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Abstract: This review provides a state-of-the-art summary of distributed zeolite technology, as well
as identifying strategies to further promote the absorption of these materials in various areas of
study. Zeolites are materials that can be synthesized or found in natural rock deposits a with a
basic composition consisting in Al, Si, and O. Zeolite’s consideration as a future material is due to
many facile synthesis methods to obtain different structures with variations in pore size, surface area,
pore volume and physical properties. These methods are developed using the control of relevant
synthesis parameters that influences structure formation, such as crystallization temperature, time of
aging and/or crystallization, stoichiometric relationships between components of synthesis gel, pH
of the medium, and in some cases the type of structure-directing agent. Each method will lead to
geometric changes in the framework formation, making possible the formation of typical chemical
bonds that are the fingerprint of any zeolitic structure (O-5i-O and Al-O-Si), forming typical acid sites
that give specificity in zeolite and allows it to act as a nanoreactor. The specificity is a characteristic
that in some cases depends on selectivity, a fundamental property derived of the porosity, mostly in
processes that occur inside the zeolite. In processes outside the structure, the surface area is the main
factor influencing this property. Moreover, there are many natural sources with adequate chemical
composition to be used as precursors. Some of these sources are waste, minimizing the deposition
of potential hazardous materials that can be recalcitrant pollutants depending on the environment.
Besides its uses as a catalyst, zeolite serves as a support for many bioprocesses; therefore, this review
aims to explain relevant aspects in chemical nature, physical properties, main methods of synthesis,
main precursors used for synthesis, and relevant applications of zeolites in chemical catalysis and
biological processes.
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1. Introduction

Zeolites are products marketed in many countries, including China, India, South Korea,
United States and Japan. These nations are leaders in shipments for zeolite exportation
according to the website of Volza Grow Global. Shipments from China had reached 6360
as of November 2022, followed by India (4127) and South Korea (2852). The USA had
2861 shipments, while Japan had 1165. In monetary data, according to the website Expert
Market Research, the market size of zeolites reached almost USD3.8 billion in 2020 and
is expected to have a compound annual growth rate (CAGR) of 5.5%, reaching almost
USD5.2 billion by 2026.

Zeolite’s structure comprises a tridimensional framework, with atoms arranged in a
tetrahedral geometric form. The general formula is TO4, where T atoms are a metal, bridged
by oxygen atoms (O). The performance and properties of this material are determined by
structural studies of pore volume, pore size, channel dimensionality and extra-framework
species. The traditional chemical composition is similar to a typical aluminosilicate struc-
ture, where Al, Si and O are the main components. However, high or pure silica-based
structures were recently synthesized. The Si atom may be changed (isomorphically sub-
stituted) by a heteroatom, likely Ge, B, Ga, Be, or P, to tune zeolite function. The charge
is balanced by the presence of exchangeable extra-framework cations. There are several
topologies available, varying in pore diameter, being small, medium, or large, pore systems
with 1D, 2D, or 3D channels, and the presence of internal cages where compounds may
react or be entrapped [1,2]. Some metal nanoparticles can be encapsulated in these channels
as shown in Figure 1, according to [2].
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Figure 1. Metal nanoparticles encapsulated in MFI structure. Reproduced from [2]. Copyright ACS 2019.

Since a rise of interest in the 70s, the great necessity of zeolite’s use, either in industry
or in laboratories, led to the creation of new structures year after year. In this scenario,
different structures were produced with the same framework but different names, synthesis
conditions and chemical composition. The database of zeolite structures was created by
the International Zeolite Association (IZA), with 248 known topologies up to 2020. In
this amount, twenty different types are natural zeolites [3]. These structures are firstly
identified by their pore size and dimensionality. In terms of pore size classification, the
channel classification is determined by the number of T atoms delimiting the smallest pore
opening, being small (8 T atoms ring), medium (10 T atoms ring) and large (12 T atoms
ring) [1]. The zeolites may be classified according to their pore size, where those with
diameter less than 2 nm are microporous. If the diameter is between 2 and 50 nm, the
structure is mesoporous, and up to 50 nm it is classified as macroporous. The presence
of mesopores could be beneficial to the catalyst lifetime (reducing the coke formation)
and for the mass transmission [4]. The pore size of the structure determines how fast and
efficient the physicochemical process is. Obviously, bulky molecules can enter the porous
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structure only if the molecular size is smaller than the pore size. Increasing the molecular
size or reducing the pore size would slow the diffusion rate until its total inefficiency.
The molecular diffusion rate within the zeolite might be less than the Knudsen diffusion.
Kim et al. [5] showed how pore size is important in characterization of mesoporous materi-
als from silicate waste.

There are many applications of mesoporous ordered zeolites, for instance, for the
adsorption of As (V) [6], the cracking of oil to produce liquid hydrocarbon fuel [7], for the
valorization of agro-industrial waste [8], and the immobilization of enzymes for biocatalytic
processes. For this purpose and an environmentally friendly production process, zeolite
synthesis can be performed using wastes from different industrial sectors. Rice husk, elec-
tronic waste, fly coal ash and clay minerals such as smectite, sepiolite, kaolin, palygorskite,
attapulgite, vermiculite and so on were all successfully applied to the synthesis of a wide
variety of zeolitic materials. Other possibilities to be explored is the production of zeolite
nanofibers [9].

Kaolin waste is a white material with a brown surface and a chemical composition of
kaolinite (Al;SipOs5(OH),). Its theoretical composition is 46% silica (5i0,), 39% alumina
(Al,03) and 14% water.Although the deposited and crystallographic properties are highly
dependent on the source of extraction, one of the main configurations of kaolinite crystals is
perfectly pseudohexagonal phases, but this can also occur in other phases, such as triclinic,
pseudomonoclinic and polymorphic. The variation of Al amount from raw material allow
the exploration of structures ranging its acidity [10]. The exploitation of kaolin generates
a waste that—if not destined for an application—can cause great environmental damage,
especially to water entities. In this context, there is the generation of two types of tailings,
some rich in quartz and others formed by coarse kaolinite particles, occupying basins in
large areas and with low toxicity, allowing their reuse as Longhi et al. [11] explored in
production of geopolimers. During the transformation of raw kaolin into a commercial
product, the first tailings are generated using high-iron-content kaolin obtained from
mine exploration.

Coal ash has been used in obtaining molecular zeolitic sieves due to the existing
environmental appeal for the reduction in deposits of this residue in the world. As an
example, India reached 90 million tons generated annually and 65,000 acres of land are
occupied as deposits. The ashes are composed of inorganic oxides from coal combustion,
mainly SiO; and Al,O3, varying infinitely with the nature of the coal used. These materials
have a composition similar to volcanic rocks. The Na-A zeolite was produced from this
raw material [12]. The synthesis process of zeolitic structures from this precursor is similar
to the natural process of formation of it from volcanic rocks. The ashes, which are rich
in aluminosilicate, become zeolites naturally, due to the influence of the percolation of
water present in the environment, which can be converted into analcime and feldspar. This
process can last from ten to a thousand years under natural conditions. The potential of
volcanic ashes for zeolite synthesis is helpful to reduce contamination of environment [13].

Clays of natural origin, such as perlite and diatomite, have been used to obtain
zeolitic structures such as A, X, HS, ZSM-5, ofretite and mordenite. This process has
the drawback of a low degree of purity with respect to the structure obtained from pure
reagents. For example, the presence of transition metal impurities in natural precursor can
precipitate it heterogeneously in alkaline conditions [14]. The mineral clay precursors form
the group of phyllosilicates, which are distinguished from lamellar structures, formed by
tetrahedra of SiO4 units linked to octahedral units of Al, Mg or Fe (O, OH). The formation
of zeolitic structures using natural clays, such as chabasite and phyllipsite, was reported
in experiments carried out at 175 °C. The incorporation of heteroatoms such as Mg and
Fe as reported is another possible way to produce metal heteroatom-containing molecular
sieves [15].

The zeolitic material synthesized from silica aluminous residue has great use as an
adsorbent of cations such as Ni*?, Cu*?, Cd*2, Pb*2, Zn*?, Ba*? etc. This residue can
be generated from the extraction of lithium from the mineral spodumene [16], oil shale
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ash [17] and paper sludge ash [18]. Recently, there has been an appeal to minimize waste,
so those that contain a large amount of Si and Al represent a low-cost alternative for
obtaining catalytic materials. The use of slag from glass production, generated from the
pyrometallurgical process, stands out notably due to its proportion of Si and Al as well as
Ca and Mg. On the other hand, electric arc furnace slag has a more variable composition
of silica and alumina e.g. the by-product from Ti extraction that generates the Ti-bearing
electric arc furnace slag [19].

The formation of mesoporous zeolite structures may be accompanied by the develop-
ment of microporous ones that make the diffusion of molecules into the structure difficult.
At this point, new strategies for synthesis are proposed, such as leaching treatments by
acid or alkali, dry-gel conversion for the transformation of amorphous mesoporous silica
into zeolite and hard-template-directed synthesis. Some template methods offer crystalline
and ordered zeolite structure with narrow pore sizes. Alternatively, the use of a mix-
ture of templates can be applied, where two or more macromolecules are used to direct
the structure’s formation. In this process, the structure may be bulky with amorphous
mesoporous material formed. An improvement is the use of organosilane and function-
alized polymers that influence the crystal growth. Besides these experimental remarks,
a computational screening is an approach that Blatov et al. [20] suggest to help the new
zeolite developments.

The ordered mesoporous structure is a type of hierarchical zeolite structure that may
be synthesized by a bottom-up method. This method occurs with the crystallization of
aluminosilicate gel with the aid of mesoporous templates generating mesoporous channels.
The mesoporous templates might be then removed by calcination. While the use of these
substances is important to define the size and shape of mesoporous channels, their decom-
position generates greenhouse gases at high temperatures. The green synthesis process
may be classified into methods without template molecules or recyclable and renewable
templates; methods using sustainable silicon or aluminum sources; solvent-free methods;
and facile methods, such as the use of microwave to reduce the time of crystallization [21].
Figure 2 shows a template synthesis mechanism according with Li et al. [22].
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Figure 2. Template synthesis mechanism of zeolite Ni-MFI. Reproduced from [22]. Copyright Elsevier 2009.

The introduction of mesopores in zeolites makes the diffusion of bulky molecules
inside their channels easier and decreases the intracrystalline diffusion length. The synthesis
of mesoporous zeolites is adequate to obtain ultrafine structure not trespassing less than
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100 nm of size. Postsynthesis treatments such as steaming, acid /base leaching and chemical

treatment are eco-unfriendly and produce mesopores without good definition. Some

other improved methods for mesoporous zeolite synthesis were proposed, including the

aggregation of a metal in the structure, e.g., inimpregnation of Nb, Ta and Pd form a zeolite
encapsulation system [23] and in incorporation of iron forming Fe-ZSM-5 zeolite [24]. Other
methods are microwave-assisted single-surfactant templating [25] and pseudomorphic
transformation [26]. A synthesis strategy using silica-carbon composites obtained by
pyrolysis of carbonaceous gases in the presence of silica—gel was also described as useful for

mesoporous zeolite production [27]. There are many possibilities of synthesis methods to

obtain different zeolites structures with applications focusing on environmental protection,
such as the removal of dyes, heavy metals, and other recalcitrant pollutants. The removal
of greenhouse gases and catalytic reactions are other applications found in zeolite research.
Figure 3 shows relevant publications involving zeolite synthesis and applications.
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Figure 3. Evolution of the number of publications on zeolites obtained from the Web of Science
database from 2010 to 2022.

This review aimed to explore the main aspects for the synthesis of zeolites, exploring fac-
tors such as the chemical nature of precursor, the chemical and physical properties of zeolites,
the main precursor used for synthesis and the different applications in chemical processes,
biochemical processes and the relevance of the material for environmental protection.

2. Zeolites

2.1. Remarks about Chemical Composition

Zeolites are crystalline solids with the general formula M, /nO, Al,Os, zS5iO;, where
“n” is the valence of the metal “M.” In these crystalline polymers composed of TOj, tetra-
hedra (T = Al or Si), the stoichiometric ratio “z” can vary from 2 to infinity. According to
Loewenstein’s rule, Al-O-Al bonds are not allowed in aluminosilicates, and thus an impor-
tant parameter for obtaining a zeolitic structure is the Si/ Al ratio [28]. The modification of
chemical composition in zeolites lead to different properties, such as pore volume, channel
dimensionality and framework density (FD). In framework composition, the Si/ Al ratio

is the main parameter that brings an identity for a particular structure: there are those
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with high silica content (Si/ Al > 12), e.g., the MFI structure ZSM-5 [29], intermediate Si/ Al
ratio between 1.2 and 3.0 [30], and same proportion of alumina and silica (5i/Al = 1.0), e.g.,
zeolite A [31]. The framework composition has an indirect effect on framework structure;
therefore, zeolites with high silica content are rich in five-ring types [32]. Besides the frame-
work chemical species, the extra-framework species are important for physicOchemical
properties such as ion-exchange capacity, catalytic selectivity, and adsorption.

The extra-framework species formation studied in the postsynthesis process called dea-
lumination is generally used to obtain high-silica structures such as USY. The consequences
of this process include changes in Si/ Al ratio, structure, acidity, selectivity, reactivity and
coking behavior for a certain catalytic reaction. Citric acid is one of the chemicals used
to remove Al from zeolite [33]. The process of dealumination may increase the acidity
by many factors, among which are revealing catalytic Lewis acid activity, stabilization of
negative charge on the lattice after the removal of protons, and the synergism of Lewis and
Bronsted acid sites due their proximity [34]. Some studies proved that the impact of EFAL
(extra-framework aluminum) species on the effective size of supercage voids resulted in
the confinement and stabilization of transition states [35,36].

The extra-framework cations (EFC) are Lewis acids, influencing the chemical and
optical properties of adsorbing molecules as well as generating a strong electric field in
comparison to the presence of protons (Brensted acids). It is important to know the location
and acidity of these extra-framework cations for a rational modification of acidity from
zeolites. The acidity of these species can be evaluated through their interaction with a
weak basic molecule such as CO. Effectively, its adsorption depends on the size of zeolite
pore and channel, the zeolite topology, the cation size, and the Si/Al ratio [37]. The
EFC influences the activity of aluminum extra-framework, and the Na* may influence the
activation barrier of conversion reaction between the AIOH*? and Al(OH),* that are formed
in the process of dealumination and are extra-framework aluminum species, together with
Al*3, AIOOH, AI(OH); and AlO* [35-38]. The increase and decrease in activation are a
function of Na* coordination and the presence of other ions such as K* and Ca*?, which are
important for energy configuration of zeolite structure [34-39]. Another extra-framework
cation is La*3, present in structures such as zeolite L and may be hidden, altering ion
exchange and thermodynamic properties [40]. Figure 4 shows the topology and location of
extra-framework sites.

Sodalite

Cage Supercage

Supercage (SUP) //

© Si
7 ® Al

Sodalite / ®0
Cage (S0D) "/ OH

(a) (b)

Figure 4. (a) Typical topology of faujasite zeolite and location of extra-framework aluminum active
sites (S); (b) rhombohedral faujasite studied by [35]. Reproduced from [35]. Copyright 2015 ACS.

In the crystal structure of zeolite, AI** ions together with Si** arranged in tetrahedrons
may generate an excess of negative unit charge. This charge can be compensated by Na*
ions. The number of cations inside the structure is equal to the number of alumina units.
The Na* ions can be partially replaced by protons (H*) establishing between the Al-O-5i
bonds, and thus the zeolitic structure can be configured as a large polyacid structure. In
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that case, zeolite acts as a proton donor or a Brensted acid at these sites. The acidic strength
of a zeolitic structure depends on the amount of Al atoms present as well as the particular
environment in which the proton is located. The acidity of media is important in the
process of photooxidation of dyes and pollutants such as chlorophenols. The empirical rule
describes it as possessing high acidity, with high formation of OH ionic radicals. In this
process, the formation of molecular oxygen is a key factor for hydroxy and perhydroxy
radicals [23] (p. 5). Studies report that some heteroatoms, such as Fe3*, incorporated
with different valences in zeolite structure may reduce the organic compound’s oxidative
capacity [24] (p. 5). The media acidity may be responsible for the increase in activity of
materials [25] (p. 5). The presence of AI** cations is related to how intensive the acidity
of the zeolite structure is, and depending on the media, it may have the behavior of a
Bronsted acid site in the presence of water or may behave as a Lewis acid site in anhydrous
conditions. Costa et al. [25] (p. 5) explored acid aspects of zeolite structures. In some cases,
this property of zeolitic structure must be reduced. For this purpose, several methods are
applied, such as modification with phosphorous, alkali treatment and exchange between
alkali and metal. In this scenario, the dealumination is included in destructive methods
together with desilication [26] (p. 5).

