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Abstract

Zeolite have a framework structure that encloses interconnected cavities occupied
by large metal cations (positively charged ions) and water molecules. The essential structural
feature of a zeolite is a three-dimensional tetrahedral framework in which each oxygen atom is
shared by two tetrahedra. All zeolites are made up of the aluminosilicate framework where
silicon and aluminums are tetrahedrally coordinated. Silicon cation and aluminum cations are
enclosed by four oxygen anions (O2-). The tetrahedral structure of Si04 and Al04 forms the
building block of zeolite. A zeolite mineral is a crystalline material with a structure consisting
of connected tetrahedra, each of which contains four O atoms surrounding a cation. Open
cavities in the form of channels and cages can be found in this system. These are normally
occupied by H20 molecules and typically exchangeable extra-framework cations. Guest
organisms can move through the channels because they are wide enough. Dehydration occurs
in the hydrated phases at temperatures predominantly below 400 °C and is essentially
reversible. (OH, F) groups will break the structure by occupying a tetrahedron apex that is not
shared with neighboring tetrahedra. Because of their versatility and adaptability, zeolites have
drawn a lot of interest from researchers and scientists over the years. Zeolites have been
discovered to be strong adsorbents, ion exchangers, and molecular sieves. In particular, the

molecular sieve properties of zeolites are widely used in industry.

Key words: Zeolite Silicon, Aluminum, aluminosilicate, tetrahedral, molecular sieve
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1.INTRODUCTON

eolites are microporous, crystalline aluminosilicate materials commonly used as
commercial adsorbents and catalysts. They mainly consist of silicon, aluminum,
oxygen, and have the general formula Mn+1/n(A102)—(SiO2)x* yH20 where Mn+1/n
is either a metal ion or H+. (Sanjana et al., 2022)These positive ions can be exchanged for
others in a contacting electrolyte solution. H+ exchanged zeolites are particularly useful as

solid acid catalysts.

zeolite, any member of a family of hydrated aluminosilicate minerals that contain alkali
and alkaline-earth metals. The zeolites are noted for their liability toward ion-exchange and
reversible dehydration. They have a framework structure that encloses interconnected cavities

occupied by large metal cations (positively charged ions) and water molecules.

The essential structural feature of a zeolite is a three-dimensional tetrahedral framework
in which each oxygen atom is shared by two tetrahedral. If all tetrahedral contained silicon the
framework would be neutral; substitution of aluminum for silicon creates a charge imbalance
and requires other metal ions to be present in relatively large cavities of the framework. In
naturally occurring zeolites these metal ions are typically mono- or di-valent ions such as
sodium, potassium, magnesium, calcium, and barium. Zeolites are similar to feldspar minerals
except that cavities are larger in zeolites and water is generally present. Structurally, zeolites
are classified by the types of structural units that compose the framework, such as rings or
polyhedral types. The cavities formed by the framework units have diameters ranging from

about 2 to 8 angstroms, which permits relatively easy movement of ions between cavities.

differences. Dehydration character varies with the way water is bound in the structure. For
those zeolites in which water is tightly bound,
dehydration  occurs at relatively high
temperatures; by contrast, in certain zeolites with
large cavities, some of the water can be released

at low temperatures. The rate of ion exchange

cavities. Some ions are excluded because of

specific structural properties.


https://www.britannica.com/quiz/bed-rocks-and-flint-stones

Zeolite properties are exploited through commercial production of zeolites with
particular structural and chemical features. Some commercial uses include separation of
hydrocarbons, such as in petroleum refining; drying of gases and liquids; and pollution
control by selective molecular adsorption.

Natural zeolites occur in mafic volcanic rocks as cavity fillings, probably as a result
of deposition by fluids or vapors. In sedimentary rocks zeolites occur as alteration products
of volcanic glass and serve as cementing material in detrital rocks; they also are found in
chemical sedimentary rocks of marine origin. Extensive deposits of zeolites occur in all oceans.
Metamorphic rocks contain a sequence of zeolite minerals useful for assigning relative

metamorphic grade; these minerals form at the expense of feldspars and volcanic glass.

In the early 21st century the world’s top producers were China, South Korea, Japan, Turkey,
and Jordan.

2.History

The term zeolite was originally coined in 1756 by Swedish mineralogist Axel
Fredrik Cronstedt, who observed that rapidly heating a material, believed to have been stilbite,
produced large amounts of steam from water that had been adsorbed by the material. Based on
this, he called the material zeolite, (Nayak et al., 2020)from the Greek (é® (z€0), meaning "to

boil" and AiBog (lithos), meaning "stone".

Zeolites occur naturally but are also produced industrially on a large scale. As of December
2018, 253 unique zeolite frameworks have been identified, and over 40 naturally occurring
zeolite frameworks are known. Every new zeolite structure that is obtained is examined by the

International Zeolite Association Structure Commission and receives a three letter designation
2.1Natural occurrence

A form of thomsonite (one of the rarest zeolites) from India Some of the more common
mineral  zeolites  are analcime, chabazite, clinoptilolite, heulandite, natrolite, phillipsite,
and stilbite. An example of the mineral formula of a zeolite is: Na2Al2Si3010-2H20, the

formula for natrolite.



Natural  zeolites form  where volcanic rocks
and ash layers react with alkaline groundwater. Zeolites
also crystallize in post-depositional environments over
periods ranging from thousands to millions of years in

shallow marine basins. Naturally occurring zeolites are

rarely pure and are contaminated to varying degrees by other minerals, metals, quartz, or other
zeolites. For this reason, naturally occurring zeolites are excluded from many important
commercial applications where uniformity and purity are essential.[citation needed] Zeolites
transform to other minerals under weathering, hydrothermal

alteration or metamorphic conditions. Some examples.
[1The sequence of silica-rich volcanic rocks commonly progresses from:

Clay —quartz— mordenite
heulandite — epistilbite — stilbite — thomsonite — mesolite — scolecite — chabazite — cal

cite.
[1The sequence of silica-poor volcanic rocks commonly progresses from:

Cowlesite — levyne — offretite — analcime — thomsonite — mesolite — scolecite — chab

azite — calcite.

