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Abstract: This brief review article describes the structure, properties and applications of natural and
synthetic zeolites, with particular emphasis on zeolites obtained from natural or waste materials.
Certainly, such short work does not exhaust the complexity of the problem, but it sheds light on some
outstanding issues on this subject.
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1. What Are Zeolites?

Zeolites can be defined in two ways. They are hydrated tectoaluminosilicates with the general
formula [1,2]:
MXM,yNz [TmT’n s 02(m+n)-e (OH)ZZ] (OH)br (aq)p : qQ/ (1)

where M, M’ are exchangeable and non-exchangeable cations, respectively; N are non-metallic cations
(generally removable on heating); (aq) represents chemically bonded water (or other strongly held
ligands of T-atoms); Q are sorbate molecules; T, T" are Si and Al, but also Be, B, Ga, Ge and P,
among others. This formula is particularly useful when describing natural zeolites [2], but also those
synthesized from natural or waste materials, due to their complex chemical composition.

On the other hand, zeolites can be more graphically, as shown in Figure 1, defined as crystalline
inorganic polymers consisting of [SiO4] and [AlOy] tetrahedra, having the structure filled ions and
water molecules, having great freedom of movement.
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Figure 1. Scheme of zeolite structure.

The specific structure of the zeolites gives them a number of unique properties. The most important
regarding potential uses include [3,4]:

e Low density and large volume of free spaces;

e  The existence of channels and chambers of strictly defined dimensions (shape-selectivity);
e High degree of hydration and the presence of so-called "zeolite water";

e High degree of crystallinity;
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e Possibility of sorption of molecules and ions;
e Jon exchange capacity;
e  Catalytic properties.

These properties, caused by zeolites, arouse great interest among chemists, technologists and
mineralogists. Although it may seem that the years of the most intensive research on this group of
minerals have already passed, interest in them is not decreasing. Constantly conducted research
on the specific properties of zeolites show comprehensive possibilities of using this type of mineral,
as shown in Figure 2. Of course, all applications of zeolites cannot be mentioned (only examples will be
presented in this paper), but even those presented, for example, give a picture of the great importance
of zeolites in various applications. In addition, other properties and possibilities of practical use are
being discovered.
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Figure 2. Zeolite applications.

2. Natural Zeolites

Natural zeolites are hydrothermal and of mainly volcanic origin. They can occur both in
crystallized forms found in igneous and metamorphic rocks, as well as in grains of smaller diameters
accumulated in sedimentary rocks [5]. Ocean bottom sediments are relatively huge and rich in zeolites,
but these deposits are so far inaccessible to humans. However, these minerals may also constitute
important components of tuffs or clay. Such surface retention of zeolite sediments, and therefore
relatively simple mining using the opencast method, creates perfect conditions for their wider use.
It should be mentioned here that the zeolites naturally occurring in nature, possessing operational
significance, are: clinoptilolite; mordenite; chabazite.

Application Examples

Natural zeolites have a high selectivity for heavy metal ions [6—8] and ammonium ions [9]. Thus,
zeolites have found important uses in environmental protection and agriculture. Wastewater treatment
from heavy metal ions [10,11] or radioactive isotopes [12] can take place in sorption columns filled
with zeolite. Ammonium ions contained in municipal, industrial and agricultural wastes can also
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be removed in a similar way [13]. In agriculture, zeolites can be used as carriers of agrochemical
compounds, in the treatment of soil and fish ponds and as a feed additive [2,14]. Attempts to modify
the structure to give them catalytic [15] or antibacterial [16] properties are also made. After all, they are
also widely used in many households as pet litter.

On the other hand, natural zeolites have limited applications in industry because, as already
mentioned, their properties are strictly dependent on their crystal structure. The main disadvantage is
that the channel diameters are too small (in the case of clinoptilolite, which is the most common in
nature, it is 0.30—4 nm [17]), which do not allow for the adsorption of larger gas molecules and organic
compounds. In addition, zeolite deposits are a non-renewable resource. The need for the synthesis of
molecular sieves and adsorbents with very specific parameters means that numerous attempts were
made to obtain zeolites in the laboratory.