2.2. Isomorphic Substitution

According to Pang et al. [14] (p. 3), the presence of heteroatoms in an aluminosilicate
framework increases material performance in catalysis, ionic exchange, and adsorption.
The grafting of material with cation and anion modification has shown good catalytic
activity due to better accessibility of its active sites. Xia and Mokaya [41] performed anion
modification using NHj3, bringing a partial substitution of oxygen atoms by nitrogen, at
high temperatures, forming a web of oxynitrates and transforming the material in a basic
catalyst. In general, the Al and Si atoms present in the zeolite structure can undergo
an isomorphic substitution, i.e., replace another cation of similar size, by other tri- or
tetravalent elements. As examples, the incorporation of Ge in thomsonite and the addition
of Ga in zeolite A and faujasite can be mentioned. The incorporation of B makes possible
the generation of a material with weak acid strength. Ti can be incorporated into an
MFI structure, generating TS-1 zeolite. Isomorphic substitution has the likely function of
stabilizing the secondary building units (SBUs), favoring the crystallization of zeolites, but
making it difficult to obtain an aluminosilicate system. With this, there is the possibility of
obtaining zeolites with low framework density, that is, the number of atoms in tetrahedral
geometry per 1000 A. Thus, the structures can have a high volume of micropores if the
framework has a large number of three- and four-ring members, resulting in a structure
with less stability than those with five- and six-membered rings. Moreover, the presence of
specific heteroatoms can stabilize the three- and four-membered rings [42].

The formation of an SBU structure with four-membered double rings (D4R) can occur
with the presence of Ge during the formation of zeolite. In this case, the insertion of
more than three metal atoms can stabilize the D4R units, as the formation of a small mean
angle of the Ge-O-Ge bond occurs. making the structure energetically stable [43]. The
concentration of heteroatoms may be a parameter to measure the selectivity of a zeolitic
material for a proposed catalytic conversion, such as in methanol to olefin reaction [10]
(p. 3). In some studies, heteroatoms changing with Si and Al in the structure may cause the
production of a large-pore framework, conferring dynamic flexibility in framework and
enhancing the molecular diffusion in zeolite. It should be noted that the substitution of het-
eroatoms requires a charge compensation with extra-framework cations [44]. The amount
and location of heteroatoms incorporated impact the chemical and physical properties [45].
The heteroatoms may be distributed in a zeolite framework to different degrees, as a full
order or as a random order. Some computational studies have been done on heteroatom
distribution and limitations in zeolites with high Si/ Al ratio or small differences in energy
for configurations [46]. While with high differences in energy configurations, the thermo-
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dynamic factors will determine the distribution of heteroatoms and zeolite frameworks, a
small difference leads to heteroatom distribution determined by synthetic conditions [47].

The isomorphic substitution of Si** atoms for trivalent cations such as Ga®*, Fe3*
and B> changes the acid strength of a structure. The deprotonation energy (DPE) is the
parameter that estimates the material strength [48]. As heteroatoms in structure may alter
one of the main properties from zeolite (acid strength), the insertion of heteroatoms may
increase the functionality of zeolites in a catalytic approach. Bian et al. [49] presented a
new zeolite synthesis methodology called interlayer expansion reaction that may be made
with insertion of heteroatoms such as Fe as Sn, generating materials with catalysis activity.
Besides these metal species, Zn and Co may be used for this purpose.

In other works, in these molecular sieve structures called metal heteroatom-containing
aluminophosphate occurs the incorporation of divalent heteroatoms, such as ions Mg*?,
Mn*?, Zn*2 and Co*?, which leads to Brensted and Lewis acid sites after removal of the
template, while the trivalent ions Co™3 and Mn*? create redox sites [50]. The substitution of
Al or Pin AIPO by a heteroatom forms a MAPO structure. Among 201 zeotype structures,
48 are based on this composition [51], presenting a wide range of pore openings from
six-ring to eighteen-ring and dimensionality from one- to three-dimensional. According
to Li et al. [15] (p. 4) and Pang et al. [14] (p. 3), species incorporated include +1 valence
(Li), +2 (Be, Mg, Ca, Zn, Mn, Fe, Co, Ni, Cu, Cd, Sr), +3 (Cr, Co, Fe, Ga, Mo), +4 (Ge, Tij,
Sn, Zr, V), and +5 (As, V, Nb). There are three types of isomorphic substitution in AIPO
framework: substitution of Al site, substitution of P site, and substitution of Al and P pairs.
The first type is simple and occurs when heteroatoms with +1, +2 and +3 valences remove
Al and form M-O-P bonds. The substitution of species with +4 and +5 valences is more
complex and may involve one of these three types [15] (p. 4). The methodologies used
for incorporation of heteroatoms are direct synthesis, postsynthesis, and improved direct
synthesis [14] (p. 3). Figure 5 shows a structure with heteroatoms.

(b)

Figure 5. (a) Eight-ring channels in FeAPO-CJ66 structure along the [001] direction; (b) D4R unit
from “Fe(Al)4P,.” Reproduced from [15]. Copyright 2012 The Royal Society.

2.3. Tetrahedral Geometry TOy

The number of T atoms in zeolite framework has a crucial impact on many properties
and different applications. This value is calculated by a quantity called framework density
(FD), which lies qualitatively between low-density zeolites when the structure has 10 T-
atoms per 1000 A, e.g.,, CLO, IRR, ITV, IRR and IRY-type structures, up to 20-21 T-atoms
per 1000 A for high-density zeolites, e.g., CZP, JNP, PSI, VET and AEN-type zeolites [52].
Framework density is useful to distinguish zeolites from dense tectosilicates [53]. The
characterization of structure based on FD exists as a numerical criterion called coordi-
nation sequences (CSs), a parameter that considers the number of neighboring T-atoms
interconnected. In this way, a typical zeolite framework has four T-atoms connected to
every single T-atom and each one has a maximum of three atoms connected to them. This
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parameter is considered a fingerprint for zeolite structure, independently of unit cell and
crystallographic symmetry and useful to identify and classify the zeolite framework. The
FD is directly related to pore size in material: as a rule, wide-pore-size zeolites have low FD.
Therefore, the formation of this structure is possible if average ring size on the surface is
as close to four as possible, and so the presence of small rings on the structure determines
the low FD value [54]. The distribution of FD in a structure is a function of the distribution
of the smallest ring in the structure. Dense framework examples besides zeolites are the
minerals quartz, cristobalite, petalite, feldspar, milarite, banalsite and scapolite. The size of
the smallest ring is generally four-ring for a tetrahedral structure. Other structures have
minimum sizes of rings of three and five [52] (p. 9). The FD may have some effects on prop-
erties in structures similar to silica-X structure: the high FD (about 22.0 T/1000 A) renders
negative thermal expansion and good ability to adsorb chemicals [55]. The variation in
topological quantities rather than geometric quantities of a structure are responsible for
variation in FD [56]. The FD may be related to enthalpy frameworks related to geometry in
structure [57].

2.4. Physical Properties

Knowledge of zeolite properties is important in understanding the performance of
the material, which depends on the dimension of its channels, the accessibility of pore
volume, the diameter of the pore opening, and the number and location of extra-network
species, that is, located outside the structure. Currently, the composition of zeolites has been
replaced by heteroatoms, such as those with high silica content. The electronic structure
of the component elements tends to affect the role of the counterions in counterbalancing
the charges in the elementary mesh. For example, Al, which concentrates high electronic
density, can be compensated by exchangeable extra-network cations [58].

The dimensionality in the zeolite structure is important to determine the ease of
mobility of the reacting or adsorbed molecules in the pores, giving the molecular sieve
character to the structure. Structures can be one-dimensional, two-dimensional, and three-
dimensional, and the greater the dimensionality, the better the molecular mobility within
the structure. Thus, it can also be an indication of the ease of deactivating the structure [59].
The International Union of Pure and Applied Chemistry determines the nomenclature of
zeolites using three letters, regardless of chemical composition, and also determines that
according to the size of the pores, they can be classified as small (<4 A), medium (from 4 A
to 6 A), large (from 6 A to 8 A), and super large (>8 A) [53]. According to the pore size, a
determined number of T-atoms define the smallest pore opening, channels delimited by
8 rings are small, 10 rings are medium and 12 rings are large, and an elevated number of
ring members gives an extralarge pore opening. The rings may be distorted depending on
the symmetry and T-atoms surrounding them. Moreover, the channel system is defined by
channel directions relative to crystallographic axes [42] (p. 8).

Certain physicochemical properties may be achieved by structural and chemical
modification, preserving the layer integrity. Among these properties, the increasing of
surface area to ease molecular diffusion, transport, and access of substrates in active sites
could be achieved with techniques such as swelling and pillaring. Many methods have
been proposed for postsynthesis modification of interlamellar space in 2D zeolites. Among
them are detemplation by thermal combustion and chemical extraction, intercalation
into interlamellar space, delamination/exfoliation, and colloidal suspensions. The main
property upgraded in modification of 2D zeolites is the increase in sorption capacities by
the increasing of external surface area and presence of auxiliary mesoporosity [60]. Some
examples that demonstrate the best values of external surface area may be unilamellar
MFI (BET 710 m?- g’l) and MIT-1 (BET 513 m2~g’1). It is important to note the creation of
mesopores influencing access to acid sites on the layer surface or inside micropores. The
external surface has a high concentration of silanol groups in these conditions, bringing
good hydrophilic interactions [54] (p. 9). The layered zeolites are 2D structures with silanol
groups linked to each other with hydrogen bonding, making possible ionic/covalent
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bonding between template molecules present in the interlayer space. In these structures,
crystal growth in a third direction is constrained. An outstanding physical property of this
structure is that the constructing layers is highly plastic [61,62].

The stacking mode of layers in postsynthesized materials has a great impact on the
accessibility of layers [63]. In one of the most important zeolite structures for catalytic
purposes (MFI), the layers may have the template as an integral part, so detemplation is
crucial for further transformations of structure. In addition, the interlayer spacing is less
visualized than other structures because of a lack of interlayer reflections. Layer thickness
ranges from 1 to 1.5-unit cells, and layers isolated by exfoliation have a thickness of
3.5 nm or 1.5 unit cells. Some structures may be produced by bifunctional MFI templates,
multilayered and monolayered, i.e., reaching the ideal increasing of interlayer spaces and
accessibility [64]. One of the advantages in physical modification of layered zeolites in
comparison to conventional unmodified zeolites is the accessibility of bulky molecules in
micropores. In this way, the 2D structures increase the selectivity and reduce coke formation,
making the access of reagents to active sites easier. These materials are hierarchical, i.e.,
they combine the microporosity with intracrystalline mesoporosity of pillared, self-pillared,
and delaminated exfoliated forms. A parameter that quantifies the volume of micropores
versus the surface area of mesopores is the hierarchical factor (HF), and 2D layer structures
have large HF values, meaning mesopore surfaces are large and do not affect micropore
volume [65]. The absence of Na' causes the formation of unilamellar nanosheets [66].
The delamination of a pillared structure allows it to incorporate different active sites and
separate them at a controlled distance, leading to material with hydrothermal stability,
typical of inorganic solids. The disordered characteristics of these materials do not mean
that its structure is amorphous [67]. The profile of adsorption of 2D zeolites is more complex
than 3D zeolites, and only fragments of adsorbate are incorporated with micropores [68].

Among the physical properties of great importance is adsorption. The adsorption
process involves the fixation by a physical or chemical interaction of a solute in an interface
of different natures. However, in zeolites, the process occurs between liquid-solid or gas—
solid interfaces. In this process, the solute is selectively dispersed in the zeolitic material.
The amount of solute capable of adsorbing on zeolite is small and in general demands
high internal area per unit volume. Two types of adsorption phenomena are known,
physical adsorption or physisorption, which involves van der Waals forces, and delaying
chemisorption, which involves chemical bond formation. Exploration of these phenomena
has shown great applicability in the processes of removal of pollutants from aqueous
effluents or gases present in the atmosphere [69]. The textural properties are important in
evaluating the capacity to undertake the adsorption process, and several methods may be
used to determine the textural properties of zeolites, such as pore volume, surface area,
and pore size. The ability of molecules to penetrate the pores at a certain speed helps in
determining the pore size of the structure.

To obtain a precise value, it is important that the measurement temperature is close
to the reaction process temperature [69]. The molecules must be inert during the process,
so the use of unsaturated molecules such as olefins, which can isomerize or oligomerize
on the surface of acidic zeolites, must be avoided. For interpretation of pore openings,
Lennard-Jones kinetic diameters are usually used [69]. The presence of impurities in zeolite
is one of the causes of decreased performance in terms of textural properties, allowing
better adsorption. Postsynthesis base, acid, and hydrothermal treatments are performed
to remove impurities. Some of these treatments use acids and remove the Al content,
varying the acidity of material. Others uses a basic treatment to remove Si by hydrolysis
in the presence of OH" ions, altering specific surface area and pore size and generating
mesoporosity for easy access of molecules and improving the adsorption capacity [70].

Al content may influence textural properties directly. The BET surface area and the
micropore volume are parameters that translate this relationship. In some cases, the higher
the Al content, the better the textural features that are reached, improving the performance
of adsorbents. In the adsorption process, the time to reach the equilibrium and the amount
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of adsorbate as the selectivity depends on textural features too. The great loss of micropores
accompanied by mesopore formation may be seen at high levels of dealumination [71,72].
The use of different structure-directing agents (SDAs), such as ethylene glycol, pyrrolidine,
isopropylamine, and N,N-dimethylformamide, may alter the microporous area of zeolitic
structures, external areas, and micropore volume [73]. The incorporation of rare-earth
elements in zeolite structures is a method of improving such properties as the acidity and
catalytic activity. Differences in porosity may occur according to the loading of metal
applied, allowing the formation of ink bottle-type pores, i.e., a change in the nature of
pores depending on the balance between the number of acid sites and the rare-earth metal
site requires a facile interaction between zeolite and metal. This implies that at lower
rare-earth metal loading, a small number of acid sites are sufficient for this interaction and
vice versa [74]. The cation exchange capacity (CEC) may increase with micropore texture,
depending on total surface area, including external area. A molecule of ethylene glycol
monoethyl ether may be used as adsorbate to verify the relationship of with CEC. The
temperature influences on its adsorption in micropores and the CEC depends on the size
of cations used in the exchange [75]. While zeolites may present textural properties with
bottom qualities, MOFs present organic molecules as linkers in an inorganic framework [76].

2.5. Ion Exchange Process

The ion exchange process is established between a solid material and a fluid phase
acting as the solvent. In the process, the exchange between fluid- and solid-phase ions
occurs and vice versa. During this phenomenon, the ions are exchanged with other ions
of the same nature of charge. In other words, positive ions exchange positive ions and
negative ions exchange negative ions. The ion exchanger is linked to functional groups
of different charges, for example, cation exchange resins usually have sulfonic groups
attached to their structure. Less frequently, these groups can be carboxylic, phosphonic,
phosphinic or others. Anionic resins, on the other hand, involve quaternary ammonium
groups or amino groups [42] (p. 8). The ion exchange capacity of the structure is a function
of the composition of the solid and fluid phases, as well as the concentration of the solution
in which it is found. The exchange takes place between two or more phases, with the ions
moving from one phase to the other and bonding relatively strongly. The quantity of ions
exchangeable by the structure depends on the so-called ion exchange capacity, a property
measured in meq/g. This process depends on the electroneutrality of the medium and
the ion concentration in both phases [42] (p. 8). The capacity is related to the presence of
extra-network cations, located in channels. In each type of zeolite structure, there is a cation
capable of being exchanged, but this capacity depends on its position in the network and on
the binding energy. The ion exchange can be complete or partial, and ions capable of being
exchanged need to be compatible with the pore size and specific hydrophilic character [77].