Gemstones
Polished thomsonite

Thomsonites, one of the rarer zeolite minerals, have been
collected as gemstones from a series of lava flows
along Lake Superior in Minnesota and, to a lesser degree,
in Michigan. Thomsonite nodules from these areas

have eroded from basalt lava flows and are collected on

beaches and by scuba divers in Lake Superior.

These thomsonite nodules have concentric rings in combinations of colors: black, white,
orange, pink, purple, red, and many shades of green. Some nodules have copper inclusions and
rarely will be found with copper "eyes". When polished by a lapidary, the thomsonites
sometimes displays a "cat's eye" effect (chatoyancy).
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3. Properties

Properties of zeolites are alumina-silicates with an open structure composed of a three-
dimensional network of SiO4 and AlO4 tetrahedra sharing all the corners with each other. A
general formula for the chemical composition may be expressed as: (M+ ,0.5M2+)m[AImSix-
mO2x] - nH20 where = extra framework cation.(Sanjana et al., 2022) The exchange of silicon
for aluminum in the framework results in a net negative charge which must be compensated by
extra framework cations. In general, these may be any alkali, alkaline-earth or rare earth cation
as well as organic cations such as the tetramethylammonium ion. Water molecules are located

in the channels and cavities, as are the neutralizing.

cations. Zeolites may be classified in various ways on the basis of structural differences, one
of them being based on the size of the pore openings. Depending on the structure, the size of

the pores is in the range 3to 8 A.

The Figure 1. The framework structure of Faujasite Figure 2. The framework structure of
zeolite A. 2 apertures are bounded by oxygen atoms of connected tetrahedra. In general, these
rings involve 6, 8, 10 or 12 oxygen atoms.(Marakatti and Halgeri, 2015) However, other factors
are involved in determining the final pore size. For example, the location, size and coordination
of the extra framework cations. The latter is a well-known parameter in the case of zeolite A,
in which the channel aperture size can be tailored by using different sized extra framework
cations. The interconnected regular three-dimensional network of micropores at a molecular
scale and the extra framework cation content are the key factors determining the physical and
chemical properties of zeolites. The size of the pores gives the zeolites molecular sieving
properties, i.e if the molecule is larger than the pore size, it will not enter the structure. The
shape of the pore may also influence the adsorption capability(Li et al., 2017). The extra
framework cations are in many cases exchangeable, which allows for the introduction of acid
sites bonded to the non-saturated oxygen atoms. Three different zeolite structures were
investigated in this work: the faujasite [FAU] group zeolites (see Figure 1), zeolite A [LTA]
(see Figure 2) and ZSM-5 [MFI]. All of them have found important applications and are
therefore synthesized in an industrial scale. Zeolite X and Y are the synthetic analogues to the
natural faujasite. The difference between these two zeolites is the Si/Al ratio which is 1-1.5 and
1.5-3 in zeolite X and Y, respectively]. The channel system has equidimensional channels
intersecting in a perpendicular fashion. The free aperture diameter for the channels is 8 A in
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NaY. Zeolite A has a Si/Al ratio of ca. 1 . The three-dimensional channel system has, like in
FAU-type zeolites, equidimensional channels intersecting perpendicular to each other. The free
aperture diameter for the channels is 4 A in zeolite NaA. ZSM-5 has a three dimensional pore
system consisting of sinusoidal channels (5.1x5.5 A) and intersecting straight channels
(5.3x5.6 A). ZSM-5 can be synthesized with a wide variety of Si/Al ratios, mainly in the range
5-100 .

4. Characteristics of zeolite

Microscopic structure of a zeolite (mordenite) framework, assembled from corner-
sharing SiO 4 tetrahedra. Sodium is present as an extra-framework cation (in green). Si atoms
can be partially replaced by Al or other tetravalentetals. Zeolites are
the aluminosilicate members of the family of microporous materials, and mainly consist of
silicon, aluminum, oxygen, and have the general formula Mn+1/n(Al02)—(SiO2)x *
yH20 where Mn+1/n is either a metal ion or H+. (Marakatti et al., 2014) The value of x (Si/Al
molar ratio) is greater than 1 and y is the number of water molecules in the formula unit.
Zeolites have microporous structures with a typical diameter of 0.3-0.8 nm and accommodate
a wide variety of cations, such as Na+, K+, Ca2+, Mg2+ and others. These positive ions are
often loosely held and can readily be exchanged for others in a contacting electrolyte solution.
Cation exchanged zeolites possess different acidity and catalyze different reactions.[5][non-
primary source needed]. The Si/Al ratio is greater than 1 because zeolites have no Al-O-Al
bond (LOwenstein rule). They are formed by the linking of the corner oxygen atoms of
AlO4 and SiO4 tetrahedra to form covalent network structures. The general formula of
zeolite, Mnt+ 1/n(Al102)—(Si02) x, where the Mn+1/n(AlO2)— part is ionic bond-like and
the (SiO2)x part is covalent bond-like. Zeolites therefore have both ionic crystal and covalent
crystal properties, and the balance of these properties depends on the Si/Al ratio (x). Si/Al ratios
below about 3 correspond to natural zeolites and some synthetic zeolites such as A-type and
X-type zeolites. They are useful as ion-exchange agents because of their high ion-exchange

capacity. Commercially available molecular sieve adsorbents often belong to this group.



Zeolites with a Si/Al ratios higher about 3 are classified as high-silica zeolites, which are rarely
found in nature and are synthesized industrially. They possess high physical and chemical
stability due to the large covalent bonding contribution. They have excellent hydrophobicity
and are suited for adsorption of bulky, hydrophobic molecules such as hydrocarbons. In
addition to that, high-silica zeolites are H+ exchangeable, unlike natural zeolites, and are used
as solid acid catalysts. The acidity is strong enough to protonate hydrocarbons and high-silica

zeolites are used in acid catalysis processes such as fluid catalytic cracking in petrochemical

industry.
SiO, tetrahedron @ Na
@ O
& Si

o
| i
o/&\\o B
o)

secondary building unit (cage)

Mordenite (MOR framework)

4.1Porosity

The term molecular sieve refers to a particular property of these materials, i.e., the ability to
selectively sort molecules based primarily on a size exclusion process. This is due to a very
regular pore structure of molecular dimensions. The maximum size of the molecular or ionic
species that can enter the pores of a zeolite is controlled by the dimensions of the channels.
(Burrows et al., 2021) These are conventionally defined by the ring size of the aperture, where,
for example, the term "eight-ring™ refers to a closed-loop that is built from eight tetrahedrally
coordinated silicon (or aluminum) atoms and eight oxygen atoms. These rings are not always
perfectly symmetrical due to a variety of causes, including strain induced by the bonding
between units that are needed to produce the overall structure or coordination of some of the
oxygen atoms of the rings to cations within the structure. Therefore, the pores in many zeolites

are not cylindrical.


https://en.wikipedia.org/wiki/File:Zeolite_structure_as_an_assembly_of_tetrahedra.png

4.2 1somorphous substitution

Isomorphous substitution of Si in zeolites can be possible for some heteroatoms such
as titanium, zinc and germanium. Al atoms in zeolites can be also structurally replaced

with boron and gallium.

