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Abstract
In order to overcome mass,

diffusional transfer limitations and molecular accessibility in

microporous zeolites, several researches have been carried out towards the synthesis of hierarchical

Zeolite Beta

catalysts comprising of micro/meso/macropores structures mainly using chemical

reagent which are mostly hard to get and at times expensive . This review is focused on seeing the
extent of research that have being done on the synthesis of hierarchical zeolite Beta from kaolin.
Different synthetic methods and strategies of making Zeolite Beta as it relate to using readily
available sources such as kaolin was discoursed and the catalytic application in various applications

was highlighted .

Keywords: Zeolites, Beta, Hierarchical, Synthesis, Kaolin, Applications

Introduction

Zeolites are microporous, crystalline
aluminosilicate minerals composed of 3-
dimensional framework of silica (SiO4) and
alumina  (AlO4) tetrahydrally linked
together by shared of oxygen atoms. The
framework is an open structure where
cations could locate within the materials
pores. These cations neutralize the negative
charge on the lattice of the framework. This
movement of the cations gives the zeolite
its unique ion-exchange and catalytic
properties (Xu et al., 2007). Although many
zeolites exist in natural forms, most of the
currently used zeolites are synthesized
commercially or in autoclaves in the
laboratory (Rissheng et al., 2019). Zeolites
are one of the most important groups of
materials with wide range of applications in
ion exchange, gas adsorption and catalysis
(Li and Yu, 2014).

They are about 250 distinct framework
structure of zeolites identified by the
International Zeolite Association, but only
13 types have been used in commercial
catalysis (Fernandez et al., 2020), of these
13, only 5 (FERRIERITE, MORDENITE,
ZSM-5 (five), FAUJASITE, and BETA) are
produced in commercial quantity for
catalytic application (Vogt et al., 2015).
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As one of the 5 most predominantly used
zeolite materials, zeolite beta was first
discovered in the laboratory by Mobil
Research and Development in 1967. It
possesses large micropores (0.55 x 0.55 nm
and 0.76 x 0.64 nm) with 3-dimensionally
12-membered ring channels (Fernandez et
al., 2020), with high thermal and
hydrothermal stability, high SiO, / Al,Os
ratio and outstanding catalytic properties
(Shen et al., 2008).

Zeolite beta has the following advantages:

e Due to its high Si/Al ratio, zeolite
beta is hydrophobic and thermally
stable at high temperatures, this
property makes it useful in
separation and catalytic applications

such as vacuum gas oil
hydrocracking and glucose
alkylation (Du et al., 2002),

e It is also applicable in
hydrodewaxing and pour point
lowering of petroleum (Tamer,
2006),

e Zeolite beta also possesses high acid
strength (Bronsted and Lewis acids).

Even though, zeolite beta exhibit high
performance superiority in diverse acid-
catalyzed reactions, its practical application
is greatly hindered by its high cost (Shen et
al., 2008,) and limited by mass transfer
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diffusion when used as a microporous
material (Yue et al., 2016).

Therefore, much effort has been made by
researchers to reduce its production cost
(Xie et al., 2008; Majano et al., 2009; Lie et
al., 2010; Duan et al., 2011) ecither by
decreasing or eliminating the use of organic
template which is expensive and also causes
environmental pollution when the templates
are removed from the =zeolites by
calcination and washing (Kamimura et al.,
2010a, 2010b) or substituting the synthetic
organic chemical sources of silicon and
aluminium with inexpensive, naturally
occurring sources of silica and alumina
such as Kaolinite, Rectorite and Diatomite
(Duan et al., 2011; Kovo, 2012; Yue et al.,
2016,). The use of these low-cost natural
sources of aluminosilicate minerals with
abundant reserves worldwide have been
investigated by different researchers such as
Caballero et al. (2007); Shen et al. (2008);
Li et al. (2010); Holmes et al. (2011); Li et
al. (2012); Ding et al. (2013); Liu et al.
(2014); Yue et al. (2015); Yue et al. (2016);
and Yue et al. (2019).

In addition to the high cost of zeolite
synthesis, the diffusion limitation imposed
by the sole presence of microporous

channel system in zeolite is another
challenge hindering the catalytic
performance of zeolite beta (Tian et al.,
2016). To overcome this challenge,

significant effort has been made by many
researchers  towards  fabrication  of
hierarchical zeolite. Junliang et al. (2016),
successfully synthesize hierarchical zeolite
beta via the steam-assisted technique. Also,
Yue et al. (2019), were able to successfully
develop a green route to synthesized
hierarchical zeolite beta from kaolin
without the use of any organic template.