An alternative method to facilitate the ion exchange of the structure is to carry out
solid-state ion exchange [78]. In this process, the zeolitic structure is mixed with a salt
containing the exchangeable cation. This mixture takes place in a solid medium and is
followed by thermal dehydration. This method offers the following advantages: there is
no need to handle large volumes of saline solutions; there is no disposal of the solution in
the environment after the process; and the process is not limited by the solvation sphere
of the exchangeable cation [79]. Zeolitic structures have great ion exchange capacity
due to their thermal stability, stability to ionizing radiation and high adaptability to the
environment, as they have no toxicity on it. Thus, these are ideal structures for catalytic
processes, competing with ion exchange resins used in water purification. Much of the ion
exchanging property of zeolites is due to the nature of their surface, with high reactivity
and the presence of micropores [69] (p. 11). The porous structure of zeolites allows the
incorporation of water and cations due to adjusted diameters through inlet ports in internal
structure. The proportion of Na, K and Ca is higher than Mg, Ba, Sr, among others,
since they are exchangeable with species aggressive to the environment, such as copper,
cadmium, ammonium, and some radioactive species. CEC and selectivity are specific
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according to the nature of zeolite [80], and the number of exchangeable positions and the
Si/ Al ratio are other factors involved.

The induction of an electric field using an electrokinetic system allows verification
of the dependence of copper ions in the framework on the geometry, cavity dimensions,
structural properties, and cation positions. The medium resistance for ions mobility is
crucial in this process, the dynamic condition leading to as high a capture efficiency of
metallic ions in zeolite as the concentration of H* in medium [81]. Some structures, such
as Linde type and Na-P1 type, are strongly pH-dependent, even under weak acidity
variation [82]. The CEC is the most important parameter to verify the zeolitization process,
e.g., the use of some raw materials in agglomerate form may release some ions useless
from a CEC perspective, leading to a decrease in yield of zeolite formation [83]. The main
method for CEC determination uses an NH4NOj3 solution following a determination of
exchangeable NH;* by Nessler’s method using colorimetry. However, the use of NH,* as
exchanging agent is not useful for industrial application and may be underestimated, due
its incapacity to remove some ions from the structure.

The ion exchange property of zeolites has been explored for inhibition of biofilm
formation that is responsible for producing acids that generate secondary caries. In this
scenario, EMT zeolites presenting silver ion exchange have been used for the inhibition
of metabolism and growth of biofilm from Streptococcus mutans, Streptococcus gordonii,
and Streptococcus sanguinis. Biofilm CFU was also revealed as an anti-caries material [83].
Another relevant application of ion exchange capacity from zeolites in odontology is in
production of dental implants, where titanium substrates have been modified with Ca*2-
exchanged nanosized EMT zeolites, improving some undesirable characteristics of classic Ti
implants, such as poor osteointegration leading to long treatment and implant failure [84].
The chemical and physical modification of structure may cause modification in cation
exchange rates: in general, chemical modification generates higher cation exchange rates
than physical modification. Chemical activation is achieved by acid washing the surface of
the material, removing the impurities, and making the zeolite pore surface wider. Instead,
the physical activation (modification) occurs by heating [85,86]. The synthesis parameters
that may affect CEC are reaction temperature, liquid/solid ratio, NaOH concentration
and reaction time. Its value may increase with temperature and the concentration of an
alkali activator, affecting zeolite formation. The influence of CEC in open window size
and pore structures has been verified in other types of structures, such as RHO, LTA, and
FAU [87]. The increase in liquid/solid ratio following the increased CEC is justified for the
improvement of zeolite formation. The same is observed in increased CEC with reaction
time, related to the increase in zeolite content in the medium [88]. Some zeolites, such as
chabazite, stilbite, and heulandite, have the capacity to adsorb radioactive metallic species
such as '%Cs. Correlating this property with the CEC, the differences in values are related
to a multistep adsorption process [89]. Figure 6 shows an experiment developed to study
the cation exchange capacity of a zeolite with an electrochemical approach.
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Figure 6. Ton Cu?* migration under electric field toward electrodes and zeolite slice to trap them.
Reproduced from [81]. Copyright 2006 Elsevier.
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2.6. Crystallinity of Zeolites

The crystalline structure of zeolites is a remarkable characteristic of their properties,
depending on the mechanisms involved in the crystallization process. The process of
crystallization occurs in two steps: nucleation of discrete particles of the new phase and
growth of zeolite crystals. In the nucleation stage, small particles called crystal nuclei
represent a new crystalline phase formed. Crystal growth is depicted by the crystallization
curve, which shows the process from gel diffusion to equilibrate composition, followed
by nucleation and polymerization, and finally crystal growth [90]. However, the synthesis
temperature and the time of reaction have great influence in zeolite crystallization, due to
the metastable nature of material [91]. Other important factors are the purity and reactivity
of raw materials (precursors), agitation of the system, order of mixing, and aging [92].
The initial mixtures have gel-like viscosity because of the amorphous aluminosilicate gel
particles suspended in the basic medium [93].

The temperature is directly related to the contact time in synthesis and therefore with
degree of crystallization for interconversion between zeolitic phases, e.g., zeolite A to S. The
formation of a given zeolite depends on solubility at a certain temperature and equilibrium
between the liquid phase and gel [94]. Changes in zeolite structure occur depending on
reaction time, since, e.g., the sodalite may be formed in 2-3 h at boiling temperature, while
being transformed into zeolite A after 9 h [95]. Figure 7 shows the influence of temperature
in a constant time of 2 h in zeolite crystallinity to obtain NaA zeolite, based on [91].
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Figure 7. XRD patterns of products synthesized at different crystallization temperatures. Reproduced
from [91]. Copyright 2013 Elsevier.

The maximum degree of crystallinity may be controlled with HyO/NayO ratio, which
is very dependent on the solution’s pH and strongly influences the kinetics of structure
formation [96]. Studies show that the precipitation of zeolite from the mother solution
is increased with high alkalinity and is the first step of crystallization; therefore, pH is
an important parameter for this goal [97]. The Si/Al ratio in some cases may influence
induction time less [98], defined as the time that the gel precursors are forming and
rearranging to make viable the crystal growth from the nuclei, i.e., this is a step before the
crystallization [42] (p. 8).

The aging time has a great influence on the growth process and alters the crystal
size, affecting also the appearance of another phase, such as in synthesis of Y-type zeolite,
where the aging time of 72 h is enough to generate a zeolite P phase. The average crystal
diameter may be changed by prolonged aging and crystallization times. The agglomeration
of small crystals formed in a synthesis is dependent on the Al,O3 content and the alkalinity,
that is, the small crystals formed in low alumina content may agglomerate significantly,
as the alkalinity of the mixture is high. As the Al,Os increases, the crystal size and
reaction time decreases; therefore, the Al provides a site of nucleation and so the nucleation
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accelerates with increase in alumina content. The elevated alkalinity values make difficult
the incorporation of tetrahedrally coordinated Si in the framework because of the high
solubility in this condition [99]. This can change the Si/ Al ratio in the crystallized material
and even affect performance during its application.

The Si/ Al ratio is a fundamental parameter to determine thermal and acid stability,
and affects both the crystallization behavior and application performance. The alkalinity
may generate a structure of low density, with value above 0.82, and the aluminosilicate
layers tend to aggregate, forming another phase. The reduction in OH™ concentration in the
synthesis medium leads to lower monotonic zeolite growth and crystallinity [100]. Studies
have shown that the amount of synthetic powder and water content in synthetic powder
increases the crystallization rate, and the amount of NaOH may change the morphology as
well [101,102]. The use of a structure-directing agent represents a change in topology of
crystals by the use of an organic molecule that modifies bond lengths and bond angles [103].

2.7. Mechanical Properties

The mechanical properties of porous materials are another relevant issue in physical
properties of zeolites, together with adsorption properties [104], as evident in such phe-
nomena as clay swelling [105], breathing of structures [106], adsorption-induced phase
transitions [107], pressure-induced amorphization, or hydration [108]. Microporous zeolites
may have a great relationship between adsorption and mechanical properties, allowing
one to focus on the effect from adsorbates on compressibility of the crystalline phase and
reversible pressure-induced amorphization [109]. The presence of organic molecules on the
framework generates an MOF structure, which is a porous material too. The framework
exhibits a transition between two distinct regions of near-linear compressibility, being
incompressible at low pressure before compressing rapidly beyond a threshold pressure. In
this process, change in space group symmetry does not occur [110]. The pressure-induced
amorphization is a phenomenon where a material may be amorphized reversibly under
pressure, returning to its original crystalline structure and orientation when pressure de-
creases [111]. The presence of nondeformable units is essential for this reversibility, acting
as a template and restoring the original structure [112].

X-ray diffraction is the main method of gaining evidence of a change in structure
crystallinity, showing the formation of a high-density amorphous phase. Synchrotron X-ray
diffraction has been applied for this purpose. An FI-IR study of stretching modes on a
zeolite framework found a shift of bands to high energy values with increasing pressure.
The occurrence of T-O asymmetric stretching mode is evidence that the crystallinity of
zeolite decreases as the pressure is increased. The vibrational mode related to the double
four-membered rings (D4R) may became very weak with the increased pressure being able
to disappear, indicating that the structure is amorphous [113]. The decrease in pressure may
bring back the D4R band, showing the reversibility of the process. The mechanical stresses
and strains are critical to reach practical implementation. Good stiffness and robustness
are important in retaining structural integrity under high-pressure environments, e.g., in
sorption applications. Excessive structural distortion and framework collapse may be
averted. The stiffness and hardness properties are important in ZIF structures, i.e., a zeolitic
imidazolate framework, and they have influence in sterically bulky imidazolate-type
linkages [114]. The elastic properties, measured by elastic constants, may be elucidated
by computational tools such as DFT (density functional theory), which gives a better
understanding of the origin of the elastic anisotropy. The stiffness may also influence bond
distances and angles [115].

The elastic modulus of zeolitic and other porous materials is the measure of the
material’s resistance to elastic deformation: if its value is low, the material stretches a lot
and vice versa. This parameter was measured to confirm a relationship with the topology,
which may play a bigger role in elastic response [116]. The topology, pore geometry, and
size define the mechanical strength, where the pore shapes (cubic, cylindrical, spherical,
tetrahedral, and octahedral) contribute to structural performance under load [117]. Some



Appl. Sci. 2023,13,1897

15 of 55

mechanical properties of dense polymorphs of silica are important for sodalite, chabazite
and mordenite structures. These properties may be described by an elastic tensor using
Hooke’s law [118]. In these structures, the cohesive energies are almost independent of
structure and the important variation in Si-O-5i angle distribution has a great influence [119].
According to Astala et al. [118], the bulk modulus, i.e., the pressure required to cause a unit
change in volume, is dependent on network constraints and space group symmetry. Some
zeolites may present an auxetic property, i.e., having a behavior similar to auxetic polymers,
getting fatter when stretched and thinner when compressed. This physical property has
importance in application of these materials on such catalytic processes as pelletization
or extrusion steps [120]. Figure 8 shows a molecular perspective of mordenite’s four-ring
behavior when it is compressed [118].
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Figure 8. Pattern of relaxation process in compression of mordenite along [100] axis. Reproduced
from [118]. Copyright 2004 ACS.

2.8. Thermal Conductivity

The thermal conductivity of zeolites is a key factor controlling the transport of energy.
Measuring this property in a dense bulk zeolite is difficult because of little sinterability.
For measures done on zeolite resin composites, the heat capacity reflected the relative
density, suggesting that the pores have an influence on the heat capacity [121]. Other
parameters to take into consideration are the thermal diffusivity and thermal conductivity,
which may be slightly influenced by porosity. Thermal diffusivity is the capacity to conduct
thermal energy relative to capacity to store energy by the material. High values of this
parameter mean that heat transfers rapidly, increasing with decreasing temperature [122].
Negative thermal expansion is a phenomenon in the zeolitic framework related to the
prevalence of low-frequency acoustic modes of vibrations being the major contributor to
thermal conductivity. A measurement of this parameter is a way to separate contributions
of different vibrational modes, providing a microscopic insight into thermal properties
of framework silicates [123]. The removal of crystalline powder may be performed to
determine thermal conductivity based on three principal contributors: heat transfer through
the gas, radioactive heat transfer, and conduction through the solid sample. Thermal
conductivity has relevance in zeolites also, because it uses a catalytic reaction where
chemical reactions release heat either inside the structure or at surfaces due to adsorption
of molecules [124].

Some authors used a computational technique called nonequilibrium molecular dy-
namics (NEMD), an approach to thermal conductivity determination inducing a thermal
gradient by moving kinetic energy between different parts of the simulation box. Verifying
the thermal gradient is a path to ascertain thermal conductivity in materials [125]. This
property allows the use of zeolites as electric insulators, with a low dielectric constant and
transporting heat away from electric components [126]. The high-silica zeolites satisfy the
conditions for this characteristic. The direction of the crystallographic axis in the zeolite
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framework is another factor relevant for thermal conductivity. In some cases, as in FER zeo-
lites, the property is three times higher in the z-direction than in the x-direction. Moreover,
the high framework density in general is related to high conductivity.

Thermal stability of zeolites is an important parameter to understand in which range
of temperature the structure maintains it properties. It is important to verify if the tem-
perature is near or beyond the point of dehydration and does not significantly affect the
degree of structural order. In terms of this aspect, the geometry of the crystal lattice plays a
large part in stability [127]. For this purpose, Castro et al. [128] screened thermal stability
using DRX. An FAU structure was subjected to different temperatures—200 °C, 400 °C, and
600 °C—which did not change the diffraction peak pattern at 20: 10.11 (220), 23.58 (533),
or 31.31 (751). The collapse of structure occurs at 800 °C, elevating at 850 and 880 °C, the
formation of nepheline and mullite phases is observed, and the higher the silica content,
the higher the thermal stability. Although this relationship exists, the Si/ Al ratio is not the
only parameter that determines stability. The degree of structural order (crystallinity) of the
zeolites is another characteristic, depending on the synthesis conditions. The morphology
may also change according to temperature. The capacity of a zeolite to be stable at high
temperatures considering changes in its structure during the process has great relevance
in applications of these structures in pyrolysis processes, e.g., the use of ZSM-5 for fast
pyrolysis of cellulosic and algal biomass to phenolic and aromatic hydrocarbons [129]. In
narrow temperature variations, such as 50 to 100 °C, some structures may show an altered
crystalline system, e.g., a reversible phase transition from monoclinic to orthorhombic in
all MFI zeolites, well reported in several works [130,131]. These transitions depend on the
elemental composition, defect density, and nature/amount of adsorbed molecules, and
small changes in siloxane bond angles and distances are associated with this process. The
structure may show a continuous negative volume expansion due to the slight volume
reduction with increasing temperatures in the range of 100-300 °C. In high temperatures
between 1000 and 1200 °C the zeolitic structure becomes amorphous silica-—alumina, occur-
ring because of the abandonment of Al atoms from its tetrahedral sites by dehydroxylation,
collapsing the crystal structure. However, according to studies, in intermediate tempera-
tures (300-1000 °C) the changes are related to the calcination process [126]. Figure 9 shows
the percentage of Bronsted acid sites remaining with heating, determined by different
analysis methods [132].
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Figure 9. Bronsted acid sites (BAS) after different calcination temperatures determined by three methods.
Reproduced from [132]. Copyright 2016 ACS.

2.9. Synthesis Methods
2.9.1. Hydrothermal

The hydrothermal process of preparation of zeolites involves two main processes:
the dissolution of Si and Al and the nucleation and growth of crystals for the formation



Appl. Sci. 2023,13,1897

17 of 55

of zeolite [133]. Hydrothermal synthesis is a multiphase process involving a crystalliza-
tion reaction, comprising a liquid phase and a solid phase, which can be amorphous and
become crystalline. Some authors define the process as in situ reactions that occur at a
temperature above the ambient temperature in an aqueous medium and at a pressure of
about 14.5 psi [134]. The advantages of using this process include the low energy consump-
tion involved, the high reactivity of the reagents used, the impossibility of environmental
pollution, and the formation of metastable phases [135]. In the work of Hartati et al. [136],
synthesis in the hydrothermal condition must occur through reagents containing Si and Al
being mixed with a cation source of basic character. The reaction must occur in a closed
flask in an autoclave at a temperature above 100 °C. During the synthesis, the structure
of the Si and Al sources is amorphous and the obtaining of crystalline zeolite depends on
passing through the induction period.