The silico alumina phosphate type (Alpo molecular sieve), in which Si is isomorphous with Al

and P and Al is isomorphous with Si, and the gallogermanate and others are known.

4.3 Framework structure
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Fig. (1) Comparison of framework structures of LTA-type zeolite (left) and FAU-type
zeolite (right)

As of December 2018, the framework structures of 253 different zeolites or their
analogues are known, nearly 200 of which can only be synthesized artificially. For each
structure, the International Zeolite Association (IZA) gives a three-letter code called
framework type code (FTC). For example, the major molecular sieves, 3A, 4A and 5A, are all
LTA (Linde Type A). Most commercially available natural zeolites are of the MOR, HEU or
ANA-types.

An example of the notation of the ring structure of zeolite and other silicate materials
is shown in the upper right figure. The middle figure shows a common notation using structural
formula. The left figure emphasizes the SiO4 tetrahedral structure. Connecting oxygen atoms

together creates a four-membered ring of oxygen (blue bold line). In fact, such a ring


https://en.wikipedia.org/wiki/File:FAU_and_LTA.png
https://en.wikipedia.org/wiki/File:Zeolite4ring.svg

substructure is called four membered ring or simply four-ring. The figure on the right shows a
4-ring with Si atoms connected to each other, which is the most common way to express the

topology of the framework.

The figure on the right compares the typical framework structures of LTA (left)
and FAU (right). Both zeolites share the truncated octahedral structure (sodalite cage) (purple
line). However, the way they are connected (yellow line) is different: in LTA, the four-
membered rings of the cage are connected to each other to form a skeleton, while in FAU, the
six-membered rings are connected to each other. As a result, the pore entrance of LTA is an 8-
ring (0.41 nm) and belongs to the small pore zeolite, while the pore entrance of FAU is a 12-
ring (0.74 nm) and belongs to the large pore zeolite, respectively. Materials with a 10-ring are
called medium pore zeolites, a typical example being ZSM-5 (MFI).

Although more than 200 types of zeolites are known, only about 100 types of
aluminosilicates are available. In addition, there are only a few types that can be synthesized
in industrially feasible way and have sufficient thermal stability to meet the requirements for
industrial use. In particular, the FAU (faujasite, USY), *BEA (beta), MOR (high-silica
mordenite), MFI (ZSM-5), and FER (high-silica ferrierite) types are called the big five of high
silica zeolites, and industrial production methods have been established.

(a)

(b)

Fig. 2. Zeolite A framework type and SEM image (a); and zeolite P framework type and

SEM image (b).



5. Production

Industrially important zeolites are produced synthetically. Typical procedures entail
heating aqueous solutions of alumina and silica with sodium hydroxide. Equivalent reagents
include sodium aluminate and sodium silicate. Further variations include the use of structure

directing agents (SDA) such as quaternary ammonium cations.

Synthetic zeolites hold some key advantages over their natural analogs. The synthetic
materials are manufactured in a uniform, phase-pure state. It is also possible to produce zeolite
structures that do not appear in nature. Zeolite A is a well-known example. Since the principal
raw materials used to manufacture zeolites are silica and alumina, which are among the most

abundant mineral components on earth, the potential to supply zeolites is virtually unlimited .

Ore mining

Natrolite from Poland

Conventional open-pit mining techniques are used to mine natural zeolites. The
overburden is removed to allow access to the ore. The ore may be blasted or stripped for
processing by using tractors equipped with ripper blades and front-end loaders. In processing,
the ore is crushed, dried, and milled. The milled ore may be air-classified as to particle size and
shipped in bags or bulk. The crushed product may be screened to remove fine material when a

granular product is required, and some pelletized products are produced from fine material.

As of 2016, the world's annual production of natural zeolite approximates 3 million tonnes.
Major producers in 2010 included China (2 million tonnes), South Korea (210,000
t), Japan (150,000 t), Jordan (140,000 t), Turkey (100,000 t) Slovakia (85,000 t) and
the United States (59,000 t).[8] The ready availability of zeolite-rich rock at low cost and the
shortage of competing minerals and rocks are probably the most important factors for its large-
scale use. According to the United States Geological Survey, it is likely that a significant

percentage of the material sold as zeolites in some countries is ground or sawn
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volcanic tuff that contains only a small number of zeolites. Some examples of such usage
include dimension stone (as an altered volcanic tuff), lightweight aggregate, pozzolanic

cement, and soil conditioners

5.1 Synthetic Zeolites:

Synthetic zeolite

There are over 200 synthetic zeolites that have been synthesized by a process of
slow crystallization of a silica-alumina gel in the presence of alkalis and organic templates.

Many more such structures could theoretically be made

In addition to variations in structures, zeolites can also be made with a variety of other atoms
in them to make them chemically interesting and active. Some examples of the so-called
heteroatoms that have been incorporated include germanium, iron, gallium, boron, zinc, tin,
and titanium One of the important processes used to carry out zeolite synthesis is sol-
gel processing(Li et al., 2017). The product properties depend on reaction mixture composition,
pH of the system, operating temperature, pre-reaction 'seeding' time, reaction time as well as
the templates used. In the sol-gel process, other elements (metals, metal oxides) can be easily
incorporated. The silicate sol formed by the hydrothermal method is very stable. The ease of

scaling up this process makes it a favored route for zeolite synthesis.

