to completely degrade caffeine. On the
basis of spectroscopic analysis of UV-Vis spectra of the materials obtained in this work, it was found that the
absorption bands in the range of 200-500 nm refer to different states of iron, and in natural zeolites, the presence

of iron is common.

In the case of clinoptilolites, it is iron that often becomes the active centers in photocatalysis and catalysis. For
example, in Y, the natural form of clinoptilolite was similarly protonated. Both the initial and H-forms were then
subjected to mechanochemical treatment in water and air. XRD, FTIR, SEM, XPS and UV-Vis spectroscopy were
used to examine both the initial and milled samples. The authors showed that dry milling leads to destruction of the
crystal structure, whereas milling in water partially preserves the crystal structure; however, a meso-macroporous

structure is formed in both cases. The surface of these materials was enriched with oxygen-containing particles of
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iron compounds that served as photocatalytic centers. These samples exhibit increased photocatalytic activity in

the degradation of rhodamine B under the action of visible light Y,

Natural zeolite with a crystalline framework of heulandite type was modified with iron and tested as a catalyst for
selective catalytic reduction of nitrogen oxides by ammonia (NH3-SCR) in the temperature range of 150-450 °C
Bl The activity of the catalyst was tested under industry conditions using tail gases from a pilot nitric acid plant.
The effect of temperature, catalyst loading, and amount of reducing agent (ammonia) on the NOx reduction
process was investigated. The results of the catalytic tests showed that Fe-clinoptilolite showed about 58% NO
conversion at 450 °C. In addition, it was noted that the ratio of N,O concentrations after and before the catalytic

bed was below 1, indicating that the catalyst exhibited activity in both the de-NOx and de-N,O processes.

The authors 22 prepared protonated clinoptilolite as a catalyst carrier and then subjected it to ion exchange with
salts of Fe, Cu, and Co. Their experimental protocol included repeated ultrasound treatment at various stages of
preparation. The zeolite catalysts obtained were used for biomass conversion. The following organic acids were
obtained during conversion: lactic acid, formic acid, pyruvic acid, acetic acid, and levulinic acid. The highest yield of
lactic acid (66.2%) was achieved with Co-clinoptilolite, formic acid (93.6%) with Cu-clinoptilolite, and acetic acid
(87.4%) with Fe-clinoptilolite.

The property of ion exchange has found wide application in the preparation of catalysts. Transition metals, their
oxides and ionic compounds are known to be very effective catalysts. Their use applied to zeolites creates
interesting opportunities for nanoengineering solutions when cations are distributed over the carrier surface. The
use of natural clinoptilolite as a support matrix modified by ion exchange with cations such as Fe2*, Fe3*, Cu?*,
Co?*, Zn?*, etc. led to the development of low-cost NO, reduction catalysts BLESIB4I5] The authors call attention
to the substance (e.g., salts) used as a precursor of the cation active in the catalytic reaction and complete removal
of its residue on the zeolite support after ion exchange, which can affect the activity of the developed catalyst. A
review of studies on samples of HEU-type zeolites, both pure and modified with transition elements of d- and f-
blocks and Pb, is given in B8, The interest in such modified zeolites is mainly due to their use for pollution control
and their potential catalytic properties. Detailed information on the crystal structure of HEU-type crystals fully
subjected to cation exchange shows that the ions mainly occupy two out-of-frame positions: one in the center of
the ten-membered ring, octahedrally coordinated with six H,O molecules, and one in the eight-membered ring,
coordinated with framework oxygen and additional H,O. Additional microscopic, spectroscopic, and thermal data
for heulandite and clinoptilolite interacting with these ions showed non-homoionic and non-stoichiometric metal
loading. Excessive accumulation on the crystal surface due to adsorption and deposition phenomena on the
surface was usually observed. Only a very low incorporation of trivalent lanthanide/rare Earth element ions into the

clinoptilolite channel system was experimentally achieved.