The initial function of used alkali (NaOH) is to supply hydroxyl ions for the process
of dissolution of Si and Al, thus acting as a mineralizer. This can be evidenced by the
disappearance of quartz peaks in a diffractogram as the amount of sample inserted is
increased, as Si becomes more available in the mother solution [137]. Some authors also note
the effect on the crystallization process, supplying sodium ions that improve the crystallinity
of the structure zeolite [133]. In the synthesis process, Cundy and Cox [138] showed that
the induction period is between the beginning of the reaction and the observation of the
first formation of crystalline material. In the synthesis process, the amorphous phase is
considered constant. This phase is responsible for releasing soluble species and is called the
“primary amorphous phase,” forming as the reagents are mixed, forming a gel, which can
also be called “clean solution” when it has a colloidal form, being translucent. The primary
amorphous phase is formed by the immediate appearance of the product, existing in an
unbalanced condition, and as a heterogeneous system, which may contain aluminosilicate
precipitates, coagulated silica, and precipitated alumina or untransformed reagents [139].
However, the formation of the secondary amorphous phase occurs under conditions of
medium heating and formation of a pseudo-transition-state intermediate, which follows the
reaction path involving silicates and aluminosilicates, monitoring the pH of the medium,
and at the end of the process, the formation of crystalline zeolitic product [138].

According to Abdullahi et al. [134], the complexity of the hydrothermal synthesis
process exists due to the different factors that can affect it, among which the following
stand out: impurities from the starting materials, the composition of the synthesis gel, the
pH of the medium, time and temperature of the calcination and crystallization steps, the
formation of intermediate metastable phases, the Si/ Al ratio, the water content used, the
alkalinity, the use of organic drivers, and the nucleation and growth steps of more stable
phase crystals in digestion conditions. In accordance with the studies by Hartati et al. [136]
(p. 18), the presence of impurities in the starting material can influence the crystallization
of the zeolite structure. One of the impurities that fulfills this role are the Fe atoms present
as oxides or not. The reactivity in the presence of this element is influenced by temperature.
The removal of impurities can be carried out with a dispersing agent. However, this
decreases the SiO; content and increases the Al,O3 content. In this regard, the composition
of the synthesis gel is influenced by kinetic and thermodynamic parameters during the
nucleation process [140]. Thus, the Si/ Al ratio of zeolite tends to be a factor that influences
the synthesis, as it determines the need to add reagents to the precursor, such as zeolite
with LTA structure, which does not require addition of the Si source when the precursor
is kaolinite or metakaolin, as it has the same Si/ Al ratio. Another important parameter
in the synthesis is digestion, which comprises the time elapsed between the formation
of the gel of known composition and crystallization, thus affecting the nucleation and
crystal growth [141]. At this stage, the agitation of the system is important to maintain the
uniformity of the mixing gel and selectivity for the formation of different phases of the
material [142].

Finally, Abdullahi et al. [134] (p. 18) observed in their studies that the temperature and
time of synthesis must be within a defined range, defining the type of zeolite to be formed
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and maintaining a direct relationship between structure crystallization, crystallization time,
and particle size. Other studies have shown that gradually, the amorphous material is
replaced by the crystalline zeolitic material [143]. Studies have been carried out on the
effect of temperature varying between 120 and 190 °C for 48 h, and the time has varied
from 24 to 96 h [144]. The increase in temperature enabled amorphous crystalline-quartz
material transition [145]. While studies have reported that an increase in reaction time at a
temperature of 150 °C leads to the formation of crystalline zeolitic material, the increase
in time at 120 °C leads to the transformation of quartz to crystalline material [136] (p. 18).
Figure 10 shows a general scheme of hydrothermal synthesis.
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Figure 10. General scheme of hydrothermal synthesis. Reproduced from [138]. Copyright 2005 Elsevier.

2.9.2. Fusion

The hydrothermal synthesis method can be preceded by a process of fusing the starting
material with the alkali necessary to carry out the zeolitization of the material. According to
the literature, the foundation of the method is based on mixing the precursor with the alkali
and melting the system, allowing the crystalline phases of Si and Al present in the material
to decompose, thus forming sodium silicates and aluminates with high reactivity and water
solubility and enabling the formation of the zeolitic product that must be formed in the
hydrothermal process carried out later. This method more specifically directs the synthesis
to a certain type of zeolite through the variation of activation parameters in hydrothermal
treatment. Compared to the hydrothermal method, that involving pre-alkaline fusion of the
precursor enables an improvement in the zeolitization process and the crystallinity of the
product. While the hydrothermal method without fusion generates products with structural
heterogeneity and poor ion exchanger properties [146], in the fusion process, as the sodium
hydroxide, the main alkali used, is introduced, the sodium ions act as stabilizers for the
zeolite crystal structure construction subunit, increasing the amount of zeolite formed
over a long synthesis. In this regard, Dere Ozdemir and Piskin [147] investigated the
use of microwaves and ultrasound to assist the synthesis, and found them useful tools
to minimize the reaction time while maintaining a high content of formed zeolite. The
sonication process assisting the fusion can be applied for only 10 min, generating positive
aspects regarding the reaction speed [148]. According to Naghsh and Shams [149] the
process of improving the melting method allows the generation of a product with a wider
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range of applicability, as in the removal of water hardness by geopolymers, which fixed the
melting time at 14 h and the optimum melting temperature between 500 and 700 °C.

The characterization of the products obtained by the fusion method is important for
comparing the degree of similarity of the product obtained with a natural zeolite through
X-ray diffraction [150]. Ayele et al. [151] observed that this increase in crystallinity is
important in aluminosilicate precursors such as kaolin, as it is the result of its activation and
dissolution in the synthesis medium. In addition, Deng et al. [150] described that thermal
analysis allows the comparison of the stability of products obtained by hydrothermal
process and fusion, where greater stability of the hydrothermal method product was found
in relation to the fusion product. In addition to the high crystallinity that can reach more
than 80% in some types of zeolites, the synthesis method can provide good cation exchange
capacity [151]. To improve the results of the products, fusion methods with desilicification
with NaOH and fusion with hydrothermal reaction with Nay;COj3 have been introduced.
With these methods, Lee et al. [152] applied control of the NaOH/precursor ratio, which
has been of great importance in ensuring the percentage of crystallinity of the zeolitic
product at high values, as well as the size of the particles formed, which decreases with the
increase in alkali in the medium.

2.9.3. Molten Salt Method

This method is an alternative to the zeolitization process with high mass yield, thus
improving synthesis processes that demand high solution/solid ratios and give low yield in
volume relative to the ratio of the weight of zeolite to the reaction volume. These processes
can also be accompanied by a large generation of liquid effluent, low purity of the material
obtained, and structural heterogeneity, which limit material applications [153]. Thus, for
Park and Choi [154] the development of this method was based on the formation of zeolitic
structures containing a salt or a base at temperatures above 250 °C with salts of specific
natures being occluded in the pores of the structure. The characteristics of this method
are the simplicity and versatility of execution, good cost-benefit ratio for obtaining pure
products in a single phase, and low temperatures. In addition, the synthesis time is shorter
than other frequently used methods described in some papers. Interestingly, in the work
of Zhang et al. [155], it was also noted that this does not use water and thus avoids the
generation of alkaline liquid waste, which is a positive aspect of the method. However,
this may lead to insulfficient contact between the components in the crystallization process,
and thus the rate of conversion of the precursor to the product can be slow, making the
morphology of the zeolite irregular.

In another study led by Zhou et al. [156], it was observed that in the process, the
precursor material is initially mixed with a salt or a eutectic mixture of salts, such as
NaCl/KCl. The temperature then increases to a level above the melting temperature of the
salts, allowing for a flow and diffusivity of the salt, forming a molten stream, thus leading
to the dispersion and rearrangement of precursor components in the saline environment.
After this process, with the increase in temperature, a nucleation process starts to occur
followed by a growth step depending on the chemical nature of the salts, the amount of
salt present, the temperature and the reaction time. In work by Miao et al. [153] (p. 20),
it is reported that applications of the method may involve helping to dissolve minerals
such as vanadium slag and chromite minerals at ambient pressure. In this context, medium
conditions such as high alkalinity and high boiling point contribute to good fluidity of the
reaction medium. Mass transfer and product conversion increase as temperature decreases.
The use of so-called molten salt reactors was reported by Riley and colleagues, who made
use of this method to aid in energy generation, being another application in addition to the
synthesis of zeolitic materials [157]. Regarding applications, in the work by Yang et al. [158]
the use of a sub-molten salt method for the depolymerization of aluminosilicate structures
in silicon and aluminum species in mesoscale structures stands out. Figure 11 shows the
steps of this synthesis method.
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Figure 11. Sub-molten salt method for synthesis of hierarchical sodalite. Reproduced from [158].
Copyright 2020 Elsevier.

2.9.4. Alkaline Activation

The synthesis method with alkaline activation is mainly applied to obtain geopolymers,
which can be derived from the same precursor as zeolites, a source of Si and Al. These
are polycondensed aluminosilicate amorphous structures. The alkaline activator is a
concentrated alkali that can be a hydroxide, silicate, carbonate or sulfate [159]. However,
it has been used to obtain zeolitic structures [160-164]. Alkaline activation is a hydration
reaction of aluminosilicates with alkaline and alkaline earth substances. The mechanism
of the process is complex, involving reactions of dissolution, coagulation, condensation
and crystallization, the first step being the breaking of 5i-O-5i and Al-O-Si covalent bonds,
occurring when the pH of the solution increases, transforming itself into a colloidal solution.
After this process, the cleaved structures unite with time, forming a coagulated structure
and thus generating a condensed structure in which—as time progresses and temperature
varies—a crystallization process can develop [165]. The initial phase consists of silica
dissolution, followed by the transport and polycondensation phase. Studies show that
the dissolution of aluminosilicates present in the alkaline medium is the primordial and
fundamental step for its realization; thus, hydrolysis reactions are those that occur more
frequently and according to the following reactions [166].

A1203 + 3H20 +20H — 2 [AI(OH)4]_

SiO, + H,O + OH™ — [SiIO(OH)3]~
SiO; + 20H ™ — [SiO,(OH),*~

The literature shows that the presence of hydroxyl ions reveals that alkalinity plays an
important role in the reaction. In addition, temperature and reactivity of the raw material
play a fundamental role. The solubility of SiO, grows as the pH of the medium increases,
while Al,O3 has high solubility in extreme pH conditions (acid and basic). Alkaline attack
releases silicate and aluminate ions in the medium, with the Al atoms changing from
coordination 5 or 6 to coordination 4. Because they have faster release, the Al atoms react
with any silicate present in the activating solution, forming oligomers. Thus, the use of
sodium silicate (NaySiO3) as an activator allows the generation of a product with greater
mechanical resistance than those formed only by the use of NaOH [167].

Several works report that in the condensation step, there is a nucleophilic substitu-
tion reaction between the species [Al(OH)4]~ and [SiO(OH)3]~, forming an intermediate
complex from the attraction of OH~ groups and Al*? ions. This step is accompanied by
dehydration to form the aluminosilicate network. In the process, cations with a smaller
radius form a less ordered system accompanied by greater condensation than those with
a larger radius [167]. In general, many works report that in the synthesis process, alkali
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metal hydroxides or a mixture of these with an alkali metal silicate are used. Alkali metal
cations play a fundamental role in controlling synthesis steps, such as hardening and crystal
formation [168]. Silicate allows the generation of a product with higher Si content and
greater mechanical strength. According to Severo et al. [167], mixtures activated from the
combined use of alkali silicate with alkali metal hydroxide allow the reaction to progress to
a greater degree, as silicate silica reacts before precursor silica.

Temperature and time of alkaline activation can determine proportions of zeolitic
products, and the formation of polymorphic structures of NaAlSiO, can be observed.
In a study by Monzoén et al. [161] (p. 21), the purity of a zeolitic product formed in a
hydrothermal process depended on the activation employed, and Na,COj3 could be used
in addition to hydroxides. In the work by Palomo et al. [169], they established that the
conditions of the alkaline-activated products are important for its resistance. In this regard,
long curing and high temperature are fundamental conditions for the formation of an
aluminosilicate matrix, improving the product’s mechanical properties. In kinetic terms,
the lower the reaction speed, the lower the curing temperature and the greater the amount
of aluminum incorporated in the product. The textural properties of the product can be
modified by varying the type of alkaline activator and postsynthesis conditions. Optimal
conditions of mechanical strength and pore distribution can be achieved by using H,O; in
the mixture with the activator. In an investigation by Tisler [170], the modified chemical
and thermal properties of zeolitic products allowed the control of their acidic properties,
such as strength and number of sites. Regarding the activation of metakaolin, this process
is exothermic, with the formation of an amorphous inorganic polymer responsible for the
increase in its mechanical resistance. In this material, alkaline hydrothermal activation has
been an alternative to the traditional calcination process [159-171].

2.9.5. Microwave-Assisted Synthesis

The process of obtaining a porous material from the use of microwaves brings nu-
merous unique synthesis characteristics. Among them is the reduction in process time
to develop and the production of products with a distribution of sizes and pores more
uniform. These characteristics can extend both to the nucleation step and to the growth
of formed crystals. In obtaining zeolites, the process occurs for a great range of Si/Al
ratios, highlighting the possibility of incorporating metals in zeolite structures [172,173].
Studies always emphasize that improvement in the synthesis of nanoporous materials by
microwaves may be due to the following factors: heating by radiation increases the rate
of temperature rise of the medium; radiation leads to greater uniformity of heating in the
synthesis medium; there is a change in association between species in the medium; hot
spots are created in the reaction mixture; and radiation enables the ideal dissolution of the
precursor gel [173,174]. Empirically, there have been some findings in obtaining zeolites.
The beginning of the application of this method is in its synthesis, and a patent from the
company Mobil verified that the crystallization processes can be similar to the use of the
traditional method of synthesis. Furthermore, the particle size distribution of the product
is greater than that for the use of a hydrothermal method [175].

Other developments in the method lie in obtaining zeolite A after 12 min of synthesis,
studying the effect of digestion on the formation of this structure [176]. Synthesis of fauja-
site zeolites is capable of being completed in a short period of time at temperatures close to
150 °C. Faujasites with high Si content can be obtained by assisting the use of microwaves
with optimal characteristics for use in catalysis, such as high selectivity, activity, and stability,
at a reduced reaction time from 48 h to 30 min compared to the conventional process [175].
In obtaining the Y type, the advantages of the method lie in maintaining the characteristics
of those structures obtained industrially. The evolution of the products obtained as tem-
perature advances can be amorphous phase, zeolite Y, and zeolite P2. Moreover, among
the phenomena that can explain the synthesis process in this method, the interaction that
water molecules promote with radiation and dispersion of the aluminosilicate gel in the
medium should be noted [177,178].
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Studies show that microwave-assisted synthesis can be used in the so-called dry syn-
thesis and in the method of growth on surfaces (membranes), both efficiently [175]. In
obtaining zeolitic membranes, three strategies can be combined with the use of microwaves:
in situ hydrothermal synthesis, secondary growth synthesis, and vapor transport synthe-
sis. Among the zeolite structures obtained in the form of membranes by these methods
assisted with microwaves are LTA, MFI, AFI, FAU, SOD and ETS-4 [174]. In addition to
these, MOF zeolitic structures can be obtained by the microwave method and solvothermal
synthesis [179]. Some authors demonstrated that the synthesis of NaP zeolite from NaY
gel can occur with the use of microwaves, generating pure products that can go through a
recrystallization process, and the synthesis can be composed of crystallization and rapid
cooling in the microwave chamber, with wave digestion at room temperature and crystal-
lization at a temperature higher than the first step, since the temperature reached in the
system allowed the network density to vary [180]. Figure 12 shows differences in zeolite
morphology obtained by a microwave-assisted method.

Microwave-assisted NaP
hydrothermal crystallization
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Figure 12. Microwave-assisted synthesis method and differences in product morphology. Reproduced
from [177]. Copyright 2020 Elsevier.

2.9.6. Methods for Heteroatom Zeolite Synthesis

These methods are perfectly described by Pang et al. [14] (p. 3). The heteroatom
zeolites have received increased attention for the development of synthesis methods, mostly
due to changes in such characteristics as microporous structure, particle size and surface
acidity. One of the methods involved to obtain this framework is direct synthesis [181].
This process is conducted as a traditional hydrothermal synthesis where the heteroatom is
inserted and directly adding a metal salt solution or a metal organic [182]. The hydrolysis
of heteroatom precursors occurs simultaneously with the addition of silicon/aluminum
sources, giving the formation of a homogeneous sol alkaline or neutral, crystallized into
the heteroatom zeolite at a certain temperature, performing the uniform insertion of plenty
of heteroatoms in the zeolite framework during the crystallization [183]. The function
of heteroatoms is to substitute silicon or aluminum and to form a new framework with
connection by SiOj tetrahedrons. When the execution of this method occurs under alkaline
conditions, there is the possibility of hydroxides forming from the transition metals used,
resulting in an inhomogeneous distribution of heteroatoms on the surface and in the
channels of zeolite that may block the micropores [184]. The production of Ga-ZSM-5
zeolite by this process gives the advantage of reducing the decomposition of the structure
at the temperature necessary to remove the template. The acidity required for some catalytic
processes increases, such as the insertion of Ga as of Fe in this MFI structure [185].