5.2 Synthesis of zeolites and zeolite films:

Generally, zeolites are crystallized by hydrothermal treatment of a clear synthesis
solution or synthesis gel containing a silica source, an aluminum source and an alkali source
(alkali hydroxide or/and organic bases).(Shamzhy et al., 2016) The composition of the
synthesis mixture, the temperature during synthesis and synthesis duration are the main

parameters determining which zeolite phase will be formed. In some cases, organic additives
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are required in order to crystallize the desired product. For example, the molecular sieve
Silicalite-1 is not possible to crystallize in the absence of organic additives. Moreover, the
addition of organic additives to the synthesis gel of aluminum-rich zeolites results in the
crystallization of more silica-rich structures. Frequently used additives are the

tetramethylammonium (TMA)+ ion and the tetra propylammonium (TPA)+ ion.

The organic molecules become trapped in the pores of the zeolite and must be removed in order
to render the structure microporous(Krol, 2020). This is usually done by calcination which
entails oxidation of the organic molecules at high temperature. In large-pore zeolites, such as

the faujasites, the organic molecules can be removed by ion-exchange.

Zeolite membranes are most commonly synthesized on porous supports of alumina or steel.
There are three main routes to synthesize continuous, supported zeolite films and membranes.
The most common method is to treat the support directly with a molecular sieve precursor
solution, called in-situ crystallization or direct synthesis in the literature.

5.3. Methods of synthetic zeolite synthesis

Zeolite synthesis from low-cost materials and environmental applications:

Zeolites can be synthesized from different raw materials which can be either natural or
man-made. However, all raw materials are not suitable for synthesizing the zeolite from the
economic point of view. Hence, raw materials should have some properties. They should be
cheap, readily available, low production cost, selectivity, high production yield, and less
abundance of foreign substances. Till now, various physicochemical and solvothermal methods

have been adopted and developed to pro-

duce synthetic zeolites such as hydrothermal method alkali-fusion method, sol-gel method ,
and alkali-leaching method . However, the choice of the synthesis approach depends on which
type of zeolite will produce. Each method has some advantages and few limitations which are
represented in Table 2. Following subsections describe different synthetic routes of zeolite

from various raw materials.
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5. 3.1. Solvothermal method

Solvothermal synthetic method is the general term of using a solvent by which zeolites
can be synthesized. Water is by far the crucial solvent; hence there is a unique term
“hydrothermal” to define its use. However, many organic solvents such as alcohols (e.g.,
methanol, ethanol, pentanol), ethylene glycol, hydrocarbons and pyridine have been used
successfully for the synthesis of zeolite . (Shoppert et al., 2017)As with water these molecular
solvents produce significant autogenous pressure at elevated temperature. The properties of the
solvent used in this method can be either nonpolar or hydrophobic and hydrophilic polar
solvent. In case of using ionic solvent (ionic liquids), this term is assigned as ionic thermal.
Hence, all hydrothermal and ion thermal methods are basically solvothermal method, while all
the solvothermal methods are not. A general schematic representation of solvothermal
processes is shown in Fig. 3.

The solvothermal methods not only depend on the temperature and pressure but also on
other factors such as reactant sources, composition, silica and alkali ratio, ageing time,
alkalinity, stirring conditions, inorganic cations, seeding time, and solvent. Hence, this method
offers easy and precise control of size, shape distribution, crystalline of the final zeolite product
through the proper adjusting the parameters (Table 3). There have been multiple previous
attempts to synthesis zeolite via a solvothermal method. For instance, reported the preparation
of lithocyte (—LIT) type aluminosilicate zeolites by the solvothermal treatment of low-silica
zeolite powders dispersed in alcohol-containing KOH, and the mixture was treated at
200—250°C for 15—120 h without stirring. developed zeolite omega from magadiite with well
crystal structure and high purity via solvothermal approach. However, it is convenient to use
different synthesis method combinedly such as hydrothermal-solvothermal and microwave-

assisted solvothermal method.

5. 3.2. Hydrothermal method

The hydrothermal technique is considered as the primary route of the synthesis of
zeolites. This approach is nothing but solvothermal where water is used as a solvent, and a base
is used as a mineralizer at different temperatures and pressures (Fig. 3). Conven- tonally,

hydrothermal synthesis needs to use a sealed vessel usually

made of polypropylene and Teflon-lined (PTFE) steel autoclave (Fig. 2)
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. In this method, a lower temperature is required. That is why, this method is very straight
forward and cheaper in comparing to other methods. Zeolites are habitually synthesized via
hydrothermal approach due to some advantages agreed by different researcher, which includes
low energy consumption, the high reactivity of reactants, easy maintenance over the solution,
lower air pol- lotion, formation of meta-stable phases and unique condensed phases(Cejka et
al., 2017). There are many factors which can affect the performance of any hydrothermal
method for example temperature and pressure, batch composition, silica and aluminum ratio,
reactant materials, overall alkalinity, aging time, template condition, and seeding . To date,
there have been multiple previous attempts to synthesis zeolites via conventional hydrothermal

method.

5. 3.3. lonothermal method

lonothermal synthesis refers to the use of ionic liquids and they are mainly based on the
low vapor pressures compounds (Fig. 3). Hence, ionic liquids act as both the solvent and
potential template or structure directing agent simultaneously in the formation of solids.
Generally, hydrothermal, solvothermal and ionothermal methods are similar, except for the use
of different solvents. Hence, these three methods have similar factors for the synthesis of
zeolites. The ground-breaking of this area they used deep eutectic solvents (e.g.,1-ethyl-3-
methylimidazolium bromide and urea/choline chloride) to prepare several distinct materials
depending on the conditions. The crucial advantage of this method is that the solvent can act
as template or structure-directing agent and after getting products it is relatively easy to remove
them since both solvent and template are the same species. In addition, the ion thermal method
produces a large size of crystals and the ability to create a crystalline phase. It is also easy to

control the composition of growing crystals

5. 3.4 Solvothermal method

Solvothermal synthetic method is the general term of using a solvent by which zeolites can be
synthesized. Water is by far the crucial solvent; hence there is a unique term “hydrothermal”
to define its use. (Setthaya et al., 2016)However, many organic solvents such as alcohols (e.g.,
methanol, ethanol, pentanol), ethylene glycol, hydrocarbons and pyridine have been used
successfully for the synthesis of zeolite. As with water these molecular solvents produce

significant autogenous pressure at elevated temperature. The properties of the solvent used in
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this method can be either nonpolar or hydrophobic and hydrophilic polar solvent. In case of
using ionic solvent (ionic liquids), this term is assigned as ionothermal. Hence, all
hydrothermal and ionothermal methods are basically solvothermal method, while all the
solvothermal methods are not. Nevertheless, basic difference among them solvents remain in
molecular form in both solvothermal and hydrothermal while ionic in ionothermal synthesis
method. The . A general schematic representation of solvothermal processes is shown in Fig3
fig.3 general schematic of all solvothermal method (including hydrothermal and
ionothermal) for the synthesis of zeolite