Despite the fact that the use of natural raw materials as catalysts causes a number of problems related to their
non-homogeneous composition, the efforts to create such materials continue. This is due to the fact that synthesis
of zeolites generates rather large volumes of aggressive high-alkali wastes, and synthetic zeolites themselves due

to prices for raw materials and energy turn out to be rather expensive. Modernization processes in the chemical
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industry over the past few years have increased concerns about the sustainable use of natural resources and the
introduction of solvent-free and toxic synthesis processes. In addition, the development of new catalysts capable of
minimizing or even eliminating harmful substances commonly used in the chemical industry is receiving increasing
attention in academia and the industry in the context of “green chemistry,” based on the search for products and
processes that can reduce or even eliminate the use of hazardous substances. Review B4 describes the main

classes of green catalysts, their main characteristics, and various synthesis methods.

| 4. Bioactive Materials

Reviews on medical and veterinary applications of different natural clinoptilolite-based materials as well as their
safety can be found in B85 Modification of natural clinoptilolite by ion exchange with certain cations known for
their oligodynamic activity, such as Zn%*, Cu?*, Ag*, etc., makes it possible to obtain materials and products with
biocide activity for different interest fields B8I6ABL |n 621 the authors reviewed the bioactive properties of
exchanged natural Ag-clinoptilolites, its activity mechanism, antimicrobial agent and biomedical applications.
Studies of Mexican natural clinoptilolite from Etla, Oaxaca, showed that Escherichia coli and Salmonella typhi
bacteria experience a rapid reproduction on this zeolite [83l. However, when this clinoptilolite is modified by using it
first with Na* ion exchange, followed by Ag* exchange and finally thermal reduction, it is transformed into a

material efficient enough to eliminate both bacteria.

The natural clinoptilolite from Sardinia, Italy, was modified by ion exchange with Zn* cations and erythromycin,
resulting in a patented product B4 with the potential for biomedical application in the topical treatment of acne,
where the combination of zinc and erythromycin is effective against resistant strains of Propionibacterium 1. The
antibacterial activity against Escherichia coli (Gram-negative bacteria) and Staphylococcus aureus (Gram-positive
bacteria) of the natural clinoptilolite from Zlatokop, Serbia, modified with Cu?*, Zn?* and Ni%*, was tested in
different liquid media (namely Luria Bertani, synthetic wastewater and real effluent water from the secondary stage
of the biological wastewater treatment plant) [£3l. The only Cu- and Zn-clinoptilolite forms showed important activity
against these pathogens, which reduced the bacterial numbers for six orders of magnitude in effluent water. Ni-
clinoptilolite showed weak antibacterial activity, which was associated with a high leaching of Ni?* from the zeolite
phase to solution. Chilean natural clinoptilolite supplied by Minera Formas, Chile, was subjected for several size
reduction processes to obtain it in nanoparticle form with an average diameter of 37.2 £ 15.8 nm, which then was
chemically treated with HCI solution and finally modified to its copper form by using Cu?* ion exchange 83, This
Cu-nanozeolite showed antibacterial activity against Escherichia coli and Staphylococcus aureus, primary
pathogens that are present in food and that are resistant to multiple drugs. In addition, the authors have outlined
that its nanometric size increase the available surface area and leads to its applicability in different matrices.
Exchanged Ag-, Zn- and Cu-clinoptilolite were the obtained forms of natural clinoptilolite from Vranjska Banja
deposit (Serbia) by using ion exchange, first with Na* ions and then with Ag*, Zn?* and Cu?* cations, respectively,
and they were tested as antibacterial agents for wastewater treatment in a batch and bead filter system 88, Ag-

clinoptilolite showed higher antibacterial activity, which was outstanding in the bead filter system against hospital
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pathogenic bacterium Acinetobacter baumannii, completely removing the pathogenic carbapenem-resistant

bacteria from real effluent wastewater.

Based on Cuban natural clinoptilolite modified by Zn?* ion exchange, a zeolitic product ZZ@ was developed, which
has microbicidal properties against bacteria, yeasts, and protozoa 9. 7Z@ has been used in different drinking
water purification systems (domestic and collective) and preparation of other microbicidal products. Its microbicidal
action consists in the controlled release of Zn?* cations into contacting media (for example, water), which have a
wide spectrum of bactericidal effects on pathogenic microorganisms, suppressing their infectious effect on humans.
The levels of zinc achieved in this way in water are below those recommended by the Guidelines for Drinking
Water Quality (<5 ppm) 4. Furthermore, zinc is an essential element for human and animal life. This element,
sometimes referred to as the spark of life, is effective against a wide variety of pathogens, mostly those living in

water that commonly cause gastrointestinal, lung, and skin infections in humans.