TS-1is another type of structure with insertion of Ti atoms forming the peroxotitanate
species and replacing the aluminum atoms. The experimental procedure for the production
of TS-1 zeolite has two steps: the mixing of alkoxides with solutions of TPAOH, TEOS
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and TEOT suffering a hydrolysis and the dissolution of titanium mixing TEOT in water
and then hydrogen peroxide, after which the system is cooled, forming the clear orange
solution of peroxotitanic acid, and then inserting aqueous solution of TPAOH, forming a
yellow solution of peroxotitanate. The process is finished by adding colloidal SiO, with
mild heating. The use of F~ as mineralization agent helps Ti atom incorporation in the
framework, producing a Ti-f3 zeolite with high hydrophobicity and selective oxidation for
organic substrates with H,O,. The formation of TS-1 is highly dependent on the pH of the
synthesis medium, which influences the number of Ti atoms per unit cell. If the pH is near
7.0, there are near 2.3 atoms/unit cell and the anatase phase may be formed. As the pH
values increase, the anatase phase extinguishes with increased unit cell volume. The direct
method to heteroatom zeolite production is readily applicable in industrial scaling up,
with the product showing high crystallinity, and control of heteroatom content, topology,
morphology, and particle size. Nevertheless, some deficiencies related to the mismatching
of transition metals in hydrolysis rate relative to Al/Siions as well as the radius differences
are present in this method. Other inconvenient features include the long reaction time for
crystallization, partial incorporation of heteroatoms in alkaline conditions, facile formation
of extra-framework heteroatoms, severe and narrow synthesis conditions, and in some
cases metal agglomeration [186].

Another type of pathway to obtain heteroatom zeolites is the postsynthesis method,
which incorporates the metal in the zeolite framework of as-synthesized zeolites in liquid—
solid, solid—solid, and gas—solid systems combining the dealumination and desilication
with isomorphic substitution of framework atoms under specific conditions [187]. When
the Si and Al leave the structure, voids are formed, making the introduction of metal
complexes easy, giving a more efficient method than direct synthesis, doping transition
metal heteroatoms with much larger radii than Si or Al atoms such as Ti, Sn and Zr, resulting
in no formation of extra-framework species or bulk oxides, i.e., a zeolite structure with
high metal loading [188]. In a study by Pang et al. [14] (p. 3), the synthesis of Ti 3-zeolite
by gas—solid isomorphic substitution is reported. This occurs firstly with the removal of B
atoms from the B-f3 zeolite structure, with acid treatments generating lattice vacancies in
framework. Then, H-B-f3 zeolite is treated in titanium chloride vapor at 300 °C, replacing
the boron atoms with titanium atoms at tetrahedral sites in framework. Another procedure
adopted to obtain Ti-{3 zeolite is the dealumination of H-f3 zeolite in concentrated nitric acid,
making Si/ Al > 1800 and generating vacant T sites with silanol groups. In sequence, the
dry impregnation with mechanically grinding Si-f3 and organometallic precursor follows
calcination at 800 °C. In recent years, some improvements in heteroatom zeolite synthesis
have been achieved by researchers based on better uses and green principles, such as the
change in use of aggressive sources of transition metal and organic templates by a special
ionic complex such as template and metal sources and dry gel conversion.

The described methods have common characteristics that reflect in energy consump-
tion, chemical consumption, time to complete the process, and the purity of zeolite formed.
Some ideal characteristics of performance shown by a specific structure in pure form in
some cases can be observed in a heterogeneous product containing concurrent zeolitic
phases. The quality of experimental conditions for a method’s development is also deter-
mined by the fulfillment of all steps involved in the chemical system where the reactions of
zeolitization occur. Therefore, the choice of a method should consider energy efficiency
in heating the system, the use of diluted solutions causing less damage in environment
when unit operations are made, such as the wash of product formed and even the clean-
ing of apparatus used, and the absence of organic molecules, such as structure-directing
agents. Thus, the hydrothermal method is the best alternative, with the possibility of using
microwave assistance to reduce the time of induction and crystallization depending on the
properties desired in future applications.
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3. Wastes in Zeolite Synthesis
3.1. Kaolin Waste

The production of kaolin has a long background of almost 150 million years, being
an important clay with industrial value and consumption, mostly by the paper industry,
representing 40% of production. In this field, it is used to fill the cellulose fibers and
as coating agent for production of high-gloss paper with good printability [189]. It is
useful in clay-based ceramics [190] and refractories [191], fireglass, fillers, and extenders in
rubber [192], paint [193], and plastic and adhesives [194]. Other uses include pesticide and
herbicide carrier [195], manufacturing of zeolites [196], catalyst support, and cosmetics [197].
Other applications are in plastics production [198] as antiblocking for infrared radiation
absorption in agriculture, and the hydroxyl groups present on surface of calcined kaolin
may improve its heat resistance [199]. This aluminosilicate mineral is found in sedimentary
deposits. The main mineralogical content is kaolinite (Al,SiyO5(OH)y), occurring with
feldspar, mica, quartz, illite, montmorillonite, ilmenite, bauxite, zircon, kyanite, silliminate,
graphite, atapulgite, halloysite, and oxides such as hematite and rutile. The process of
formation is by rock weathering, a process called kaolinization. With plate-like morphology,
its characteristics include refractory capacity, highly stable chemical structure, and being a
good raw material for ceramic production [199,200]. Industrial kaolin waste is produced
from beneficiation being deposited in open-pit lagoons. Its use as an aluminum and silicon
source is a highlight due to low operational cost and the great amount generated, where
each ton of kaolin produces 9 tons of waste [201]. Actually, the recycle and reuse of wastes
reduce production costs, giving alternative materials for many sectors.

There are two types of kaolin waste generated. The first results from the separation of
sand from ore, i.e., rich in quartz. The second is from the wet sieving process, separating
the finer fraction to obtain a pure kaolin. This second residue has optimal characteristics
for production of metakaolinite with high reactivity because of its extremely fine particles.
Kaolinite is present in high quantity in this second compound [202]. One compound that
gives great performance in synthesis of materials from kaolin waste is mullite (2A1,03
35i0;) because of its unique composition of stable Si and Al. Its properties comprise high
melting point, low coefficient of thermal expansion, great strain resistance, and support-
ing high temperatures with great chemical stability [203]. Besides this, the formation of
metakaolinite from dehydroxylation of kaolinite enables a facile route for zeolite synthesis,
generating different types of zeolitic structures for each starting material. The use of kaoli-
nite to be attacked with NaOH gives hydroxysodalite as the main product. Nonetheless,
when metakaolinite is used, zeolite A is formed significantly [204].

Kaolin waste has been used for faujasite zeolite synthesis with thermal activation of
material by calcination at 700 °C. The ideal conditions to obtain optimal crystallinity involve
a molar composition of 7NayO-Al,03-35i0,-H;,O. The zeotilization reaction occurs at
90 °C in 48 h without aging [205]. Wastes from two different regions of kaolin exploration
in Brazil (Rio Capim and Jari) were used to obtain sodalite under equal conditions of Bayer
process, verifying that the waste from Jari region was more reactive for sodalite formation,
presenting less crystallinity and increased reactivity. The experimental conditions reached
for zeolite synthesis were 150 °C and Na,O/Al,O3 = 2.0, which gave a partial reaction of
kaolinite for product generation. An increase in temperature to 200 °C enabled the complete
reaction of kaolinite and the parameter Na,O/Al,O3, with values above 2.0 allowing the
complete reaction of precursor and total formation of sodalite [206].

The gismondine (GIS) zeolite can be synthesized from wastes extracted in Serid¢ in
northeastern Brazilian, refined by mechanical milling and thermally activated. This product
was applied in photocatalytic degradation of an azo dye, being useful for effluent treatment.
Another product obtained from a zeolite synthesized from kaolin waste is ultramarine
pigments using zeolite Na-A [207]. The cation exchange in zeolite NaA obtained from Rio
Capim and Jari in Brazil were studied in the production of zeolites KA, CaA and MgA
and demonstrated the possibility of pore variation in structures [208]. The synthesis of a
hybrid structure of zeolite A-LDH was made from mineral wastes from kaolin processing
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and copper concentrate production for application as adsorbent in dye removal [209]. The
gibbsite—kaolinite waste obtained from bauxite washing was used to obtain a FAU zeolite,
with experiments for optimization of synthesis parameters, among them alkalinity, time,
and Si/Al ratio. Besides this, calcination favors structure formation, avoiding sodalite
formation [210].

3.2. Coal Fly Ash

This material is often used for zeolite synthesis and comes from the burning of pul-
verized coal, having the physical aspect of powder. The process of its generation involves
the combustion of pulverized coal, generating a dry ash. A great amount of ash leaves
the furnace as fly ash, entraining in the gas flow. This process occurs in a dry-bottom
boiler [211]. Other types of precursor material are generated using the wet-bottom or
slag tap furnace, with which 50% of the ashes remain in the furnace and the other 50%
is left with gas flow [212]. The cyclone furnace uses between 70% and 80% as boiler
slag, while 20-30% is left in gas flow as dry ash. There are high numbers for coal fly ash
generation just in the USA, according to the Federal Highway Administration. In 1996,
the electrical utility industry generated approximately 53.5 million metric tons of coal fly
ash. According to this report, from 1977 to 1996, this generation was constant, varying
from 42.9 to 49.7 million metric tons [213]. In a survey done in 2019 about the worldwide
production of coal combustion products published on the Coltrans Conferences website
(https:/ /www.coaltrans.com (accessed on 23 October 2022)), in 2010, this number was
approximately 780 million metric tons, and in 2017 reached 1.1 billion metric tons. This
includes the use of ashes in concrete applications [214], road construction [215], and filling
applications [216], besides soil amendment and zeolite synthesis [217]. Adequate disposal
and use of the waste is important to reduce the pollution of water and soil, disruption of
ecological cycles, and environmental hazards. Generally, its disposal is into ash ponds,
landfills and lagoons [218].

The chemical composition of coal fly ash is complex, with almost 316 individual
mineral and 188 mineral groups identified [219]. In addition to metallic oxides such as
5i0,, AlL,O3, Fe; O3, CaO, MgO and KO, the unburnt carbon is also present and may be
determined by loss on ignition [220]. Some trace elements may be present, such as Cr, Pb,
Ni, Ba, St, V and Zn [221]. Some important physical properties are the particles, with an
average size of < 20 pm and low bulk density ranging from 0.54 to 0.86 g/cm?, surface
area from 300 to 500 m?/kg, and light texture [199] (p. 25). Its acidity is weak; therefore, a
majority of ashes are alkalis, where the molar ratio Ca/S determines pH in a water—ash
system [222]. Thus, it is possible to classify the materials as strongly alkaline (pH 11-13),
mildly alkaline (pH 8-9) and acid ash [223]. The morphology is spherical, consisting in
cenospheres, solid spheres, irregularly shaped debris and porous unburnt carbon [218]
(p- 26). The mineral composition of coal fly ash includes quartz and mullite, as well as
amorphous glass phases, hematite, and magnetite [224]. The large amount of amorphous
phase is dissolved in alkaline media, promoting geopolymerization reactions. This may be
better as the waste is treated with NaOH at high temperatures [225]. The transformation in
geopolymers is favorable to change in the structure of a zeolitic framework under adequate
conditions, giving more organization in structure, and useful for a remediation process for
soil pollution called “solidification/stabilization” (S/S) [226].

“Fly ash zeolites” (FAZ) have been used to compose in situ chemically reactive barriers
or in situ treatment zones in water pollution remediation. This technology is based on
permeable zones placed within the aquifer reacting with contaminants in the flow of
water [227]. The main phenomena involved are sorption and precipitation for retention
of contaminants [228]. In the process of fly ash zeolitization, the partial transformation of
the precursor in zeolite P and the use of hydroxysodalite of an alkali medium are reported.
During this process, slow dissolution of quartz and stabilization of mullite occurs. The
main zeolites obtained by fly ash zeolitization are zeolite P, X, A and hydroxysodalite
in NaOH medium, preparing a high-capacity cation exchanger. The presence of each
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zeolite phase depends on kinetic factors and seeding that enables the change of each phase
proportion [229].

The main method used to produce zeolites from fly ash is hydrothermal and the
adsorption property of fly ash is described as similar to 13X zeolite structure. Another
method, applying fusion after hydrothermal synthesis, enabled the obtaining of low-silica
NaX zeolite. The fused alkali—fly ash mixture easily makes Na-aluminate and silicates
highly active, with great solubility in water and good properties for zeolite formation. The
optimal pH for zeolite synthesis using fly ash is alkaline, as proved in tests using different
alkaline activators (NaOH and KOH) for NaP1 and NaP [230].

3.3. Rice Husk

Rice husk (RH) is a spinoff of rice production and originates in the milling process
for separation of the husk and bran from the edible part. The global production of RH per
annum is estimated as 10 million tons, in most cases burnt to produce reek for machinery
work [200] (p. 25). Other uses are feedstock for bioethanol production and additive in
materials demanding high siliceous content or as fertilizer [231]. The global annual produc-
tion estimated by husk paddy ratio (HPR) is 120 million tons with China contributing 29%,
following by India (21%), Indonesia (8.8%), Bangladesh (6.4%), Vietnam (5.8%), Thailand
(4.4%), Myanmar (3.9%), the Philippines (2.3%), Brazil (1.9%), and Japan (1.8%) [232].

The chemical composition of RH is based on cellulosic sugars and its nature is lignocel-
lulosic, with lignin representing up to 20% of husks [233]. The rice husk ashes are produced
by gasification of RH and contain considerable amounts of silica (SiO,) varying from 15.30%
to 24.60% [232-234]. The silica may be pyrolyzed at elevated temperatures or extracted
as sodium silicate using solvent extraction. Rice husk ash (RHA) has better characteris-
tics for applications than rice husk and represents an ideal form of environment-friendly
application, due to its burnt waste origin [232].

The uses of RHA include soil ameliorants, breaking up clay soils and improving
soil structure, besides its use as insulator in the steel industry and as pozzolan in the
cement industry. In zeolite synthesis, this material may present crystalline tridymite and
a-cristobalite, allowing the synthesis of BEA and ZSM-5 [235]. Zeolite synthesis is one of
the most important applications [232,235-238]. The zeolite NaY was synthesized using
RHA waste as source of silica after acid leaching of husks. In this process, zeolite NaP was
obtained also [239]. The products presented such characteristics as uniform distribution
of particle size, surface area depending on synthesis method, and the presence of another
phase obtained (zeolite P) [232].

The acid leaching in RHA may not be used for the synthesis process as in ZSM-5 zeolite
preparation using the solvent-free method by mixing solid raw materials such as solid
waste RHA, NaAlO,, Na,CO3.10H,O and TPABr with optimum molar ratios TPABr/SiOy,
NayCO3.10H,0/5i0; and synthesis time [240]. The solvent-free method presents great
recovery rate of Si and Al with respect to the hydrothermal method [236]. The micropore
and mesopore surface areas of material reached adequate values and the method without
the use of solvent and using RHA as precursor represents a sustainable alternative [236].

The zeolite SUZ-4, a new synthetic zeolite, may be obtained by use of RHA as raw
material. This process is described as occurring with hydrothermal conditions in the
presence of tetraethyl ammonium hydroxide as template. The properties obtained from
RHA waste in comparison with products from pure silica sol are: the needle-shape crystals
from pure silica sol reach a smaller diameter than those obtained from RHA, which were
larger, increased crystallite size, and generation of higher-purity zeolite using just 50%
RHA in comparison to 100% pure silica sol [237].

Zeolite A was synthesized from RHA at low temperatures using NaOH as activator
to dissolve the silicate ion from RHA that reacts with aluminate in solution to form an
aluminosilicate structure for zeolite formation. In this process, there are three steps in the
synthesis: the dissolution of Si from the precursor, the gelation among Si and Al to form



Appl. Sci. 2023,13,1897

27 of 55

the aluminosilicate gel, and finally the crystallization of gel to yield the zeolitic structure,
which can reach high crystallinity [238].