5.3.5 Alkali-fusion and leaching method

In zeolite synthesis, alkali fusion method describes a general approach to decompose the
material rich with silica or alumina in the presence of alkali which acts as an activator for the
formation of soluble aluminate and silicate salts. Solvothermal methods also use alkali (e.g.,
NaOH) but there have some differences between solvothermal and alkali fused method. In
alkali fusion method alkali is used to prevent multi- phase and fused in solid-state with raw
materials before going to any sol- vent while in solvothermal method, alkali is used in terms of
solution state and they act as mineralizer of the reaction medium. Generally, in the alkali-fusion
method, the raw material is first fused with alkali (e.g., NaOH) before a hydrothermal treatment
(Fig. 4) . At the hydrothermal treatment, the fused product mixed with water and treat with the
proper conditions like heating with appropriate temperature for the crystallization to form

zeolite .
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Factors affecting the alkali-fusion methods are:
Q) silicon aluminum ratio of the raw material,

(i) concentrating the reacting alkali medium, But the drawbacks are the production of
toxic chemicals and high operating time (Table 2).

Several studies have also been reported to syn- the size zeolites. For example, the first time,

use of an ionic liquid or eutectic mixture as the solvent to produce synthetic zeolite. Recently,

this method has received a growing interest among zeolite scientific community. There are

many reports on the preparation of synthetic zeolites using this method.

For instance,(Shoppert et al., 2017)In a different study, ionothermal synthesis of German
silicate zeolites. However, the more depth study is required to get a full judgement of this

synthesis technology.

—
e

Raw matenals NaOH Sohtion

- Hvdrothermally
Fusion Tank — = Crystalined at
100°C for 16 hr

Fused
Mixture

Product

Fig. 4. A schematic representation of zeolite synthesis via alkali-fusion method.

Figure 4 illustrated the alkali fusion method to synthesize zeolite-A, zeolite-X and hydroxy
sodalite from the BFS . In a previous study reported the synthesis of zeolite X from the lithium
slag by hydrothermal reaction with alkali fusion. They mentioned excellent properties the
zeolite. (Abdullahi et al., 2017)Moreover, in most of the processes, the alkali fusion technique
is followed by a hydrothermal method of synthetic zeolite. Both methods require high
temperatures, time, and pressures. The main sources for zeolite synthesis are commercial
chemicals, which are very rich in alumina silicate, mineral resources in the earth’s crust and
industrial by-products. By varying the experimental conditions different types of zeolite
products can be obtained, such as zeolite-X, zeolite- P, hydroxy sodalite, to be mohrite, and

nepheline. This method allows low-grade raw materials without purification, and it offers the
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anhydrous zeolite with high purity, which is considered as the advantages of this method. While

it still has the problems of high energy consumption and the associated cost

. Alkali leaching is another approach where the leaching maintains the silica-alumina ratio out

of the leachates such as NaOH solution The schematic representation of this method is

shown in Fig. 5.

Raw maternial

NaOH

Sohition Desilication

A

Sofid Product where Leuchmle Solution,
Na-SiO.

mamtained good Si‘Al ratio

Alkkali Fusion 4 Product

Fig 5 Alkali leaching method for synthesis of zeolit

The factors that affect the alkali leaching method are:

Q) desalination rate.

(i) silica-alumina ratio of leachate free solid product.
(i) fusion temperature.

(iv)  concentration of leaching agent.

(v) crystallization rate.

Several investigators have reported different zeolites synthesis via alkali leaching
approach. For instance, synthesized the pure zeolites by alkaline leaching method from the
silica extract which was obtained from the fly ash. Their synthesized A-X zeolite blends had
the greatest potential for the sorption of cesium ion. Another group of researchers has reported

the preparation of mesoporous ZSM-5 zeolite catalysts using(Wajima, 2014)
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organic hydroxides by using alkali leaching and desalination methods. According to their
finding’s, the silicon dissolution in tetraalkylammonium hydroxides was much slower than in
NaOH making the demetallation process highly controllable hence producing different quality

of zeolite.

5.3.6. Sol-gel method

It is a physicochemical process that involves the formation of an in- organic colloidal
suspension (sol), and the gelation of the sol in a continuous liquid phase (gel) to form a three-

dimensional network structure (Fig. 6) .

Hvydrolvsis Condensation
e = Pobymerization
7 z/

Precursor Sol formed by Gel formed by aging
hyvdrolysis

— Brvine o
Bv filtering & Calcmation

s34 L washed dried | ©f the Gel
P> phase

Fig 6 Sol-gel method for synthesis of zeolite.

The sol-gel process encompasses the transition of a solution system from a liquid “sol” into a
solid “gel “phase. This method provides better control of the technique which ultimately
provides higher porosity and definite particle size .(Le et al., 2019, Ou et al., 2017) There are
several factors which can influence the performance of this method. They are:

0] hydrolysis rate.
(i)  temperature.
(iii)  heating rate Meatal.

(iv)
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5.3.7. Microwave method

Microwave heating is a fast and energy-efficient technique in where microwave radiation
is applied for the synthesis of zeolites. (Ou et al., 2017)In this method, microwaves act as high-
frequency electric fields which eventually produce heat to carry out the reaction. Hence, the

energy transfer from the microwave to the

reactant material occurs either through the resonance or relaxation There are many advantages

of using microwave methods. For example, it gives concise time, which leads to small particle

=

Homogeneous Gel

size and high purity zeolite can be

obtained (Fig. 7)

% Addition of H,O %

Raw maternals Dissolution of raw
matenals

Sturing & add
NaOH solution

e e

By filtering & Nucleation & <: % e
washed dried Crystal growth Bige, B
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Microwave heating vessel

Fig 7 Microwave methods for synthesis of zeolite. Factors that affect for the microwave
method are: (i) SiIO2/A1203 molar ratio (Si/Al), (ii) alkalinity, (iii) wavelength produced
from the magnetron, (iv) zeroization time and temperature, (v) crystallization time and

temperature.