Hierarchical zeolite beta with bimodal pore
systems integrating both microporous and
macro/mesoporous structure have been
employed to overcome the challenges faced
by microporous zeolites (Yue et al., 2014).
H-Beta zeolites possesses enhanced
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intracrystalline diffusion rate of bulkier
molecules, better catalytic performance and
longer lifespan.

Kaolinite materials are abundant worldwide
and have a Si/Al ratio (SiO; = 46.54 %,
ALO;3 = 39.50 %; and H,O = 13.96 %).
Kaolin is a white colored solid with a
brown-colored surface (Hartati et al., 2020).
The structure of kaolin is similar to that of
zeolites, as such, kaolin has proven to be a
good precursor in the synthesis of different
kinds of  zeolites.  Kaolin  have
[Al2S1205(OH)4] chemical composition and
can be converted to zeolites by
hydrothermal action (Holmes et al., 2011).
This can be achieved by the thermal
treatment of kaolin to obtain a more
reactive phase metakaolin (Kovo et al.,
2009) and hydrothermal reaction of the
metakaolin with an aqueous alkali medium
to form the zeolite structure (Kovo, 2012).
Kaolin consists of octahedral alumina
sheets and tetrahedral silica sheets stacked
alternately (Hartati et al., 2020). Kaolin
usually contains other minerals such as
quartz, sulphur, micas, iron and titanium
oxides. Therefore, the need to purify the
kaolin before it can be used in synthesis. In
2015, Ayele et al., synthesized zeolite A
from kaolin via purification to remove
quartz and mica impurities. Kaolin 1is
extensively use as a raw material in the
production of ceramics, paper coating,
paper filling, rubber filler, plastic filler and
cracking of catalyst or cement (Murray and
Kogel, 2005).

Methods of Synthesizing Zeolites

Different synthetic methods such as
solvothermal, hydrothermal, ionothermal,
alkali fusion, alkali hydrothermal, alkali
leaching, sol-gel, microwave and ultrasound
energy methods have been employed from
the literature to synthesize different types of
zeolites (khaleque et al., 2020). Among all
the  above  methods,  hydrothermal
techniques is considered as the primary and
simplest route to synthesized zeolite from
kaolin and other aluminosilicate materials
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(Cundy and Cox, 2005) via the following
procedure:

1. Mixing of a reactant containing a
silica and alumina source in an
alkali medium (cation source),

2. Heating the reactant mixture at high
temperature usually (> 100 °C) in a
sealed autoclave at autogenous
pressure,

3. Increasing to synthesis parameters
(temperature and time), the reactant
mixture still remain amorphous,

4. Crystalline zeolite can then be
detected after the above induction
period,

5. The zeolite crystals can then be
recovered by filtration, washing and
drying (Hartati et al., 2020)

The hydrothermal method is the only
method that is capable of producing high-
silica zeolites such as ZSM-5, Zeolite Beta
and silicalites (Zhang et al., 2017).

In 2016, Yue et al. synthesized pure-phase
zeolite beta from natural aluminosilicate
minerals (rectorite and diatomite) without
quartz impurity. The synthesized zeolite
beta with more brensted acid sites exhibits
excellent catalytic performance in the
esterification of acetic acid with ethanol.
The conversion of acetic acid and the
selectivity to ethyl acetate was found to
significantly increase by ca. 10% and ca.
7% respectively over the synthesized
zeolite than over the reference.

Methods of Synthesizing Zeolite from
Kaolin

Kaolin is transformed to zeolite by alkali
fusion, direct transformation and
metakaolinization.

2.1.1 Direct transformation of kaolin to
zeolite:

Due to the unreactive nature of kaolin, only
few successful researches have been
published, on this challenging method. In
2008, Shen et al., were able to synthesized
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zeolite beta wusing this method via
hydrothermal process at 150 °C 4 h by
adding silicon in the crystallization
reactions of kaolin with sodium hydroxide
solution without calcination.

The role of Na,O/Si02, Si02/Al,03 and the
ratio (amount) of TEAOH to SiO; are the
most important parameters used to
determine the formation of zeolite beta
(Hartati et al., 2020)

Other zeolites such as ZSM-5 (Hartati et

al., 2020), =zeolite A, Sodalite and
Cancrinite (Rios et al., 2009) were also
synthesized through the conventional

hydrothermal method (Hartati et al., 2020).

Transformation of kaolin to zeolites

through metakaolinization:

Hydrothermal synthesis is the only method
that can produce high silica zeolites such as
Beta, ZSM-5, FER, and MFI etc. In this
method, the kaolin is usually transformed
into a more reactive phase (metakaolin) by
calcining at a temperature of about 600 °C.
The heating process (dehydroxylation)
removes water molecules from the kaolin to
produce an amorphous aluminosilicate
material (metakaolin) (Ilic et al., 2010).