Rice husk in the form of rice husk ash appears to be a cheap alternative to synthesis of
other porous materials that require synthetic and expensive Si sources, such as tetraethyl
orthosilicate (TEOS) and tetramethyl orthosilicate (TMOS). In this scenario, the meso-
porous molecular sieves from the M41S family, such as PABA-MCM-41, present hexagonal
mesostructure and high surface area [241]. Hierarchical porous carbon materials have
been obtained, applying RHA as carbon precursor and used as capacitor in electrode
materials [242].

3.4. Sediments

The use of sediments for zeolite synthesis involves working with different samples in
nature and geographic location; however, the chemical composition might be similar to a
viable use, mostly relative to the presence of Si and Al. The dam sediments of sand mine
located in southern Brazil were used with alkaline fusion. Sediments were illite, kaolinite,
vermiculite, quartz and K-feldspar. The NaOH/sediment ratio was tested, as well as the
temperature and fusion time. The quartz was the only mineral not solubilized for the
formation of faujasite. The low NaOH/sediment ratio was responsible for the low amounts
of zeolite formed, verifying that kaolinite and vermiculite presented better solubilization in
media, favoring zeolite formation [243].

Thermal treatment guarantees the ex situ decontamination of heavily polluted sedi-
ments and soils [244]. The main disposal of these sediments is landfill, which may return
to its source in rivers, harbors and estuaries [245]. According to Wu et al. [133] (p. 18),
the reuse of this material includes application in asphalt, road beds, building foundation
support, filling and grading. There are some physical, chemical and mineralogical similari-
ties between this material and coal fly ash. Thermally treated sediment found in Suzhou
Creek, Shanghai, China was used to obtain zeolites Na-P1, Na-X, hydroxysodalite, F linde
A and FAU. Among the important parameters to successfully prepare these structures,
the cation exchange capacity and specific surface area are highlighted. The type and the
crystallinity were influenced by Si/ Al of the starting material, NaOH/sediment ratio and
the liquid/solid ratio.

Dredged sediments originated mostly in China, due to black odorous water phenom-
ena, compromising almost 1197 waterbodies; therefore, the disposal of these sediments
might be reduced by using them as a precursor for zeolite synthesis for adsorption uses in
the removal of heavy metals such as Cd (II) [246].

4. Applications of Zeolites in Catalysis, Bioprocesses, and Environmental Remediation

4.1. Production of Light Olefins

Light olefins are important substances that are building blocks of derivative substances
from the petroleum industry, such as polyethylene and polypropylene [247]. The main
compounds in the light olefin family are ethylene, propylene and butene, which have been
of great importance for the petrochemical industry. The global demand for these products
is higher than other petrochemical products. As an example, the demand for propylene
was 82 million tons in 2010 and is expected to reach 165 million tons by 2030 [248]. For
this production, fractions of gasoline and gas are used and the main process is the catalytic
cracking of vacuum gas oil. An example is the propylene production that accounts for 81%
of the yield (50% from steam cracking and 31% from FCC). The nature of feedstock used
influences this quantity: heavy feed produces high propylene content, while lighter feed
is produces low propylene content. Alternative feedstocks such as natural gas, coal, and
biomass (a carbon-neutral feedstock) can be used, as well as other related feedstocks, such
as vegetable oils in pyrolysis and thermal cracking. The bio-oil obtained from woodworking
(sawdust) pyrolysis, a lignocellulosic biomass, is useful for light olefin production in spite
of some difficulties faced, such as the coking property. The use of Fischer-Tropsch synthesis
may be helpful for olefin production from synthesis gas, a better process to transform
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biomass, but nonetheless there is high greenhouse gas generation in the form of methane
and carbon dioxide. Another approach is the MTO (methanol to olefins) reaction [247-249].
Crude oil is another feedstock highlighted for light olefin production [250].

The fluid catalytic cracking (FCC) method is the main catalytic conversion process used
with lower CO, generation and higher energy economy, using much lower temperature in
operation than steam cracking. The innovation in process development is reached because
of high capacities of the cracking unit; therefore, the redesign of the unit improves the olefin
production. Two of these innovations are the catalytic pyrolysis process (CPP) and deep
catalytic cracking process (DCC) [251]. The increase in light olefin production is achieved
by reaching severe conditions in the FCC process with higher reaction temperature or ratio
catalyst/oil. This leads to excessive dry-gas (C; and C;) production and higher hydrogen
transfer activity. The severity of process conditions and the adequate design of catalysts
have fundamental roles in optimal light olefin generation. FCC catalysts are responsible
for decreasing the activation energy for breaking the C-C bonds while the temperature
decreases. The adequate selectivity for desired products is a function of the catalyst, where
the coke may be removed by regeneration or decoking. The main types of catalysts used
are acids, basics and transition metal oxides. Proton donor catalysts such as zeolites are
solid acid catalysts and highly active in cracking hydrocarbons [247-251].

The conversion of syngas into light olefins (STO) has been used with catalytic support
of zeolitic structures. The direct conversion was made using Fisher-Tropsch (FT) catalysts,
because the introduction of a second zeolite phase to the conventional FT catalysts may
optimize the hydrocarbon distribution [252]. The use of bifunctional catalysts such as
Zr/Cr oxide and SAPO-3 zeolite allows the direct synthesis of light olefins from syngas
with 80% selectivity [253]. The conversion of CO or CO; to light olefins by SAPO zeolites
is reported in use of other bifunctional systems, such as ZnZr/SAPO-34, ZnAl/SAPO-34,
MnO, /SAPO-34 and InZr/SAPO-34 [254].

The use of ZSM-5 zeolite, with strong acidity, in reaction with STO results in the initial
formation of paraffins or aromatics [255]. The reduction in Si content in a zeolite structure
enables a olefin/paraffin ratio of <6 in STO reaction and the CO conversion reaches 11%.
This is tailoring the structure. Moreover, the acidity of zeolites in bifunctional catalysts in
STO reactions improves CO conversion and olefin selectivity [256]. The use of SAPO-34
zeolite to produce light olefins is due to the facile diffusion of olefins in its channel structure,
presenting eight-membered ring channels [254]. In ZSM-5, used in catalytic cracking of
gasoline to generate C,-Cy olefins, this process occurs at the expense of gasoline yield
due to preferential cracking of low-octane gasoline with linear olefins on its internal acid
sites [257]. The bimolecular hydrogen transfer reaction decreases in a medium with ZSM-5,
thereby contributing to the formation of light olefins [42] (p. 8).

MEFI zeolites are usually added in the FCC process, increasing either the production
of light olefins or the gasoline octane number [258]. The stability of the H-MFI structure
is guaranteed by phosphorous impregnation and high yields of products [259]. The dual
additives MFI and BEA zeolites may improve the production of light olefins, mostly
after treatment of acid activation with phosphoric acid. Moreover, the dual additives do
not impact the quality of naphtha in comparison with just one structure-based additive
(e.g., MFI) [260].

The catalytic process to obtain olefins from CO, to MeOH conversion and then MeOH
to olefins demands high temperature control using several oxides, such as In,O3, ZnGayO4
ZnZrO, and others as catalysts. To complete this MTO (methanol to olefins) reaction, many
zeolites have been used to produce light olefins from CO, hydrogenation, such as SAPO-34,
55Z-13 and ZSM-5. The degree of proximity and distance of two catalysts involved, metal
oxide/zeolite mass ratio, and the operating conditions are relevant to reach a good yield of
Cz—C4 olefins [261].

The conventional zeolites that are made with microporous channels impose the restric-
tion of bulk molecule diffusion and frequently yield coke, besides side reactions. Therefore,
the hierarchical zeolites composed of mesopores and macropores in the same structure
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come to give a solution for this problem in light olefin synthesis under a zeolite structure
used as catalyst [262]. These structures include MFI, MEL, CHA, FER, FAU, BEA and MTW,
exhibiting high olefin selectivity, high conversion, and long lifetimes [263]. The reactions
applied for these structures range from MTO and CO,/CHj conversion and factors such
as increase in external surface areas, decrease in diffusion path length, accessibility of
guest molecules to acid sites, and low coke formation, are relevant for this application
and suppressed if a heteroatom is inserted in the framework, modifying the acidity of
the material [264]. A simulation of an increase in light olefins from MTO reaction using
H-ZSM-5 has been reported [265].

Large-pore zeolites may increase the yields of light olefins such as ethylene and mostly
propylene. With a combination of ZSM-5 and a large-pore zeolite, optimal conditions
were obtained in Daqing heavy oil cracking. Good product yields were reached when
the combination of the same MFI structure was made with RE-USY and AT-Hf3-4 was
employed, with increased yields when pore size increased [262]. Figure 13 shows the
application of Y/ZSM-5 zeolites to obtain light olefins from Fischer-Tropsch synthesis.
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Figure 13. Scheme of light olefin formation using zeolites as heterogeneous catalysts. Reproduced
from [249]. Copyright 2020 ACS.

4.2. Production of BTX Aromatics

The compounds known as BTX have three identities—“B” from benzene, “T” from
toluene and “X” from xylene—and are all aromatic compounds. They are derived from oil
thermal cracking and naphtha reforming [266]. The use of light cycle oil (LCO), a middle
distillate from FCC process, is also useful to obtain these aromatics, which may contain
up to 90% of mono-, di- and triaromatic compounds. In BTX production, hydrotreating
(HDT) and hydrocracking (HCK) procedures are achieved with catalysts with important
roles in hydrogenation in naphthalene structure and selective cracking of naphthalenic
structures, resulting in one-ring aromatic hydrocarbons with alkyl chains. The MTA
(methanol to aromatics) reaction has been another process of BTX production, mostly due
to the development of coal-, shale gas-, and biomass-derived methanol using the syngas
route [267,268].

BTX synthesis from syngas can reach good selectivity using a dual bed of MnCrOy-
ZSM-512-MR zeolites. Silica modification of external acid sites and the topology of zeolites
determine BTX selectivity. The presence of 12-membered rings in zeolite structures such
as USY enhance the product formation. Thus, it has been used to design a catalyst for a
one-step synthesis reaction of BTX using syngas [269].

Bifunctional catalysts are important in improving the production of these compounds,
ideally with acid nature acting as a support and with a metal for hydrogenation—
dehydrogenation steps following the HDT and HCK reactions before BTX production [270].
In this process, the strong acidity and excess of hydrogenation activity may crack molecules
generating gaseous light hydrocarbons and become sensitive to coke formation [271]. In
this scenario, zeolites are important as catalyst support, mostly because of their stronger
acidity, great thermal and hydrothermal stability, higher resistance in the presence of sul-
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fur and nitrogen compounds, reduced tendency for coke formation, and great capacity
of regeneration [266]. Other characteristics include shape selectivity allowing the occur-
rence of specific reactions influenced by distribution of microporous Brensted acidity [272].
A catalyst composed of Ni, CoMo, NiMo, and NiSn when supported over zeolite H-beta
presented good BTX yields that may be improved by adding ZSM-5 zeolite in combination
with H-Y. This effect was ascribed to large pores of FAU zeolite used becoming an easy
medium for tri-ring aromatic molecules [266].

The zinc phosphate groups can be anchored in the channel system of HZSM-5 ze-
olite, enhancing the hydrogen transfer pathway, essential for high BTX selectivity and
avoiding the methylation of these compounds generating heavy aromatics [267]. Nonethe-
less, the application of mesoporous zeolites is limited because of such structural factors
as poor hydrothermal stability and weak acidity. Therefore, hierarchical structures can
be used because they combine good structural aspects of microporous and mesoporous
zeolites, such as large surface area and better metal or acid /base dispersion, in comparison
to amorphous silica—alumina supports. Modification of these structures, such as using
ZSM-5/SBA-15 with a heteroatom, decreases acid generation and increases aromatic hy-
drocarbon formation. As an example, modification with Ga atoms gives high BTX catalytic
selectivity [268].

The intensity of zeolite acidity (Brensted sites) is important to drive the glycerol
conversion in aromatics. The yield of aromatics is also very dependent on Si/ Al ratio, the
high Al content (low Si/ Al ratio) leading to higher aromatic production. The alternative
addition of bentonite in catalyst support can increase selectivity for benzene. The coke
formation is a drawback in this process that can be removed by calcination. During the
regeneration step, the bentonite structure collapses and reduces the acid strength. The
modification of zeolitic structure by a metal has such effects as decreased aromatic yield,
the changes in main reactions catalyzed avoiding the aromatization. Using glycerol as
reactant, the nature of metal determines the performance in scission of C-O bonds, and the
temperature is important for conversion of glycerol to aromatics [273].

The modification of H-ZSM-5 with Zn allows the formation of binuclear [ZnOZn]*2
species, acting as strong Lewis acid sites, improving dehydrogenation activity in the
aromatization of 1-hexene. The presence of heteroatoms has good characteristics to obtain
products from BTX reactions. These characteristics are high surface area, small particles,
and weakness of Bronsted acid site with good stability due to short diffusion paths and
more channel mouths, diffusing the aromatics and not allowing coke formation [274]. It
is important to highlight other features, such as optimal porosity to allow the removal
of aromatics in different medium, e.g., Na-P1 and Na-X from fly ash [275,276]. It is also
important to highlight the complexity of structures used to obtain BTX molecules, such
as nanosized sulfide Ni-W catalysts based on zeolite [277] and the ZSM-5/silicalite-1
core-shell zeolite catalyst [278]. Figure 14 shows a mechanism for BTX formation.

Hydrogenation @O Hydrocracking Benzene  Toluene
_— —_—

| | +

NN

X
Naphthalene Tetralin N + |
= =

K/ Y
H Hydrogenation

m-Xylene p-Xylene o-Xylene

(:b + dij “Hydrogenatiun
cis-Decalin trans-Decalin é O
+

Methylcyclohexane Cyclohexane

Figure 14. Mechanism of BTX production from hydrocracking of pyrolysis fuel oil components.
Reproduced from [277]. Copyright 2020 MDPL
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4.3. Processes with P-Xylene

Para-xylene is a volatile organic compound (VOC), easily becoming a gas molecule
at room temperature, undesirable in the environment, and coming mainly from automo-
biles. The adsorption of this molecule is one of the main approaches to remove it from the
air [279]. The main source of xylenes is naphtha reforming and pyrolysis of gasoline, where
the compound exists in an equilibrium proportional to the other two isomers (meta- and
ortho-xylene). P-xylene is much in demand in the plastic industry for the production of
terephthalic acid and dimethyl terephthalate, intermediates in PET production (polyethy-
lene terephthalate). However, the separation from isomers mixture is very important to
obtain pure p-xylene. The reactions involved in this process are the isomerization of Cg
aromatics and the disproportionation and transalkylation of toluene. Alkylation of toluene
with methanol is used in the same manner [42] (p. 8).

The separation of p-xylene with usual methods, such as distillation, is difficult because
its isomers have similar molecular structures and close boiling points. To make this
process easier, zeolites are used to promote adsorption processes alongside the fractional
crystallization method. These processes demand a great amount of energy and batch
operations. In this context, polycrystalline MFI zeolites have been used to separate p-
xylene by pervaporation and vapor permeation processes. The physical and structural
characteristics of MFI-type zeolites allow the diffusion of p-xylene molecules, such as
straight channels in b directions and sinusoidal channels in a direction. The shape selectivity
is the main property that enables this separation. The decrease in xylene adsorption level
improves this property for isomer separation [280]. The form of zeolites used for this
operation is membranes using ferrite (FER) zeolites as MFI zeolites. Therefore, the presence
of pinholes as large as 1 nm makes the separation of p/m xylenes difficult, so the presence
of narrow pores is undesirable, and the temperature is crucial for separation of binary
mixture such as p/o xylene [281].

The zeolite SSZ-35 is used as catalyst for reaction of p-xylene alkylation with isopropyl
alcohol. This zeolite has a 10-ring channel system and shallow cavities with 18-ring
cages. Chemical modification with acidic treatment results in decreased void volume,
such as the concentration of acid sites located in external surface. Desilication of the
structure can increase the selectivity of the desired product (2,5-dimethylcumene), leading
to the formation of a hierarchical structure [282]. Besides reactions of transformation
p-Xxylene, there are chemical processes for production of this molecule using biomass-
derived dimethylfuran, involving H-beta zeolite [283] and beta zeolite with nanosponge-
like morphology [284], ZSM-5 and Y zeolites [285].