In most of the cases, microwave- assisted synthesis of zeolite is applied in combination
with other methods such as hydrothermal, solvothermal and ionothermal For example, liked
microwave the irradiation for synthesis of synthetic zeolite beta in fluoride media. In their
experiment, they showed the role of fluoride mineralization under microwave and seeding to

reduce the particle size

due to higher nucleation. Recently, proposed a rapid microwave heating method for the liquid

phase synthesis of Y-type zeolite under high-temperature conditions. The effect of microwave
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heating temperatures, crystallization time and silica to alumina ratio on the syn- thesis of Y-

type zeolite is systematically investigated.

From 1990 to on- wards, the major attempts on zeolitization of fly ash have been made by .

Thereafter, several research works have been reported on the synthesis of zeolites from fly ash

5.3.8. Ultra-sound energy method

The ultrasound with frequency 20 kHz to 2 MHz is the branch of termed sonochemistry
which is widely used in synthetic chemistry. Ultrasound has significant influences in different
types of synthesis cases such as various amorphous or crystalline materials synthesis and
polymerization reactions(Jha et al., 2016) . Because of high influences on crystallization,
application of ultrasound has been received much more attention in the field of zeolite
synthesis. The advantages of this method are very simple, rapid reaction, and do not need any
complex facilities, high crystal growth rate, suitable particle size distribution and morphology
and provide control on nucleation process (Table 2); . Ultra-sound develops cavitation, and this
cavitation is the result of the growth and explosive collapse of microscopic bubbles. The
cavitation can also raise the secondary nucleation rates and the crystal purity in the time of
cooling crystallization .  Usually, they are used as a pure powder which does not contain

additive or clay binder. Various applications of synthetic zeolite are presented below.

6. Applications of synthetic zeolite:

6.1. Heavy metal, cation and anion removal

Zeolite exhibit great potential to remove cationic heavy metals (HMs) species from
industrial wastewater. It is well known that HMs have many adverse effects on the
environments and biological systems. (Petrus and Warchot, 2005)Various adsorbents or ion
exchange materials are used to treat HM contaminated water and wastewater. As a part of this,
both naturally occurring zeolites and synthetic zeolites are successfully applied to adsorb a
wide range of HM cations such as Cu2+, Cd2+, Cr6+, Zn2+, Pb2+ andHg2+ from various
contaminated water streams. Among the different zeolite as sorbents, fly ash-based zeolites,
particularly, are gaining popularity amidst researchers. Due to low-cost and bulk availability,

presence of well-defined molecular and porous structure, high thermal stability, ion selectivity,

19



ion exchange capacity and high surface area]. The HM removal efficiency of fly ash zeolites
was much higher compared to raw fly ash, which was mainly attributed to their mineralogical

alteration

Fly ash has been found effective for the removal of Pb

Table 5
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Table 1 summarizes the results of some studies on removing toxic HMs with different
synthetic zeolites. Adsorption properties of chitosan/zeolite conjugate films were
evaluated for removing Cr4+ ions and excellent adsorption capacity was observed
(Johnson and Arshad, 2014).

The positive effect of zeolitic materials on adsorption of other HM cations has been studied
thoroughly. For instance, the remediation of Cu2+ toxicity in Jawa tilapia by using a faujasite
zeolite was reported. Moreover, many HMs have successfully been removed from water and
wastewater streams which indicates the capability as well as the selectivity of zeolite materials
toward HMs in summary, synthetic zeolites have higher potentials in the removal of HMs from

water and wastewater.
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Synthetic zeolites have great potential for the capture of cations from waste-water selectively.
Zeolites prepared from the coal fly ash was found the most promising materials for the cation

removal

6.2. Removal of radioactive substances

Zeolite is one of the well-known inorganic ionic exchangers for decontaminating
radioactive wastewater due to its unique characteristics such as high exchange capacity,
thermal and mechanical stability and high resistance to radiation. nuclear waste disposal, more
attention has been paid to the treatment and disposal of radionuclides. The study showed that
the zeolite and mordenite had good adsorption capacity for 137Cs, 90Sr, and 60Co(Falyouna
et al., 2020).

Recently, magnetic zeolite composite (Ze/FeO) was selected as the ideal adsorbent for
treating cesium contaminated water in a lab-scale continuous treatment system. It was found
that cesium removal capacity was 100% and generated clean effluents that were safely
discharged to the environment without posing any environmental and health risks [36].
Recently, Y type nano zeolite NFA-Y was used for the adsorption of Cs+ from aqueous
solution. The adsorption capacity of the NFA-Y was 167.12 mg g—1. Very recently, an
aluminosilicate with CHA-type zeolite framework was synthesized and investigated for the
adsorption of Sr2+ ions which removed 100% of these ions at very high concentration.
Synthetic zeolite A was an efficient ion exchange material for the removal of 137Cs and 90Sr
ions from waste aqueous. Hence, it is clear about the significance of synthetic zeolite in this
field. However, some future studies should have been carried out regarding the applications
such as adsorption mechanisms, surface modification of synthetic zeolites, safe handling of the

adsorption process.