3. Synthetic Zeolites

Zeolites have been recognized as minerals of natural origin, but currently more than one hundred
different types of zeolite structures are known which can be obtained synthetically [17]. Under natural
conditions zeolites were formed as a result of the reaction of volcanic ash with the waters of the basic
lakes. This process lasted several thousand years. In laboratory conditions, an attempt can be made to
imitate hydrothermal processes using elevated temperature or pressure and using natural raw materials
and/or synthetic silicates. The synthesis reaction requires appropriate equipment, clean substrates
and energy. As a result, the price of the product may be much higher than the price of natural zeolite.
Therefore, research often focuses on the search for cheaper and available substrates for the production
of zeolites, while striving to reduce the cost of the reaction itself. The current trends in research on the
synthesis of zeolites are shaped by environmental aspects, which implies the use of natural or waste
raw materials for this purpose.

3.1. Substrates and Products

Various natural silica carriers, such as clay minerals (kaoline [18-20], haloisite [20,21]),
volcanic glasses (perlite [22-24], pumice [25]) or diatomites [26], are used in zeolite synthesis. On the
other hand, zeolites are widely obtained from aluminosilicate waste materials, such as fly ash [27-29],
rice husk [30] or expanded perlite waste [31].

Of course, synthesis using raw materials with a complex chemical composition will not give the
product 100% purity and zeolites obtained in this way are excluded from many important commercial
applications; however, the use of natural raw materials for the production of zeolites has economic
advantages when compared with the use of synthetic substrates.

3.2. Synthesis Methods

The oldest of the works on the synthesis of aluminosilicates under hydrothermal conditions dates
back to the 1950s of the last century [32]. They show that, by heating the aluminosilicate raw materials
in the presence of alkaline solutions within a few hours or days, depending on the type of raw materials
and process conditions (temperature, pressure), a final product can be obtained. Today, many different
methods for the synthesis of zeolites are known. The most important of them should be mentioned:

e  Hydrothermal synthesis (at normal or elevated pressure);
e  Molten salt method [33];

e  Fusion method [34];

e  Alkali activation [35-37];

e  Microwave-assisted synthesis [38];

e  Synthesis by dialysis [39].

The first method is relatively commonly used. This process generally reflects the natural conditions
in which rocks containing zeolite minerals were formed. Hydrothermal (80-350 °C) synthesis of
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zeolites requires the supply of components that are a source of Si and Al, followed by treatment with an
alkaline solution (pH > 8.5). The reactions, during which processes such as dissolution, condensation,
gelatinization and crystallization take place [40] are carried out in autoclaves, are often at elevated
pressure. The appropriate control of process parameters favors the formation of desired products.

The estimated cost of zeolite material obtained by the above methods is between natural and
synthetic zeolite. However, taking into account the fact that fees for the storage and utilization of
waste will probably increase, the implementation of one of these technologies may prove to be the
most cost-effective solution.

3.3. Zolitization Products

Synthetic zeolites, as with natural ones, are diverse in structure and properties. This is
influenced by the composition of the raw materials and the synthesis conditions. As mentioned above,
the crystallization of individual types of zeolites is a function of such parameters as reaction time,
temperature and pressure, as well as the chemical composition of the reaction mixture, including the
concentration of reagents [41]. The type of phases formed in such systems is relatively well known.
At high temperatures and at elevated pressure, mainly analcime, as shown in Figure 3a, zeolite Na-P1,
as shown in Figure 3b, and hydroxysodalite, as shown in Figure 3c, in various quantitative proportions
are obtained, depending on the synthesis parameters. At temperatures <100 °C, zeolite X, as shown in
Figure 4a, Na-P1 zeolite, as shown in Figure 4b, and hydroxysodalite can be obtained. In addition,
zeolite A can be obtained in reaction systems with a high proportion of aluminum (Si/Al < 1), as shown
in Figure 4c. A less frequently used fusion method leads to the synthesis of sodalite and cancrite.

Figure 3. Microstructures of zeolites obtained in hydrothermal conditions at elevated pressure:
(a) analcime; (b) zeolite Na-P1; (c) hydroxysodalite.