Sustainable processes of p-xylene production avoid the traditional obtainment from
the petrochemical industry. One of these routes is based on the use of a biomass-derived
compound called 2,5-dimethylfuran (DMF), producing a biobased p-xylene by Diels-Alder
cycloaddition of DMF and ethylene followed by dehydration process of an intermediate.
For this process, a beta zeolite with a nanosponge-like morphology was obtained from
multi-ammonium surfactants as a meso-micro dual structure-directing agent, composed
of ultrathin zeolitic nanocrystals with intracrystalline mesopores and a large number of
Brensted sites, both externally and in micropores. Mesopores in addition to acid sites make
access easier for reactant molecules and void the coke formation [284].

The application of zeolites beta, ZSM-5 and Y in continuous flow synthesis presents
better catalytic performance, acrylic acid and DMF being used in the process. The Si/Al
ratio determined the complete conversion of DMF, with yield of 83% p-xylene. The opti-
mum factors that guaranteed optimal catalytic activity in reaction were the combination of
high specific surface area and medium to high acid density allowing the occurrence of two
reactions (Diels—Alder cycloaddition and decarboxylation), as well as suppressing alter-
native self-condensation reactions [285]. The Al-rich H-beta zeolite presented its catalytic
activity dependent on Si/ Al in this conversion, using ethylene and DMF, mostly the Si/ Al
ratio equaling 22, giving 97% p-xylene yield [283]. A computational study was done on
this reaction with this type of zeolite, analyzing the free energies. The secondary addition
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can be eliminated with n-heptane as inert solvent, decreasing the loading of DMF or using
weak Bronsted acid sites that facilitate the dehydration of Diels—Alder product [286]. The
electronic structure calculations to investigate catalytic activity of HY and alkali-exchanged
Y zeolites in this reaction showed a bidirectional electron flow mechanism [287]. The
Figure 15 shows a reaction of p-xylene formation in three proposed processes [285].

i COOH A _COOH
Diels-Alder Dehydration el Decarboxylation
Cycloaddition 1 . _—

Figure 15. Proposed three-in-one continuous reaction of 2,5 dimethylfuran (DMF) and acrylic acid
(AA) to produce p-xylene (pXL) and 2,5 dimethylbenzoic acid (DMBA). Reproduced from [285].
Copyright 2020 Royal Society of Chemistry.
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4.4. Microbial Immobilization

The use of porous materials as supports for immobilization of distinct microorgan-
isms (MOs) is increasingly used to solve industrial problems. There are some processes
that use anaerobic routes for different functions, such as wastewater and solid waste
treatment [288,289], biodegradation of pollutants [290], alcohol fermentation [291], mineral
self-healing concrete [292] and anaerobic treatment of agricultural wastes [293]. The physi-
cal properties and structure of zeolites, mostly the channel and pore cavities, minimum
diameter pores, average surface area of 24.9 m?/g, low bulk density, high cation exchange
capacity and adsorption make this material useful for biological processes. Moreover, the
wastewater biological treatment has been a highlight, reducing inhibitory substances in
feedstock such as ammonia [288].

In this context, anaerobic remediation has many good characteristics, such as the high
degree of purification in loco even possessing high organic feeds, low nutrient require-
ments, small amount of excess sludge produced in the process, and the production of
renewable biogas, enabling recovery of energy instead of just saving it and reducing costs
in comparison with aerobic process [294].

When anaerobic digestion is achieved in the absence of a support for immobilization
of a microorganism, there are some drawbacks: long processing, requiring a large reactor
volume, and the possibility of washout of the microorganism due the high substrate loading
rate, reducing the reactor performance. With porous solid materials as support for anaerobic
microorganisms, there is an ideal environment, e.g., the bacterial growth that is increased
by the porosity of material. Moreover, the chemical oxygen demand (COD) is reduced,
preventing biomass loss at high loading rates [288].

The sorbent property for microbial immobilization is reported to be presented by clay
rocks and has been used for oil-oxidizing microorganisms such as Pseudomonas yamano-
rum, Rhodotorula glutinis and the microalgae Chlorella vulgaris, acting as biogeosorbents
that increase the efficiency of cell immobilization, preserving viability and biochemical
activity. The sorbents act as transport bases for Mos, allowing up to 10 years of anabiosis,
i.e., reduction of metabolism. The zeolites analcime, clinoptiolite and glauconite have
been found to be great biogeosorbents in tests of hydrocarbon oxidation with the capacity
of holding volatile low-molecular-weight alkanes [290]. Natural and modified zeolites
have been also used for immobilization of the strain of Trichoderma viride SL-45 with
success [295].

The immobilization of cells for ethanol fermentation is an important line of work
using zeolites. Saccharomyces cerevisiae has been immobilized with a natural zeolite
and the system presented 3-6:10% cells/mL in carrier capacity, reaching that required for
immobilization and alcohol fermentation twofold higher than glass beads and being stable
for 21 days without the loss of carrier. The immobilization of cells increases the reaction
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rates, enzyme productivities, and cell densities [291] (p. 34). A synthetic zeolite was used
in the fermentation process of lactic acid production by immobilization of Lactobacillus
rhamnosus, where the simple cell separation from fermentation media and their reuse
in repeated batch cycles were achieved with success [296]. In the process of ethanol
fermentation, by-products are generated, such as in the corn ethanol industry, where thin
stillage is generated. Thus, the nature of reactor used for this waste treatment has great
importance, an anaerobic fluidized bed reactor generally being applied. Using zeolite in
this reactor achieved 88% COD removal efficiency in some works, showing the importance
of supporting the MO for this process in all steps until in waste treatment [289] (p. 34).
The anaerobic fluidized bed reactor was studied for treatment of vinasses using natural
zeolite mainly composed of clinopitilolite, mordenite and montmorillonite. The microbial
comminities with great predominance were Methanosaeta and Methanosarcinaceae, besides
sulfate reducing bacteria. The physical characteristics of zeolite promoted good media for
immobilization with high organic removal efficiency, the irregular surfaces of the material
being the factor responsible for this. A large accumulation in the interior of ruggedness
and in superficial zones of support was observed [289] (p. 34).

Zeolites have high importance in immobilization of Mos. A porous ceramic car-
rier made from fly ash was made for wastewater treatment for the purposes of nitrogen
removal [292-297]. Figure 16 shows the immobilization of a colony on a zeolite structure.

Figure 16. Micrography of zeolite with a microorganism immobilized. Reproduced from [293].
Copyright 2007 Elsevier.

4.5. Biomass Conversion

Global concerns about new forms of production of useful products for society such as
fuels and chemical compounds (platform molecules) have been in the focus of industry and
research entities. In this scenario, processes involving biomass conversion have great impor-
tance, e.g., for biofuel production, which may replace a great quantity of fossil-derived fuels,
allowing the generation of advanced biofuels, also called second- and third-generation
biofuels, replacing the widely used ethanol (first-generation) [42] (p. 8). For zeolite uti-
lization in biofuel production, hydrolysis, esterification—transesterification, isomerization,
condensation, pyrolysis, and upgrading bio-oil can be performed [298].

The use of zeolites in biomass conversion to transportation fuels has been a great
alternative use of catalysts with sustainability because some zeolites are formed from
natural precursors or biomass wastes, e.g., coconut shell and lignocellulosic residues, and
are the most abundant bioresource available composed of cellulose, hemicellulose, and
lignin. Lignocellulosic biomass is used in pyrolysis oil to produce biomolecules, food
aroma, pesticides, and biofuels. This process heats the material in the absence of oxygen,
transforming it into an oil with fewer problems in processing. In this process, the zeolite
bed converts the vapors of pyrolysis oil in hydrocarbons, H,O, CO, and coke [299].
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In catalytic processes, for conversion of lignocellulosic matrices, the transport of heavy
molecules through the zeolite pores is cumbersome and faces mass transport limitations.
The interactions between biomass components and zeolites are different and not only based
in carbocation-like active centers. One highlighted process involved the conversion of
oxygen from biomass-derived products in hydrophobic molecules with good chemical and
combustion properties. The hydrophilic substrates begin to present more of a hydrophobic
nature, with changes in interactions with active centers along the course of the reaction.
Reactions of dehydration and hydrogenolysis can form water in medium that can act as a
poison for active sites. In addition, polymeric molecules react with external surface sites
with continuation at the internal active sites [300].

One of the main goals in biomass conversion, including in triglyceride conversion
(e.g., oils obtained from vegetables matrices), is the reduction of molecular mass; therefore,
Brensted acid sites might enable the cracking and upgrading of biomass components [301].
Oleic acid (cis-9-octadecenoic acid) is a component of a large number of biomass matri-
ces, being the main fatty acid in olive oil pressed from the ripe fruit of the olive (Olea
europaea) [302]. This compound can undergo acid-catalyzed isomerization, forming a
mono-branched-chain unsaturated fatty acid. In this reaction, the zeolites give considerable
yields in comparison to clays. Their relatively small channels and pores are responsible
for this. In the beginning of this process, coke formation with isomerization limited to
the micropores occurs. The size and geometry of pores determine the type of compound
formed that can be methyl mono-branched-chain unsaturated fatty acid or ethyl and propyl
mono-branched-chain unsaturated fatty acid [301]. The effect of desilication of MOR zeolite
on esterification of oleic acid as a model reaction has been investigated. The generation of
mesoporosity in the structure increased the conversion of biomass and maximized the life
of the catalyst [303].

The types of zeolites used for biomass conversion include ZSM-5, beta zeolite, Y zeolite,
mordenite, silicoaluminophosphate and other porous materials. The shape selectivity of
these materials is one of the factors in the behavior in formation of mono-branch-chain
unsaturated fatty acid. This factor in processes of biomass conversion using zeolites, was
studied closely because of little understanding about it, and the reaction was the conversion
of glucose to aromatics by catalytic fast pyrolysis. Studying the kinetic diameters of
reactants and products and the occurrence of reactions inside the pores as in external surface
verified that aromatic products and reactants occurred inside the pores in medium-and
large-pore zeolites, while in smaller pore structures the locale was the external surface [304].

The use of beta zeolite for biomass conversion processes is the most highlighted. This
structure can be modified with the introduction of heteroatoms to increase the Lewis acidity,
improving the conversion. One main structure used is the Snf3 zeolite, constructed in an
ordered 3D network of S5iO, and presenting some Si atoms replaced by Sn atoms. The high
activity as a catalyst is evidenced in sugar isomerization or epimerization, production of
lactates from carbohydrates, Baeyer—Villiger oxidation, and Meerwein—Ponndorf—Verley
reactions. In this structure, there is a combination of Brensted and Lewis acidity, giving suit-
able conditions for biomass conversion reactions, such as conversions from carbohydrates
to chemicals, for instance, the conversion of glucose in 5-hydroximethylfurfural (HMEF),
where the Lewis sites catalyze the conversion of glucose to fructose and the Breonsted sites
catalyze the dehydration for 5-HMF formation [305]. The production of furfural, a com-
pound derived from lignocellulosic biomass with more than 200,000 annual tons produced,
has been achieved by applying H-beta zeolite as catalyst, presenting a bifunctional nature,
such as those structures with Sn in the framework. In this case, the isomerization reaction
was in xylose and arabinose before the dehydration. Depending on the composition of
biomass feedstock for this purpose, H-beta can be used together with H-mordenite if the
presence of xylose is high in hemicellulose fraction [306]. The acidity in zeolite structure is
improved by metal clusters and nanoparticles, making the biomass processes conversion
better, solving problems as metal coalescence, sintering and leaching [307]. Figure 17 shows
pathways to obtain a product from carbohydrates.
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Figure 17. Lewis acid zeolite Sn-Beta catalyzing the formation of methyl lactate from a triose and
hexose. Reproduced from [299]. Copyright 2011 Royal Society of Chemistry.

4.6. Enzyme Immobilization

The high applicability of enzymes in industrial processes and their favorable charac-
teristics for processes, such as low toxicity, high conversion rate in ambient production
conditions, high selectivity and high specificity, have been decisive in the improvement
of their use in the pharmaceutical and textile industries, food and paper production, and
water treatment [308]. Some aspects of the use of enzymes as biocatalysts for industrial
purposes include the improvement of their stability under conditions of pH, use of organic
solvents, temperature and pressure. Their high solubility in aqueous media leads to a
difficult separation from reaction medium. The conventional use of enzymes can cause
their loss from the process, even if it presents high activity, requiring the insertion of more
enzymatic load in the process, burdening it [309]. The immobilization methods employed
influence the specificity, selectivity and activity of the enzymatic molecules. As they are
fixed to a solid material, their removal from the medium is facilitated, minimizing con-
tamination and inhibition of the final product, enabling its recovery, minimizing aspecific
adsorption and microbial contamination [310,311].

The immobilization consists of the confinement of the enzymatic structure in a different
phase from the one that the substrate and the products are presented. This phase is called
matrix or support, which can be zeolitic structures [312], and must be inert, have high
physical resistance, stability, regenerability, ability to improve activity, and enzymatic
specificity [313].

There are factors that can influence the performance of immobilized enzymes, such
as the hydrophobic partition, the microenvironment in which the support is found, the
presence of several binding points, the possibility of immobilization of different types of
enzymes, diffusion constraints and the presence of substrates or inhibitors [314]. Other
factors include the porosity of the support, the modes of enzyme-support binding and the
physical nature of the support [311].

Among the characteristics of zeolites that provide utility for this process are their
mechanical strength, enabling their resistance to different pressures and experimental
conditions [315], and the possibility of surface modification, allowing the insertion of
compounds that facilitate the binding of the enzyme [316]. The possibility of synthesizing
these supports with ideal characteristics such as morphology, porosity and presence of
micropores allows better interaction between the enzyme and the substrate [317]. The
mechanical stability and chemical inertia of the support, in addition to its ecologically
favorable and nonpolluting nature, close the useful characteristics of these materials to
immobilization [318]. Figure 18 shows the types of enzyme immobilization on carriers such
as zeolites.
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Figure 18. Methods of immobilization of enzymes onto carriers. Reproduced from [316]. Copyright
2020 Elsevier.

Adsorption or physisorption is the simplest and least expensive method, occurring
due to aspecific weak-force interactions such as van der Waals interactions, hydrogen
bonding, electrostatic interactions and hydrophobic interactions [319]. Because these
interactions are weak, the enzyme can easily undergo a desorption process as a result of
environmental parameters such as pH, ionic strength, temperature and pressure [320]. Such
weak interactions do not change the structure of the enzyme, preserving its active site and
maintaining its activity [321]. Protein adsorption has occurred in mesoporous silicates with
narrow pore distribution range. In these porous materials, the presence of silanol groups
is essential to effect adsorption by hydrogen bonding [311] (p. 37). There is good stability
of the lipase enzyme against factors such as pH and temperature when immobilized by
physical adsorption with respect to its free form. This immobilization protects its structure
when changes in pH and temperature occur, delaying its denaturation [309] (p. 37).

In zeolitic structures, adsorption can generate heterogeneous catalysts with high
activity due to the presence of Si-OH groups, allowing catalysis of a reaction in a con-
siderable number of cycles [322]. The Si/Al ratio is one of the determining properties
of enzymatic adsorption, as this parameter determines surface properties as well as hy-
drophilicity /hydrophobicity and ion exchange capacity. This effect could be evaluated in
the immobilization of pancreatic porcine lipase. The presence of heteroatoms in structures
such as Fe in ZSM-5 has promoted improvement in immobilization.

Immobilization of enzymes on the support through covalent bonding occurs due to the
presence of amino acid side chains such as lysine, arginine, aspartic acid, cysteine, glutamic
acid and histidine via their functional groups such as carboxyl, sulthydryl, hydroxyl,
imidazole, amino, epoxy, thiol and phenol [323]. The enzyme-support interaction is strong
and generally requires activation of the support through Schiff bases and carbodiimide,
where glutaraldehyde and glyoxal are the main groups used, as well as spacers in the
structure, offering simplicity and enzyme preparations with stability [309-311] (p. 37).
Zeolitic supports have been used for this immobilization, such as nanoporous zeolite, used
in the immobilization of a-amylase, resulting in an increase in stability and a decrease in
denaturation [324].
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Glutaraldehyde has been the most used ligand in the immobilization of enzymes in
zeolitic structures of different topologies, namely, glucose oxidade@MFI, amylase@LTA,
laccase@SOD, lipase@MF], lipase@GIS/LTA /BEA /FAU. In addition to this, other binding
agents used are glyme and ethylenediamine. Sometimes metallic ions and metallic nanopar-
ticles can be used as ligands according to their affinities. The formation of enzyme-zeolite
composites can occur by the fusion of terminal carbon and terminal nitrogen of enzymes
producing fused bifunctional proteins.