6.3. Synthetic zeolite for gas adsorption

Zeolites have tunable channels with a very rigid framework. This imparts zeolites with
excellent shape selectivity and capabilities to- wards gas molecules.(Liang et al., 2020) Natural
and synthetic zeolites are found potential for removing SOx, NOx, COx, H2S, and storing H2
gas. Recently, several numbers of reports have published on the adsorptive removal of CO2
using synthetic zeolites (Table 9). Zeolites and metal—organic frameworks are one of the most
widely applicable classes of solid-porous adsorbents for CO2 capture. CO2 separation
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selectivity and adsorption capacity for carbon capture and sequestration applications, recently
a core-shell Zn/Co zeolitic imidazolate framework (ZIF) was synthesized which showed the
maximum CO2 uptake (3.22 mmol/g at 273 K and 1 bar). This was 2.13 times higher than that
of the raw core-shell Zn/Co ZIF. Nowadays, nitrogen doped carbons derived from core-shell
Zn/Co ZIF was found the promising materials for solid CO2 separation from industrial power
plant flue gas . The modification of zeolite substrates with catalytic nanoparticles is a suitable
method for the removal of similar pollutants such as hydrogen sulfide. In a study, the effect of
adding magnetite nanoparticles to zeolite ZSM-5 and Y substrates was investigated.(Tao et al.,
2006) Hydrogen sulfide removal at high temperatures by the two substrates was compared.
Some of the volatile organic compounds have also been captured by different zeolites Some
recent studies suggest that understanding the flexibility of other zeolites and metal organic
frameworks will lead to applications in selective separation and storage of small molecules.
Still, the performance of these materials is quite limited because of their small pore size and
restricted surface area. However, this could be improved by physicochemical modification of

zeolite. There are still lots of challenges on

6.4 organic synthesis

In synthetic chemistry, homogeneous catalysts are preferred because of availability, low
cost, and excellent catalytic activity as all the catalytic sites are readily available. But these
homogeneous catalysts have several disadvantageous, such as being non-reusable, and require
more than the stoichiometric amount. Also, some other drawbacks in its use include the
potential dangers in handling, toxicity, corrosive nature, difficulty in separation and recovery,
and disposal problems due to the acidic effluent(Jafari et al., 2020). In addition to that,
hydrolysis and purification of the resultant complex results in corrosive by-products. So, the
basic idea is to find alternative heterogeneous solid catalysts which are stable, reusable, and
nature-friendly, and there has been much attention to finding new ones which will also allow a
better work up of reaction products. Among these different solid catalysts, zeolites were found

to be superior due to their shape selectivity, thermal stability, and reusability.

Freidel-Crafts alkylation and acylation using zeolites as catalyst are common in organic

synthesis.
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Zeolite Surface

Fig.8. Partitioning of a mixture of toxic chromate anions and perchloroethylene during

their combined sorption by a surfactant-modified zeolite (SM2Z).

6.5. lon exchange and softeners

Zeolites are widely used as ion-exchange beds in domestic and commercial water

purification, softening, and other applications.

Earlier, polyphosphates were used to soften hard water. The polyphosphates forms complex
with metal ions like Ca2+ and Mg2+ to bind them up so that they could not interfere in cleaning
process.(Maiti et al., 2018) However, when this phosphate rich water goes in main stream
water, it results in eutrophication of water bodies and hence use of polyphosphate was replaced

with use of a synthetic zeolite.

The largest single use for zeolite is the global laundry detergent market. Zeolites are used in
laundry detergent as water softeners, removing Ca2+ and Mg2+ ions which would otherwise
precipitate from the solution. The ions are retained by the zeolites which releases Na+ ions into
the solution, allowing the laundry detergent to be effective in areas with hard water

6.6. Catalysis:

Synthetic zeolites, like other mesoporous materials (e.g., MCM-41), are widely used
as catalysts in the petrochemical industry, such as in fluid
catalytic cracking and hydrocracking. Zeolites confine molecules into small spaces, which

causes changes in their structure and reactivity. The acidic forms of zeolites prepared are often
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powerful solid-state solid acids, facilitating a host of acid-catalyzed reactions, such

as isomerization, alkylation, and cracking.

Catalytic cracking uses a reactor and a regenerator. Feed is injected onto a hot, fluidized

catalyst where large gasoil molecules

are broken into smaller gasoline molecules and olefins. The vapor-phase products are separated
from the catalyst and distilled into various products(Bezverkhyy et al., 2020). The catalyst is
circulated to a regenerator, where the air is used to burn coke off the surface of the catalyst that
was formed as a byproduct in the cracking process. The hot, regenerated catalyst is then
circulated back to the reactor to complete its cycle.

6.7 Gas separation and storage

Zeolites have the potential of providing precise and specific separation of gases,
including the removal of H20, CO2, and SO2 from low-grade natural gas streams. Other

separations include noble gases, N2, O2, freon, and formaldehyde(Davis, 2014).

On-board oxygen generating systems (OBOGS) and oxygen concentrators use zeolites in
conjunction with pressure swing adsorption to remove nitrogen from compressed air to supply

oxygen for aircrews at high altitudes, as well as home and portable oxygen supplies.

Fig.9Animation of pressure swing adsorption, (1) and (2) showing alternating adsorption
and desorption. I  compressed air input Adsorption oxygen output D desorption
E exhaust Zeolite-based oxygen

concentrator systems are widely used to produce medical-grade oxygen. The zeolite is

used as a molecular sieve to create purified oxygen from air using its ability to trap impurities,
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in a process involving the adsorption of nitrogen, leaving highly purified oxygen and up to 5%

argon.

The German group Fraunhofer e.V. announced that they had developed a zeolite substance for
use in the biogas industry for long-term storage of energy at a density four times greater than
water.[40][non-primary source needed] Ultimately, the goal is to store heat both in industrial
installations and in small combined heat and power plants such as those used in larger

residential buildings.

Debbie Meyer Green Bags, a produce storage and preservation product, uses a form of zeolite
as its active ingredient. The bags are lined with zeolite to adsorb ethylene, which is intended to

slow the ripening process and extend the shelf life of produce stored in the bags.

Clinoptilolite has also been added to chicken food: the absorption of water and ammonia by
the zeolite made the birds' droppings drier and less odoriferous, hence easier to handle. Zeolites

are also used as a molecular sieve in cry sorption style vacuum pumps.

6.8 Solar energy storage

Zeolites can be used to thermochemically store solar heat harvested from solar thermal
collectors as first demonstrated by Guerra in 1978 and for adsorption refrigeration, as first
demonstrated by Tchernev in 1974 In these applications,(Amoni et al., 2019) their high heat
of adsorption and ability to hydrate and dehydrate while maintaining structural stability is
exploited. This hygroscopic property coupled with an inherent exothermic (energy releasing)
reaction when transitioning from a dehydrated form to a hydrated form make natural zeolites

useful in harvesting waste heat and solar heat energy. [non-primary source needed].