(b)

Figure 4. Microstructures of zeolites obtained in hydrothermal conditions at low temperatures (<100 °C):
(a) zeolite X; (b) zeolite Na-P1; (c) zeolite A.

It is worth noting that, when comparing the microstructures of materials obtained under different
conditions, it can be stated that, at low temperatures, crystallites of smaller sizes and less developed
morphology are formed.
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From a practical point of view, zeolites with a larger pore size are more useful. Hence, in order
to obtain material with good sorption properties, it is important to choose process parameters that
promote the formation of zeolite X or zeolite Na-P1. The possibility of obtaining other zeolite phases
can be regulated by the addition of organic templates, which generate higher process costs.

An important ecological approach is planning the synthesis conditions in such a way as to limit
the production of highly alkaline wastewater.

3.4. Benefits of Synthetic Zeolite

Numerous scientific studies confirm the benefits of synthetic zeolites compared to natural ones.
The efficiency of natural zeolites in the removal of radioactive waste from the environment (Cs and Sr
radionuclides) was found to be lower than that of synthetic zeolites [42,43]. Synthetic zeolites also
show much higher adsorption capacity for heavy metal ions (eg. Cd**, Pb?*, Zn?*, Cu®*, Ni**, Cr3*)
than the natural zeolites [44,45].

Another advantage of synthetic zeolites over natural ones is the significantly larger pore size.
This allows for the sorption of larger molecules, which extends the range of potential applications.
For example, it was found that synthetic zeolites have two-times higher oil sorption capacities than
the natural clinoptilolite, so synthetic zeolites are a promising alternative for natural mineral sorbents
for land-based petroleum spills cleanup [46]. Furthermore, zeolites with smaller pore sizes, used as
catalysts, suffer from pore blockage and ultimately poisoning and deactivation, while zeolites with
large interconnected channels remain stable much longer in reactions [47].

During the synthesis of zeolites, the Al content can be adjusted. Zeolites with low Si/Al ratio are
much more polar and thus exhibit stronger sorption capacities. Zeolites with high silicon content are also
characterized by greater power of active centers, which promotes them for catalytic applications [48].
On the other hand, high silica zeolites have a more homogeneous surface characteristic and exhibit
hydrophobic properties. They have been used in reactions in which resulting water poisons the acid
sites of the catalysts [49].

It should be noted that the synthetic zeolites are not without disadvantages. The worrisome
problem is that synthetic zeolites are mostly in the form of finely grained crystalline and highly
dispersive powder (single crystals have a size to a few microns), which certainly limits their use.
For natural zeolites, after mining the deposit, isolation processes, such as crushing and pellet formation,
are usually used to obtain zeolites in usable form. In contrast, the synthetic ones can be used in the
form of hard, wear-resistant granules. There are many reports related to receiving zeolite granulates,
but for the most part they are not yet used in practical applications.

4. Summary

In agreement with the scientific evidence presented in the related literature so far, it can be generally
stated that both sedimentary rocks containing zeolites and zeolites synthesized from aluminosilicate
raw materials may be regarded as useful for many industries, including agriculture and environmental
protection. Synthetic zeolites are the major alternate materials to natural ones. Synthetic zeolites
can tailor physical and chemical characteristics to serve many applications more closely and they
are more uniform in quality than their natural equivalent. However, conclusive statements on the
exact applications and benefits of clay- and waste-based zeolites should be carefully investigated and
analyzed for each specific material as the mechanisms of action correlate with the specific material’s
physical and chemical properties.

Due to the different origins of substrates and different methods of synthesis, the products have
various chemical and phase compositions. Constantly conducted research on the specific properties of
zeolites show comprehensive possibilities of using this type of mineral. Further research is necessary
to tackle yet undetermined topics, such as:

e  Accurate analysis of used raw material composition;
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Selection of appropriate parameters of zeolite synthesis;
Comprehensive structural characterization of zeolites;
Potential modification of zeolites to improve their properties;
Zeolite granulation;

Assessment of ion exchange and sorption potential;

Behavior and mechanisms in zeolite-catalyzed reactions.

Additional comprehension of the above problems will allow advances in the applicability of zeolites

in providing new low cost, eco-friendly solutions to industrial, agricultural or everyday applications.
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