The silica/Alumina ratio will then be
determined by adding a silica source or
removal of alumina (dealumination).
Zeolization is then carried out using
hydrothermal process (Kovo and Holmes,
2010).

Fig. 1 illustrates general steps used during
hydrothermal synthesis of converting kaolin
to zeolite.

Fig 1.0 General steps for hydrothermal synthesis of kaolin to zeolite
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Transformation of kaolin to zeolites by
alkaline fusion:

This process is carried out by activating the
kaolin with dry NaOH in a Teflon-coated
porcelain crucible at about 600 °C for 1 h.
The mixture 1is then crushed and
moisturized to the desired composition
prior to the hydrothermal process. This is a
bottom-up method. Only zeolite A (Ayele
et al., 2015 and Rios et al., 2009), ZSM-5
(Hartati et al., 2020), zeolite Y (Doyle et
al., 2016) and zeolite NaX (Chen and Lu,
2017) have been successfully developed
using this method.

Table 1: Application of Kaolin in Synthesis of Beta
zeolite and Hierarchical Zeolite Beta

SN Sources Synthesis Method ~ Synthesis Parameters  Applications
Eaolin was used & aloming  Hydrothemnal vesment  Crysillization Temp = 140 C 2t Used i Esterificstion of
L Yaserd, 20 WU Template fee symbesiz 181 aceic acd with benzyl
y . Calloidal silics Calingtion Temp of 520°C 4k, alcohal
Zeolite Beta seed
2 Besor Crystzllization Temp of 140 °C  Used in the reaction of bulky
aral, 2019 Beta zaolite zel Hydrothermal tregtment  or 10 days alcohols with 3 4-dilrydro-2-
HOS=1514 pyan
2550°CorSh Applied in Napo) Syrthesis
Tismera, 2016  Comvemtionsl Berszeclts  Deshounston piocess  Urea Sgln (5-20 wi %)
A1 Char -8k
. SIO/ALD: = (=10 FCC diasel
4 Digmetal, W1 Kool wad as the migee Tesim  Iycrodennal o (Mz)m'[m‘{;fm i
somrceofsilica and ahumina - ysiallizationmathod gy
Clination tewp 2t 330, G fox 6.
- Calcinstion taxgp of $00°C Usedas 2 pracansgy for
. ydrotberml reament 203 ceramics
ad Pramada )
2004
4 ;E;,fa, Comarcial Kaolin Hytrotbermal roimanl s 2 830G £or 3B Cast i Ny

Synthesis of Hierarchical Zeolites

According to various literatures,
hierarchical zeolites can be synthesized via
two major techniques namely;

(1) Top-down and
(2) Bottom-up methods.

Top-Down Methods:

This method normally requires the post
synthetic treatment of already commercial
zeolite to create hierarchy or mesopores in
the zeolite crystals. This is achieved by
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either etching way a part of the zeolite or
recrystallization of the zeolite. These
methods are usually considered to be
destructive (Kerstens et al., 2020). Here we
have 3 major techniques according to
previous literature. They are;

Dealumination: This is the oldest method
used to introduce mesopores in a zeolite
structure. It has been in use since mid-1960.
It is used to remove Al from the framework
of the zeolite, this alters the acidity, the
Si/Al ratio and also increases the
mesoporosity.  Dealumination can be
performed by; (a) steam, (b) acid, (c) heat
treatment.

(a) Steam Treatment: These are generally
performed at temperature higher than 500
°C in water vapor atmosphere causing Al-
O-Si bonds to break and cavity to be
formed. The released Al will remain on the
zeolite surface and in the pores as extra-
framework Al (EFAI), while the less stable
Si will move to the Al depleted regions to
create a Si rich domain. The major
drawback of this method is that it leads to
wider pore size of the formed mesopores,
causes low crystallinity and lack of
connectivity of the formed framework of
the zeolite to the surface.

(b) Acid Treatment: A mild acid treatment
or acid wash is done to remove the debris
and open the previously formed mesopores.
Severe acid treatment are used to hydrolyze
Si-O-Al bonds by extracting the Al from
the framework, thereby increasing the Si/Al
ratio and allowing the formation of
mesopores without further need of an acid
wash. The performance of the acid
treatment depends on the type of zeolite,
acid used and the pH of the acid solution
(Zhang, 2018).