| 5. Agricultural Applications

Among all the zeolites used in agriculture, natural clinoptilolite stands out because it is the most used and
contributes to the improvement of some soil properties [E8I8AIAIZL Cyba is among the countries with major natural
reserves of zeolites, included clinoptilolite L2731, Their deposits are distributed along this Caribbean island Z1I:
coincidently, its most productive agricultural crop areas are in the vicinity of clinoptilolite deposits. In this sense, it is
appropriate to note that silicon, the main component of zeolites, is also considered an important element due to its

significant role in the physiology and biochemistry of the crop plants [Z4Z5I[76],

Of all the nitrogen fertilizers commonly used in agriculture, urea is the most widely used in agriculture worldwide,
where a high nitrogen content (46%) is of great importance. However, its application in soils is accompanied by
high losses and low utilization efficiency (<50%), mainly associated with ammonia volatilization and nitrate
leaching. These processes represent severe environmental risks, manifested in the degradation of soil and
underground water quality, reduction of biodiversity, increase in the concentration of NO,, a gas with a powerful
greenhouse effect, and contributing to the formation of so-called acid rains, the depletion of the ozone layer and
other environmentally unpleasant effects [ZZ. Thus, it is necessary to develop other alternative fertilizers and

technologies that are safer for the environment.

The ion exchange properties of natural clinoptilolites and their affinity for NH,* were used to reduce nitrogen losses
by volatilization of ammonia from urea Z8I7ABY  Stydies with urea/natural clinoptilolite mixtures have shown that
such a mixture results in a 53% reduction in volatile ammonia 2. Natural clinoptilolite from Faku County, Liaoning-
Chine, was mixed with soil, and then, the ability of this zeolite for retaining and releasing ammonium was tested by
contacting the mixture with an NH,* solution 81, The authors reported that clinoptilolite enhances the nitrogen-
retaining capacity of the soil, where ion exchange processes play a key role, and soil quality is improved due to the
co-existence of exchangeable K* and Na* cations, mainly due to the latter. It was reported that the use of natural

clinoptilolite in soils significantly reduces the excretion of ammonium and nitrates from urea compared with the use
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of urea alone “8. Furthermore, exchangeable NH,* and the retention of total soil nitrogen as well as available

nitrate are improved due to the ability of the zeolite to retain NH,* through cation exchange.

The report of the Commission on Natural Zeolites of the International Zeolite Association [I70] on volcanogenic
sedimentary zeolite deposits in Cuba overviews different products and technologies of using Cuban natural zeolites
in agricultural development that lead to remarkable results. Among these Cuban products, NEREA@ stands out.
NEREA@ products are currently available on the market for use as substrates and fertilizers, and technologies for
their production and use have been transferred to Cuban and foreign industries 2. The properties of natural
clinoptilolite, including ion exchange, cause its chemical modification with nitrogen, phosphorous, potassium and
others (calcium, minor and trace nutrients) in the quantities required by agricultural crops. NEREA@ is an
environmentally friendly technology for both industrial production and use. These products facilitate efficient
cultivation, saving up to 90% of chemical fertilizers and water, while significantly increasing crop yields and growth
speed. The nutrients available to plants are stored in the zeolite, and crop plants receive them directly from the
zeolitic particles. NEREA@ products release nutrients in a slow manner, which limits nutrient loss through leaching

and volatilization.

In addition, a controlled release fertilizer was prepared starting from Slovak natural clinoptilolite subjected to ion
exchanges processes, first with Na* and then with NH,* (ammonium chloride) [23l. The authors reported that this
fertilizer is an alternative to reduce losses and increase fertilizer efficiency. Studies of soils with the addition of
natural clinoptilolite and vermiculite (in combination with urea or manure), and the associated processes of nitrogen
mineralization and nitrification, have shown that these materials affect the availability of NH,* and retard the
accumulation of NO3~ in the soil B4, Such an effect on NH,* cation can be associated with the ion exchange

property of clinoptilolite and its high affinity for this cation.