The enzyme immobilization process by entrapment and encapsulation are irreversible
processes in which the macromolecule is in physical confinement in the support structure.
The entrapment matrix, composed of several subunits of the immobilized enzyme, differs
from the encapsulation that consists of a support unit with the catalyst inside [325]. In
this process, there is no chemical interaction between the enzyme and the support and
thus it does not undergo structural modification [326]. These forms of immobilization can
make the interaction of the enzyme with the substrate more difficult due to mass transfer
limitations. Thus, the material must have adequate morphology and porosity to allow
the passage of substrate and products through the pores and retention of the enzyme.
Both forms of immobilization guarantee an increase in the mechanical strength of the
system [309] (p. 37).

The use of zeolitic supports in the encapsulation and entrapment of enzymatic macro-
molecules has occurred in ZIF-8 structures. This is an MOF-like structure with isomorphism
to a zeolitic structure, presenting imidazolate structures in the network [327]. In this struc-
ture, the lipase enzyme could be encapsulated, modulated by a surfactant, showing good
thermal stability in the range of 50 to 70 °C, good storage stability (20 days) and cata-
lyst recovery in six cycles, and stability to solvent denaturation [325]. The use of this
structure can occur in the encapsulation of the HRP enzyme and can also form a hybrid
HRP@ZIF-8/DNA system [328].

In the cross-linking method, an agent containing functional groups is used for the
interaction between enzymes or in the formation of the enzyme-support complex. This
method can be used in combination with others with lower immobilization efficiency, such
as adsorption, improving the stability of the macromolecule [329]. This method can be used
in the formation of enzymatic aggregates forming structures called CLEA (cross-linked
enzyme aggregates), allowing the retention of high activity in the biocatalyst, in addition
to high stability and recycling [330]. Its formation process involves mixing an aqueous
solution of proteins with organic solvents, salt anions or polymeric structures [309,310]
(p- 37). The use of zeolites as a support for this type of immobilization is not much explored;
however, the use of ZSM-5 structures to incorporate the pectinase stands out, verifying
that the bifunctional catalyst obtained was ultraefficient in the catalysis of the hydrolysis of
bonds of (3-glycosidics, with good thermal stability and good reusability [331].

FAU Zeolites as Support for Peroxidase Enzymes

Most of the need for production of FAU (faujasite) zeolites is aimed at its use in adsorp-
tion of NH3 [332], as catalyst for hydrogenation of 1,4-bis(phenylethynyl) benzene [333], as
catalyst-adsorbent for desulfurization of fuel oil [334], as a model by Monte Carlo molecu-
lar simulation in removal of ethyl mercaptan traces from natural gas [335], as catalyst for
the synthesis of coumarins [336], in separation of CO,/N,O gases [337], and as a precursor
of hierarchical zeolite used for fatty acid isomerization [338]. One of the most important
characteristics of these structures is biocompatibility, allowing its use in biological sys-
tems and giving affinity in contact with the biological molecules of peroxidase. Therefore,
FAU zeolites offer an alternative to peroxidase immobilization and may be used in fu-
ture applications optimizing its functions as biocatalyst support, such as high sensitivity
to environmental conditions, low storage stability, and low reusability. This increase in
enzyme-supported performance allows better applications in oxidation of phenols, amines
and aromatic compounds, often present as environmental pollutants [339].
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In this scenario, the FAU zeolites offer adequate properties for immobilization of these
macromolecules. There are two main possibilities for the construction of this hybrid system
or enzyme-support complex. One possibility is due to the high specific surface area of
most types of FAU structures, reaching values ca. 600 m?/g compared to other structures
commonly used in many research fields, including enzyme immobilization, and MFI struc-
tures that reach specific surface areas of ca. 300 m?/g, these studies about the surface area
are useful for strategies of zeolite modification with chemical modifiers [340,341]. The large
specific area allows an adsorption of the molecule in an adequate microenvironment for
accommodation of its high molecular volume. The high framework density of 13.3 atoms T
per 1000 A and the wide ring forming the alpha cavity makes the enzyme entrapment easier
than other zeolites, increasing the stability of the immobilized biocatalyst. The second possi-
bility for protein immobilization is the functionalization of the structure with consolidated
substances that can bind covalently with amino acid residues from enzyme. Moreover,
the FAU structures can be modified with good acceptability with aminosilanes such as
3-aminopropyltriethoxysilane (APTES), aminopropylmethyldiethoxysilane (APMDES) and
3-aminopropyldimethylethoxysilane (APDMES) [342]. This modification of FAU zeolites
allows great stability of immobilized protein because of the formation of chemical bonds
between the support and the biocatalyst with the chemical modifier in the interface. The
Figure 19 illustrates this process.
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Figure 19. Schematic diagram of enzyme immobilization on zeolite through chemical methods.
(a) Using glutaraldehyde for covalent anchoring; (b) entrapment of enzyme aggregates in mesoporous
structure. Reproduced from [340]. Copyright 2021 Elsevier.

These two possibilities to use this consecrated structure as support for peroxidase
immobilization are validated by the adequate properties of FAU zeolites. Once formed,
the immobilized peroxidase can catalyze many important chemical processes, such as
the hydroxylation of aromatic compounds in biotransformations [343], the soil detoxifi-
cation and bioremediation of water bodies containing phenols, cresols and chlorinated
phenols [344], with possible use in different reactions routes as showed for peroxygenase by
Pellegrini et al. [345], in biotechnological processes such as in the development of diagnostic
kits for the quantification of uric acid, glucose, cholesterol and lactose [346].

In the bioremediation of water bodies, the supported enzyme has potential use in the
degradation of dyes acting in the degradation of anthraquinone dye. The removal of aro-
matic compounds in effluents has involved HRP and LiP enzymes, which once immobilized
can be easily used in the treatment of contaminants such as anilines, hydroxyquinolines,
benzidines and naphthylamines. The mineralization of recalcitrant aromatic compounds
and oxidation of polycyclic aromatic compounds are other possibilities. With regard to the
soil detoxification process, the immobilized enzymes can be useful in the biotransformation
of atrazine herbicides such as diethylatrazine and hydroxyatrazine [344].
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In the degradation of mycotoxins, peroxidases show activity against aflatoxins B1 and
M1, deoxynivalenol, ochratoxin A and zearalenone. In the food industry, they stand out
as indicators of the efficiency of thermal processing of fruits and vegetables due to their
relatively high thermal stability, a feature that have better behavior when the enzyme is
stabilized in a support [346].

Application in biotechnological processes demands knowledge of zeolite’s properties,
such as the low water solubility of substrates of interest, which has been remedied using
hydrophobic matrices acting as a reservoir for substrates and products. The high tempera-
ture is a limiting factor for its activity. Such characteristics are considered in the elaboration
of diagnostic kits in which peroxidase is very useful for generating chromogenic products
at relatively low concentrations and good stability [346] (p. 40). The physical or chemical
attachment of protein in FAU zeolites can maintain the low solubility because of the Si
content presented in some types of zeolites with this structure such as NaY. The thermal
stability offered by zeolite structure can avoid the temperature effects in enzyme optimizing
its use.

The FAU zeolites are structures that deserve more attention to increase the lifetime and
the activity of peroxidase enzymes through immobilization. Other research fields might
develop besides the actual ones used where the product (zeolite) is just synthesized and
chemically modified as in insertion of a strong acid behavior as in the use of some transition
metal for incorporation of its structure. These most used applications have a limited field of
study, exploring just the material properties for physicochemical processes. This structure
is known to be obtained by natural precursors, e.g., wastes, increasing the value as an eco-
friendly material and the incorporation of a biocatalyst, that can be obtained from natural
sources as well, represents a sum of two possibilities for production a new material with wide
range of applications and with less cost in comparison to the synthetic routes using organic
solvents and other chemicals that offer great risk for the production process.

4.7. Zeolites in Environmental Remediation

The global changes in environment is an actual concern of many international institu-
tions working with the screening of factors that turn ecosystems in hard conditions, such
as the increase in deposition of heavy metals in water bodies, accumulation of organic com-
pounds that offers deleterious effect for many organisms e.g., the herbicides and general
pesticides disposed on soil and water and the gas evolution that gives undesirable effects
for the global temperature and for the life quality of people from many cities.

Zeolite production on an industrial scale is the beginning of the discussion on the role
of these products in environmental protection. Industrial interest for zeolite production
began in 1954, and year by year the amount of produced material increases by hundreds
of thousands of tons. The production process in scaling up is the first contribution of
the material for environmental protection, because there is a necessity for aluminosilicate
hydrogels or clay minerals, i.e., sources found in many natural environments requiring less
use of hazardous chemicals as precursor. The temperature employed contributes to energy
efficiency because low temperatures are used, another relevant contribution of zeolites
for direct development of ecofriendly industrial processes. Indirectly, its production is
useful for the production of fine chemicals and is part of clean technological steps used in
industry, converting raw materials in more than 70,000 everyday products and as a product
protagonist for biomass conversion, fuel cell development, thermal energy storage, carbon
dioxide adsorption and wastewater treatment [347-349].

The amount of biomass generated in different sectors of human activity is around
100 billion tons annually, comprising energy in form of organic chemical compounds de-
rived from the photosynthesis process in plants, although there is biomass from animals,
but in less quantity. The zeolite assumes its role as catalyst when the biomass might be
transformed in other types of products where the main aggregate value is the generation
of energy as biofuels or compounds from fine chemistry sector, produced from a renew-
able source and reducing the accumulation of biomass in environment. Therefore, in this
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regard, zeolites are one of the main agents to promote biomass valorization, accelerating
the reactions involved and promoting less energy use in production. Biomass conversion
in fuels needs two characteristics of zeolites as catalysts—acid /base catalyst or a single
multifunctional catalyst—allowing the structure to convert oxygenate compounds that can
generate biofuel additives and intermediates of biofuel additives as well. It is important
to highlight the development of hierarchical zeolites, i.e., structures with auxiliary meso-
porosity and macroporosity, increasing the performance in reactions involved [350]. In
research, there are tools to make a systematic study of a particular zeolitic structure for
biomass valorization as biofuel, such as the use of oleic acid as a molecule for esterification
study [351]. In this scenario, computational simulations are helpful to verify the relevant
structural aspects, allowing the use of the lab scale for a previous study of the viable use
of a determined structure. The microalgal biomass is a promising source of hydrocarbons
useful for production of biofuels and has been applied in the aviation sector. Not a complex
method to cultivate, rapid growth and facile harvest with the zeolite H-ZSM-5 is used as
catalyst for cracking of molecules found in this source [352].

The development of fuel cells, namely, hydrogen fuel cells, is a modern development
that shows how zeolites can act in eco-friendly processes, since zeolites are used to con-
struct fuel cells. A fuel cell can be highlighted as one of the most important products of
modern era. These devices use molecules of hydrogen gas for an oxidizing process with
molecular oxygen, producing water in vapor form. The advantage offered is the high
energy generation by weight in comparison with batteries. Zeolites have been taking part
in the development of proton exchange membrane fuel cell, (PEMFC), better in energy
efficiency than diesel and gas engines, without generation of pollution or toxic by-products.
The application of a composite membrane using sulfonic acid functionalized zeolites plays
an essential role stabilizing the dimension and proton conductivity of membranes [353].
In this scenario, the zeolite A-supporting noble metals have helped in the purification of
the hydrogen used in this type of cell [354]. Microbial fuel cells have been developed with
zeolitic structures associated. These convert organic or inorganic waste in electricity with
microorganisms as catalysts decomposing a determined biomass. The eco-friendly aspect
involved in this device is the hydrolyzation and oxidation of a liquid waste by bacteria
without emission. For this process, the anode material determines the performance of
electron transfer and a zeolitic material has been focused to compose it [355].

There are other strategic research areas involving zeolites for processes focusing on
environmental protection highlighting energy (thermal energy storage), adsorption of
greenhouse gases such as CO,, and water treatment. Table 1 shows some works on these
topics with relevant information to match zeolites with environmental protection.

Table 1. Uses of zeolites for environmental protection in different approaches.

Approach

Zeolite Type Main Considerations Reference

Energy storage

A mobile thermal energy storage system was

13X (FAU) developed reducing greenhouse gas emissions.

[356]

A process of drying was evaluated in relationship
13X (FAU) with thermal storage energy increasing the [357]
performance in 1.6 times.

The modeling based in TES (thermal energy storage)

13X (FAD) was created varying zeolite properties with success. [358]
13X (FAU) with MgSO, Generation of a TES. that contributes for r.enewable
. energy production with thermal and electrical energy [359]
impregnated

driven with reasonable feature.
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Table 1. Cont.

Approach

Zeolite Type Main Considerations Reference

Gas adsorption

Separation of propane and propylene, saving energy

54 (LTA) consumption involved in distillation process.

[360]

The structure synthesized by ultrasound assisting
ZK5 (KFI) hydrothermal method showed good separation of [361]
CO,/CHy and CHy4 /N, mixture.

Good selective adsorption capacities due internal
ZSM-5 (MFI) electrostatic fields in structure. Adsorption of CO, [362]
with dependence of temperature.

NaX presented high separation for mixture CO,/CO
NaX (FAU) and CaA (LTA)  and CaA presented high separation stability for the [363]
same mixture.

Water treatment

The mechanism of absorption of nickel metal ions was
strongly related to the architecture of the pores, while

LTA and FAU the exchange of copper and lead was related to the [364]
cation exchange properties of the zeolite structure.
A (LTA) and X (FAU) The selectivity sequence of cation adsorption can be [365]

given as Pb?* > Cd?* > Cu®* > Zn?* > Ni?*

The adsorption of cyanide anion was tested. The
LTA cyanide loading was a maximum of 24 mg/g of zeolite [366]
and the ideal solution pH was 7 or less

Structures useful in adsorption of dyes. The
mechanism of the adsorption processes was controlled
by three successive stages, i.e., internal diffusion,
external diffusion and pore diffusion processes

NaP (GIS) and 4A (LTA) [367]

5. Conclusions and Outlook

Materials science offers a large range of different crystalline structures that may present
a simple chemical composition, such as the molecular sieves discussed called zeolites. These
structures are obtained by various methods: high energy consumption processes due to
heating and long reaction with either stirring or static conditions, or the so-called facile
route of synthesis, using microwave and ultrasound to minimize reaction time, leading
to energy saving. The use of mineralizer agent of an alkaline nature is necessary and
influences the size of the formed particles. Other parameters such as aging, temperature,
crystallization time, the use of an amorphous seed, and the use of a synthetic precursor are
also of critical importance in zeolite properties.

The incorporation of heteroatoms in structures is important to improve catalytic activity
by combining the (photo)catalytic property of some metals and the shape selectivity of zeolite
pores. Thermal and mechanical resistance in various reaction conditions is commonly reached
for these materials. As an example, the addition of zeolites to waste precursors in petroleum
industry processes are necessary in order to shift to an eco-friendlier position.

The aggregation of other materials that are used as synthesis precursors to compose the
zeolite framework is advantageous in the recovery of waste. Therefore, zeolite synthesis ac-
complishes the features of a green material, using wastes as precursors, minimizing energy
costs through facile synthesis routes, and allowing the incorporation of biomolecules in
microorganisms as well as catalyzing the conversion of biomass in useful molecules. These
products could act as platform molecules in different applications in the pharmaceutical,
food, and cosmetics sectors.

Zeolites are often called “zeozymes” because of their high specificity, even in reactions
involving huge molecules. This property and other factors make them potential material
for specific enzyme immobilization. Incorporating the increase in features found in these
macromolecules that exists to a huge extent in the variety of zeolite structure would lead
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to potential applications in biofuel production or biocatalysis. The large variety of zeolitic
structures might be explored together with the large variety of enzymes from different
sources to explore new potentialities. In terms of environmental protection, strategic areas
have been studied, but using a restrict group of zeolite structures. Thus, the exploration
of as many zeolitic structures as possible to compare performance and explore new fields
would be beneficial. Other areas to consider would be the use of zeolites for environmental
problems, e.g., the removal of plastics from oceans, remediation of oil leaks in different
ecosystems, and reduction in NO; emissions from agricultural activities in order to fight
against the greenhouse effect and global warming.
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