Zhao et al, (2018) discussed the
dealumination of Al-rich zeolite beta in a
HNOj3 solution. The concentration of HNO3
was varied between 4% and 15% and the

dealumination temperature varied between
50 °C and 100 °C. Acid wash was carried
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out using HCI to remove deposited extra
framework alumina. The results shows that
hierarchical zeolite beta with Si/Al ratio of
22 was an excellent catalyst in the
conversion of 2,5-dimethlyfuran (2,5-DMF)
to p-xylene, yielding 97 % p-xylene at 99 %
DMEF conversion.

Kowalska-kus et al. (2020) used citric acid
followed by NaOH solution to obtain
hierarchical beta zeolite with superior
catalytic performance. It was used in
ketalization of glycerol with acetone to
obtain solketal with a conversion of 90 %
and selectivity of 98 %.

Suarez et al. (2019) used HF/NH4F as
dealumination agent. The crystallinity was
observed to be higher than 80 % as long as
the HF concentration was lower than 0.5 M.
the treatment was performed at temperature
lower than 40 °C and 30 minutes. Low
materials yields between 30 % and 60 %
was observed. The HF/NH4F treatment
resulted in a higher Bronsted/Lewis acid
sites ratio, which proved to cause a lower
activity in the isomerization/disproportion
reaction of m-xylene.

Li et al. (2017) performed dealumination
and realumination using organic acids such
as oxalic acid, di-malic acid and di-tartaric
acid. Tartaric acid was found to have the
highest realumination, hierarchical beta
formed using malic acid exhibited the best
performance in the esterification of acetic
acid with sec-butyl alcohol.

Desilication: This is the removal of Si from
the zeolite framework using an alkaline
solution (diluted NaOH) which in turn aids
the formation of mesopores. The
morphology of the zeolites and the
framework of Al play an important impact
on this process (Verboekend and Perez-
remirez, 2011; Moller and Bein, 2013; Chal
et al., 2011). Al is also considered to be a
pore-directing agent during this process.
The Al leached during the process are
deposited as debris on the surface of the
zeolites, thus blocking the micropores of
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the zeolite (Groen et al., 2008). This Al
debris can be removed by washing with
mild acid to open the micropores again.

Leng et al. (2016), a beta zeolite was first
desilicated in 0.2 M NaOH then refluxed in
12 M HNO3; solution followed by an acid
wash in 0.2 M HNO3, then incorporating Ti
into the framework. The hierarchical Ti-
beta zeolites prepared by acid wash after
desilication showed enhanced activity
compared to hierarchical Ti-beta that was

formed by direct dealumination or
desilication.
During desilication, interconnected

mesopores are easily formed while the
zeolite largely retains its microporosity.

Sometimes SDA (TEAOH) salts are used
during desilication in combination with a
base as a pore-directing agent. This protects
the zeolite during desilication by preventing
the attack of the OH™ ions at the zeolite
(Zhang et al., 2016).

Dissolution /  Recrystallization:  This
method involves two major steps;

1. A part of the zeolite is dissolved using an
alkaline solution or structure
depolymerization with glycerol. NaOH is
commonly used as the alkaline agent in the
presence of an organic template.

1. The dissolved zeolite is recrystallized by
reassembling the dissolved and dispersed
species into a mesoporous phase. This
recrystallization takes place during a
hydrothermal treatment in the presence of a
surfactant.

Zhang et al. (2018), synthesized
hierarchical  zeolites wusing  different
concentration of NaOH (0.2 M to 0.3 M).
Catalytic tests in the conversion of benezyl
alcohol with mesitylene showed that 0.2 M
concentration was the optimal. This
concentration was able preserve sufficient
acidity and crystallinity during the
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synthesis. The NaOH creates mesopores by
extracting Si from the zeolite framework.

Cho et al. (2019), performed a final
recrystallization step on a post synthesis of
Sn/Beta in the presence of NH4F and
TEABr. The fluoride ions induced partial
dissolution of silanol defects to form a 3D-
ordered mesoporous imprinted catalyst and
a nanocrystalline Sn/Beta catalyst. The two
catalyst shows enhanced hydrophobic and
mass transfer rate in the reaction involving
bulky molecules such as lactose.

Bottom-Up Methods:

This method involves the creation of
hierarchical system during the synthesis of
zeolites. Thus, these methods are not
considered to be destructive. Here
mesopores are created during the synthesis
of zeolites by the addition of a
mesoporogen or template. This is referred
to as mesoporogen method. This employed
the use of either a hard or soft template
(Zhang and Fernandez, 2019).

Mesoporogen-free (template-free) synthesis
methods have also been developed.
Hierarchical zeolites are synthesized using
this method by seed assistance, steam
assistance or kinetic regulation (Risheng et
al., 2019).