Review B3 summarizes recent and innovative applications of zeolites in the wine industry and provides a critical
discussion of their ability to prevent protein clouding, tartrate instability, or other certain defects. Heavy metal
cations at excessively high concentrations in wine can cause metallic off-flavors, unwanted color changes or
cloudiness. Cloudiness in wine caused by heavy metals is a major problem in winemaking. It is usually caused by
excessively high iron content in wine. Iron is absorbed through the grape roots in relatively small amounts. The
most important source is corrosion of winery equipment. Haze due to copper is based on the formation of insoluble
copper sulfide. Some transition metals (such as Fe and Cu) can catalyze oxidation reactions of phenols and other
compounds in grape wine. Some metals are also undesirable for toxicological reasons. This is why efforts are
being made to reduce the heavy metal content of these drinks. The limits below which clarification is not required

are 4 ppm for iron and 0.5 ppm for copper.

| 6. Zeolites as a Nature-Forming Factor

Discussion of this range of phenomena leads us to the necessity and possibility to assume that, already by their
existence on the surface of our planet, zeolite minerals influence the daily life of mankind. If it is possible to move

thousands of tons of natural zeolite to create an artificial barrier on the way of spreading certain ions over the
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surface and in the hydrosphere, then all the same effects exist for geological times in places where they are
deposited. Consequently, if comparing and analyzing some data, it becomes possible to discover some global

effects that zeolites have on landscapes in which they occur.

Based on these claims, a new interdisciplinary scientific field has been proposed B8IE7l Medical geology is defined
as the science that studies the relationship between geological factors and human, animal, and plant health
problems. Medical geology can also be recognized as geomedicine; medical geography is developing in parallel,
with a somewhat different meaning associated with the broader field of medical geology. Medical geography looks
at the geographic distribution of disease without focusing on the underlying geology; this is why there are
universally recognized resort centers where medics send the seriously ill to improve their health. This whole body
of evolving knowledge examines the causal relationships between specific diseases and the physical and social
environment. As the recent example of the discussion of the properties of erionite (see above) demonstrated, the
field of study is complex and requires a serious interdisciplinary approach involving a wide range of specialists,
from geologists and geochemists to medical scientists, biologists, and geneticists. The unique and exceptional
physical and chemical properties of some minerals favor their use in numerous fields of medicine 8. On the other
hand, it is well known that people selfishly use natural resources to satisfy their needs regardless of what happens
to the environment; therefore, nature’s “response” and its impact on public health is sometimes unexpected
(exposure to toxic levels of trace elements, deficiency of essential trace elements, exposure to mineral dust,

radioactivity, industrial disasters, and so on) (86],

The relationship between geology and human health is not unexpected news; it was first noted back in antiquity.
During the Renaissance, the Swiss alchemist, physician and philosopher Paracelsus proclaimed the principle:
“Everything is poison, everything is medicine; only the dose differentiates a poison and a remedy’. The
development of atomic emission spectroscopy made it possible to analyze media with extremely low
concentrations of elements. The application of this analytical method made it possible to measure the trace
element composition of soils, plants, animal tissues, and other substances, leading to important scientific
discoveries. Information about the vital necessity of trace elements and their influence on the condition of living

organisms was collected 2],

The use of zeolites in the natural environment is important in terms of monitoring the mobilization of toxic metals
and trace elements that affect the food chain, and their deficiency as well as excess determine the quality of plants
and human and animal health 29, |n addition, zeolites, having certain physical, physico-chemical and chemical
properties, interact with physical, physico-chemical, chemical and biological features of the soil, which can lead to
changes in their properties. This exchange depends on many factors; however, when natural zeolites are used,
one must remember that they are an ecological material and do not have a harmful effect on humans or animals.
People suffering from micronutrient deficiencies usually suffer from cumulative element deficiencies, i.e., their diet
lacks several vitamins and minerals at the same time. Quality malnutrition is directly or indirectly responsible for
half of the deaths among children under five worldwide. Through deliberate intervention in agro-ecosystems,
humans can control their productivity and increase the amount of biomass produced, which can be used as food

for humans, feed for animals and raw materials for many industries. Therefore, the future of agriculture must be
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based on a diversity of plant species from which new, more useful and less processed products are produced. This
approach contributes not only to security but also to the food sovereignty of society. Zeolites have proven to be
promising binding agents for the mobility of toxic metal ions. In addition, their use alters soil pH values, largely

determining the forms in which toxic metals exist in the soil 22,

Future research in medical geology should aim to establish a better understanding of the role of minerals in
ecosystems. Among the minerals, zeolites interact easily and most importantly friendly with biological organisms
(plants, animals, humans). In order to find new applications, one should determine the characteristics of the
samples and their influence with regard to human health. It is necessary to consider minerals in relation to human
health, to consider sources of toxic elements and possibilities of their removal. Planet Earth contributes to pollution
through volcanic eruptions, radiation, toxic elements, dust, etc.; thus, anthropogenic activities should help to reduce

pollution.
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