6.9. Light emission

Zeolites were discovered to help silver naturally emit light, which may compete with
fluorescent lights or LEDs. Building materials Synthetic zeolites are used as an additive in the
production process of warm mix asphalt concrete. The development of this application started
in Germany in the 1990s. They help by decreasing the temperature level during manufacture
and laying of asphalt concrete, resulting in lower consumption of fossil fuels(Ennaert et al.,
2016).
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, thus releasing less carbon dioxide, aerosols, and vapors. The use of synthetic zeolites in hot
mixed asphalt leads to easier compaction and, to a certain degree, allows cold weather paving

and longer hauls.

6.10. Cat litter

Non-clumping cat litter is often made of zeolite (or diatomite), one form of which, invented

at MIT, can sequester the greenhouse gas methane from the atmosphere
Hemostatic agent(Andrejkovicova et al., 2012).

Quik Clot brand hemostatic agent, which is used to stop severe bleeding, contains a calcium-

loaded form of zeolite found in kaolin clay.

6.11. Soil treatment

Experimental use of zeolite as soil stabilizer in San Miniato, Tuscany. Mixing

composted waste matter from wine production with zeolites.

The microporous structure of the zeolites put into ground stabilizes water release and pH. In
agriculture, clinoptilolite (a naturally occurring zeolite) is used as a soil treatment. It provides
a source of slowly released potassium(Rhee et al., 2008). If previously loaded with ammonium,

the zeolite can serve a similar function in the sI ow release of nitrogen.

Zeolites can also act as water moderators, in which they will absorb up to 55% of their weight
in water and slowly release it under the plant's demand. This property can prevent root rot and

moderate drought cycles.

6.12. Aquaria

Pet stores market zeolites for use as filter additives in aquaria where they can be
used to adsorb ammonia and other nitrogenous compounds. They must be used with some care,
especially with delicate tropical corals that are sensitive to water chemistry and temperature.
Due to the high affinity of some zeolites for calcium, they may be less effective in hard water
and may deplete calcium. Zeolite filtration is also used in some marine aquaria to keep nutrient

concentrations low for the benefit of corals adapted to nutrient-depleted waters.

26



Where and how the zeolite was formed is an important consideration for aquarium applications.
Most Northern hemisphere, natural zeolites were formed when molten lava came into contact
with sea water, thereby "loading" the zeolite with Na (sodium) sacrificial ions. The mechanism
is well known to chemists as ion exchange. These sodium ions can be replaced by other ions
in solution, thus the take-up of nitrogen in ammonia, with the release of the sodium(Jamshidi
et al., 2009). A deposit near Bear River in southern Idaho is a fresh water variety (Na <
0.05%). Southern hemisphere zeolites are typically formed in freshwater and have a high

calcium content
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7.Conclusion

Zeolite is an aluminosilicate mineral having tetrahedral building units made up of
[SiO4] 4- and [AlO4] 5-. Since its introduction in the 1960’s, it has been applied in a wide
range of areas starting from its use as catalysts in catalytic cracking, water softeners and
molecular sieves. The current trend in its application is in agriculture, medicine etc. and the
application areas keep increasing. Its versatility is based on the fact that many different raw
materials can and have been successfully used in its synthesis. The use of readily available,
cheap and abundant raw materials in the synthesis of zeolite has been proven to produce good
quality zeolites compared to the use of rather expensive chemicals that are also in use to
produce them. . Zeolites have been classified into two major types depending on their source:
natural zeolites — which are mined from the earth, and synthetic zeolites — which can be made
in the laboratory. Natural zeolites are mostly found in volcanogenic sedimentary rocks,
having been formed by chemical reactions of the volcanic ash and alkaline water a few
thousand millennia ago. At least 60 species of natural zeolites are known to exist, occurring
naturally in soils, sediments, and rocks, predominantly concentrated in those rocks and soils

of volcanic origin.

Since the current applications of zeolites require more zeolites than can be mined
worldwide, together with the fact that natural zeolites contain impurities (such as quartz
which is found in most of the clinoptilolite deposits) often leading to a decrease in the
zeolites’ adsorption and ion exchange efficiency, a need for artificial production has arisen,
resulting in synthetic zeolites. More than 200 synthetic zeolites have been reported and
shown to have a more uniform composition than natural zeolites. Synthetic zeolites have
higher surface areas, higher micropore volumes, lack impurities and can be specially
manufactured for a specific task. A large number of different zeolites with varying functional

groups have been synthetically produced for specific purposes.

Further research is necessary to tackle the yet undetermined parameters such as the
exact behavior and mechanisms in zeolite-catalyzed reactions. Additional comprehension of
mechanistic properties of contaminant-surfactant-zeolite interactions will allow advances in
applicability of zeolites in providing new low cost, eco-friendly (green) solutions to industrial,

agricultural, medicinal to mention but a few challenges.
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8. Future recommendations

Different forms of synthetic zeolites facilitate their applications into various fields.
However, challenges associated with the synthesis and application of zeolite to need to
overcome in future. Need to find out alternative synthetic routes to synthesize high sur face
area, controllable molecular dimensions and high adsorption capacity of zeolite materials from
different raw materials. Especially, more study requires to find out inexpensive raw materials

for the zeolite synthesis.

e Need to study more about on how the nucleation growth during synthesis process of
zeolite with the relevant kinetics study and energy calculation.

e Need to develop easy synthetic routes in order to reduce the cost of production.

e Synthetic zeolites need to apply for many new applications including electronic
wearable materials development.

e Need to study on the performance of the regeneration of the synthetic zeolite for

environmental applications.

Different aspects of the effective synthesis of synthetic zeolites from various raw materials
have been critically reviewed. Besides this, the potential advantages and disadvantages of the
different synthetic routes and different raw materials have been summarized. It was found that
zeolites have versatile applications, although our discussion was limited in environmental
applications only. This review results show that the readily available, cheap raw materials have
been proven to produce good quality zeolites compared to the use of relatively expensive raw
materials. These raw materials can maintain a uniform structure together with lowering the
ageing time as well as the cost. However, different methods have some limitations which need
to control properly in future. Furthermore, environmental applications of synthetic zeolites
have great potential as they have a wide range of applications. Still now, here are a few
observations which need to address in the future for the full application of synthetic zeolites in

a commercial scale.
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