Soft-Template Method: Here an SDA and a
mesoporogen is added during zeolite
synthesis. The template is responsible for
the formation of the micropores while the
mesoporogen is responsible for the
formation of the mesopores. Mesoporogens
like surfactants, polymers or organosilanes
are considered as soft templates (Kersten et
al., 2020).

Zheng et al. (2019), performed a one-step
hydrothermal method. Here a cationic
quateranary ammonium surfactant was able
to interact with anionic aluminosilicate
species to induce the formation of hallow
beta zeolites. This followed a surface-to-
core crystallization process. This process
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creates a larger inner
hierarchical structure
access to the acid sites.

cavity and a
which facilitates

Hallow directing agents are usually cost-
effective and recyclable. Hallow zeolite
beta have been tested in the alkylation of
benzene and benzyl alcohol with
isobutylene (Zhao et al., 2019) and
mesitylene respectively.

Wang et al. in 2018 employed analogous
method to synthesized hierarchical beta
support with another type of mesoporogen.
This was categorized under “Gemini type”
bifunctional multi quaternary ammonium
surfactants. Although these templates are
complicated, but they proved to be effective
in  the synthesis of  combined
micro/mesoporous zeolites.

Hard Templates Methods: Hard templates
are solid materials with rigid structures.
Examples; carbon materials, polymers and
biological materials. These materials enable
the control of the mesopores size. They can
be easily removed after synthesis by
calcination. They require high temperatures.
This risks the loss of the product.
Hierarchical zeolites synthesized using this
method are often hydrothermally and
mechanically less stable and the
interconnectivity of the formed mesopores
is relatively low due to the hydrophobic
nature of the of these templates, their
application is limited.

Soltani and Darian (2019) employed
hydrothermal methods to synthesized H-
BEA zeolites with three different templates
(grahene oxide, carbon nanotubes and
carbon Nanofibers) with additional SDA
(TEAOH). It was observed that graphene
oxide proved to be more effective as hard
template in terms of final mesoporosity
(0.61 to 0.19 cm® g!) and pore size when
compared to the template-free synthesized
beta. This in turns increase the catalyst
lifespan and catalytic performance on MTO
reactions.



Safiyanu, R. S.; Babashehu, A. S.; Afolabi, E. A.; Kovo, A. S. & Abdulkareem, A. S.

Yue et al. (2019), also uses white carbon
black as hard template and PDADMAC as
soft-template. This method produced
nanomesoporous beta molecular sieves with
large specific surface area, appropriate
surface acidity and high chemical and
thermal stability.

Template-Free Synthesis Method: As the
name implies, this method does not require
the use of any template/mesoporogen. This
is a less expensive and green method
because it does not release harmful gaseous
chemicals into the environment.

In 2018, Zhao et al. successfully
crystallized high Si-hierarchical beta zeolite
by kinetic regulation of the crystallization
process. It was seen that low water
condition facilitated the nucleation and
crystal growth and also ensured that the
fusion of individual nanocrystal inside the
particle is restrained. The developed
catalyst was tested in the MTP reaction in
which a longer catalyst lifespan and slower
coking rate was noticed. This consequently
improved the utilization of the interior acid
sites and enhanced molecular diffusion.

Yue et al. (2019) employed seed assistance
techniques to develop a green route and
synthesized hierarchical zeolite beta from
aluminosilicate materials (kaolin). The
zeolite Beta seeds enhances the nucleation
process of the BEA zeolite and the
optimum crystallization conditions were
found to be about 10% seed content, 1/30
AlO3 / Si0; ratio, 0.3 NaxO / SiO; ratio,
16.5 H,O / Si0;, and crystallization
temperature of 140 °C for 18 h. The
resultant zeolite Beta possesses great
catalytic performance in the esterification
reaction of benzyl alcohol with about 89.0
% conversion and 37.4 % yield of acetic
acid.

Nanozeolites Assembly: This can be
produced by using both top-down and
bottom-up approaches.
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Huang et al. (2017) hydrothermally formed
hierarchical zeolite beta composed of
uniform nanocrystals with high pore
volume (0.67 cm® g') and high external
surface area (349 m? g'). Therefore, a
layered silicate precursor (H-kanemite) was
used as a silica source, which exhibits a
huge number of silanols that easily
dissoluted in alkaline media. Consequently,
silica fragments were formed that were
subsequently reassembled with Al species
to construct the framework of nanosized
beta crystals. Further assembly of these
nanocrystals was assisted by TEAOH as
SDA and eventually formed self-sustaining
macrosized  zeolitic  aggregates  with
intracrystal ~ microporosity, but also
extremely high mesopores volumes and
external surface areas.

Chaida-Chenni et al. (2018) wused
acidification of the beta seeds solution,
without the use of an organic template. This
method provided the best structured beta
nanoparticles.

Conclusion

This review highlights some of the unique
properties of kaolin clay which makes it a
good precursor natural silica and alumina to
synthesize zeolite Beta and hierarchical beta
zeolite with high surface area, good acidity,
and high silica to alumina ratio and improve

catalytic performance in various acid
catalyzed reactions. Different synthetic
methods such as demetalization

(dealumination and desilication), template
and template free synthesis have been
successfully used to synthesize hierarchical
zeolite beta. Also template free synthesis
method has also been proven to be a green
and benign route in  synthesizing
hierarchical beta zeolites.

References

Ayele, L.; Pérez-Pariente, J.; Chebude, Y.
and Diaz, I. (2015). Synthesis of
zeolite A from Ethiopian kaolin.
Microporous Mesoporous Mater.
215, 29.



Review on Hierarchical Zeolite Beta from Kaolin: Synthesis Methods and Applications

Barakov, R.; Shcherban, N.; Yaremov, P.;

Bezverkhyy, I.; Tsyrina, V. and
Opanasenko, M. (2019).
Hierarchical Beta zeolites obtained
in concentrated reaction mixtures as
catalysts in tetrahydropyranylation
of alcohols, Applied Catalysis A,
General, DOI:
https://doi.org/10.1016/j.apcata.20
19.117380

BEA: Framework Type, https://europe.iza-

structure.org/IZA-SC/
framework.php?STC=BEA
(accessed: August 2021).

Caballero, I.; Colina, F. G. and Costa, J.

(2007). Synthesis of X-type zeolite
from dealuminated kaolin by
reaction with sulfuric acid at high
temperature. Ind. Eng. Chem. Res.
46, 1029.

Chaida-Chenni, F. Z.; Belhadj, F.; Grande

Casas, M. S MérquezAlvarez,
C.; Hamacha, R.; Bengueddach, A.
and  Pérez-Pariente, J. (2018).
Synthesis of mesoporous-zeolite
materials using beta  zeolite
nanoparticles as precursors and their
catalytic performance in m-xylene
isomerization and disproportion.
Appl. Catal. A, 568, 148.

Chal, R.; Gérardin, C.; Bulut, M. and van

Donk, S. (2011). Overview and
industrial assessment of synthesis
strategies towards zeolite with
Mesopores. ChemCatChem. 3(1),
67-81.

Chen, J. and Lu, X. (2017). Synthesis and

Characterization of zeolites NaA
and NaX from coal gangue. J.
Mater. Cycles Waste Manag.,
Springer, 20, 489.
https://doi.org/10.1007/s10163-017-
0605-5.

Cho, H. J.; Gould, N. S.; Vattipalli, V.;

Sabnis, S.; Chaikittisilp, W.; Okubo,
T.; Xu, B. and Fan, W. (2019).
Fabrication of hierarchical lewis
acid Sn-BEA  with  tunable
hydrophobicity for cellulosic sugar

7

isomerization. Microporous
Mesoporous Mater. Vol. 278, 387.

Cundy, C. S., Cox, P. A. (2005). The
Hydrothermal Synthesis of Zeolites:
Precursors, Intermediates and
Reaction Mechanism. Microporous
and Mesoporous Materials, Vol. 82,
1-78.
https://doi.org/10.1016/j.micromes
0.2005.02.016.

Ding, J.; Liu, H.; Yuan, P.; Shi, G. and Bao,
X. (2013). Catalytic properties of a
hierarchical  zeolite synthesized
from a natural aluminosilicate
mineral without the wuse of a
secondary  mesoscale  template.
ChemCatChem Vol. 5, 2258-2269.

Doyle, A. M.; Albayati, T. M.; Abbas, A. S.
and Alismaeel, Z. T. (2016).
Biodiesel production by
esterification of oleic acid over
zeolite Y prepared from
kaolin," Renewable Energy,
Elsevier, Vol. 97(C), 19-23.

Du, Y.; Wang, H. and Chen, S. (2002).
Study on alkylation of benzene with
ethylene over [B-zeolite catalyst to
ethylbenzene by in situ IR. J Mol
Catal Chem; 179(1), 253-261.

Duan, G.; Wan, Y.; Zhang, Z.; Zhao, G.;
Jiang, J. and Liu, J. (2011). Optimal
synthesis of micro/ mesoporous beta
zeolite from kaolin clay and
catalytic performance for
hydrodesulfurization  of  diesel.
Catal. Today, 175, 485-493.

Fernandez, S.; Ostraat, M. L. and Zhang, K.
(2020). Toward rational design of
hierarchical beta zeolites: An
overview and beyond. AIChE J.
e16943.
https://doi.org/ 10.1002/aic.16943

Groen, J.C.; Abello, S.; Villaescusa, L.A.
and Pérez-Ramirez, J. (2008).
Mesoporous beta zeolite obtained by
desilication. Microporous
Mesoporous Mater. 114(1), 93-102.

Hartati, H.; Prasetyoko, D.; Santoso, M.;


https://ideas.repec.org/a/eee/renene/v97y2016icp19-23.html
https://ideas.repec.org/a/eee/renene/v97y2016icp19-23.html
https://ideas.repec.org/a/eee/renene/v97y2016icp19-23.html
https://ideas.repec.org/a/eee/renene/v97y2016icp19-23.html
https://ideas.repec.org/s/eee/renene.html

Safiyanu, R. S.; Babashehu, A. S.; Afolabi, E. A.; Kovo, A. S. & Abdulkareem, A. S.

Qoniah, I.; Leaw, W.L.; Firda,
PB.D. and Nur, V. (2020). A
review on synthesis of kaolinbased
zeolite and the effect of impurities. J
Chin Chem Soc. 1-26.
https://doi.org/10.1002/jccs.
201900047.

Holmes, S.M.; Khoo, S.H. and Kovo, A.S.
(2011). The direct conversion of
impure natural kaolin into pure
zeolite catalysts. Green Chem. Vol.
13, 1152-1154.

Huang, G.; Ji, P.; Xu, H.; Jiang, J. G.;

Chen, L. and Wu, P. (2017). Fast
synthesis of hierarchical beta
zeolites with uniform nanocrystals
from layered silicate precursor.
Microporous Mesoporous Mater,
248, 30.

Ilic, B. R.; Mitrovic, A. A. and Milicic, L.
R. (2010). Thermal Treatment of
Kaolin Clay to Obtain Metakaolin.
Institute for Testing of Materials,
Belgrade, Serbia. Sci. paper. UDC
553.612:66.094.32

Kamimura, Y.; Chaikittisilp, W.; Itabashi,
K.; Shimojima, A. and Okubo, T.
(2010a). Critical factors in the seed-
assisted synthesis of zeolite beta and
“green beta” from OSDA-free Na+-
aluminosilicate gels. Chem. Asian.
J. Vol. 5, 2182-2191.

Kamimura, Y.; Tanahashi, S.; Itabashi, K.;
Sugawara, A.; Wakihara, T,
Shimojima, A. and Okubo, T.
(2010b). Crystallization behavior of
zeolite beta in OSDA-free, seed-
assisted synthesis. J. Phys. Chem. C
115, 744.

Kerstens, D.; Smeyers, B. Van, J.;
Waeyenberg, Sels, B. F. (2020).
State of art and perspectives of

hierarchical ~ zeolites:  practical
overview of synthesis methods and
use in catalysis. Centre for
Sustainable Catalysis and
Engineering KU Leuven
Celestijnenlaan, 200f, 3001 Leuven,
Belgium.

78

https://doi.org/10.1002/adma.2020
04690.

Khalique, A.; Alam, M. M.; Hoque, M.;
Mondal, S.; Haidar, J. B.; Xu, B
Johir, M. A. H.; Karmakar, A. K_;
Zhou, J. L.; Ahmed, M. B. and
Moni, M. A. (2020). Zeolite
synthesis from low-cost materials
and environmental applications: a
review; Env. Adv. 2(100019),
doi:org/10.1016/j.envadv,2020.1000
19.

Kovo, A.S.; Hernandez, O. and Holmes, S.
M. (2009). Synthesis and
characterization of zeolite Y and
ZSM-5 from Nigerian Ahoko
Kaolin using a novel, lower
temperature, metakaolinization,
techn.  Journal of  Material
Chemistry, 19(34), 6207-6212.

Kovo, A.S. and Holmes, S.M. (2010).
Effect of Aging on the Synthesis of
Kaolin-Based Zeolite Y from Ahoko
Nigeria Kaolin Using a Novel
Metakaolinization Technique,
Journal of Dispersion Science and
Technology, 31(4), 442-448,
DOI:10.1080/01932690903210218
A.

Kovo, A. S. (2012). Effect of temperature
on the synthesis of zeolite X from
Ahoko nigerian kaolin using novel
metakaolinization
technique, Chemical ~ Engineering
Communications, 199:6, 786-

797, DOI: 10.1080/00986445.2011.
625065

Kowalska-Kus, J.; Held, A. and Nowinska,
K. (2020). Solketal formation in a
continuous flow process over
hierarchical zeolites.
ChemCatChem, 12, 510.

Leng, K.; Li, X.; Ye, G.; Du, Y.; Sun, Y.
and Xu, W. (2016). Ti-containing
hierarchical beta with highly active
sites for deep desulfurization of
fuels under mild conditions. Catal.
Sci. Technol. Vol.6, 7615.



Review on Hierarchical Zeolite Beta from Kaolin: Synthesis Methods and Applications

Li, Y. and Yu, J.H. (2014). New Stories of
Zeolites Structures: Their
Descriptions, Determinations,
Predictions, and Evaluations. Chem.
Rev., 114(14), 7268-7316

Li, J.; Liu, H.; Li, F.; An, T.and Bao,

X. (2018). Aluminium fluoride
modified beta zeolite as highly
selective catalyst for the
esterification of sec-butanol with
acetic acid. Ind. Eng. Chem. Res.
Vol. 57, 10876.

Li, J.; Liu, H.; An, T.; Yue, Y. and Bao, X.
(2017). Carboxylic acids to butyl
esters over dealuminated-
realuminated beta zeolites for
removing organic acids from bio-
oils. RSC Adv, 7(54), 33714-33725.

Li, Q., Zhang, Y.; Cao, Z.; Gao, W.; Cui, L.
(2010). Crystallization behavior of
zeolite beta from acid-leached
metakaolin. Pet. Sci. Vol. 7, 541-
546.

Li, T.; Liu, H.; Fan, Y.; Yuan, P.; Shi, G.;
Bi, X.T. and Bao, X. (2012).
Synthesis of zeolite Y from natural
aluminosilicate minerals for fluid
catalytic =~ cracking  application.
Green Chem. Vol. 14, 3255-3259.

Liu, H.; Shen, T.; Li, T.; Yuan, P.; Shi, G.
and Bao, X. (2014). Green synthesis
of zeolites from a natural
aluminosilicate mineral rectorite:
effects of thermal treatment
temperature. Appl. Clay Sci. Vol.
90, 53-60.

Junliang. Z.; Cao, P.; Yan, H.; Wu, Z. and
Dou, T (2016). Synthesis of
hierarchical zeolite Beta with low
organic template content via steam-
assissted conversion method. Chem
Engrg Journal 291. 82-93.

Majano, G.; Delmotte, L.; Valtchev, V. and

Mintova, S. (2009). Al-rich zeolite

beta by seeding in the absence of

organic template. Chem. Mater. Vol.

21,4184-4191.

K. and Bein, T. (2013).

Mesoporosity — A new dimension

Moller,

79

for zeolites, Chem Soc Rev., 42(9),
3689-3707.

Murray, H. H. and Kogel, J. E. (2005).
Engineered clay products for the
paper industry. Appl. Clay Sci. 29,
199.

Risheng, B.; Yue, S.; Y1, 1. and Jihong Y.
(2019). Creating Hierarchical Pores
in Zeolite Catalysts. Trend in chem.
1(6).
doi.org/10.1016/j.trechm.2019.05.01
0

Rios, C.A.; Williams, C.D. and Fullen,
M.A. (2009). Nucleation and growth
history of zeolite LTA synthesized
from kaolinite by two different
methods. Appl. Clay. Sci. Vol. 42,
446-454.

Shen, B.; Wang, P.; Yi, Z.; Zhang, W_;
Tong, X.; Liu, Y.; Guo, Q.; Gao, J.
and Xu, C. (2008). Synthesis of
zeolite P from kaolin and its
catalytic performance for FCC
naphtha aromatization. Energy Fuel
Vol. 23, 60—64.

Soltani, S. and Darian, J. T. (2019).
Synthesis of mesoporous beta
catalysts in the presence of carbon
nanostructures as hard templates in
MTO process. Microporous
Mesoporous Mater, 286, 169.

Suarez, N.; Pérez-Pariente, J.; Marquez-
Alvarez, C.;Grande Casas, M.;
Mayoral, A. and Moreno, A. (2019).
Preparation of mesoporous beta
zeolite by fluoride treatment in
liquid phase. Textural, acid and
catalytic properties. Microporous
Mesoporous Mater. 284, 296.

Tamer, N.H. (2006). Synthesis and
characterization of zeolite beta.
Master’s Thesis submitted to Dept.
of Chem. Eng. Middle East Tech.
Uni.

Tian, Q.; Liu, Z.; Zhu, Y.; Dong, X.,; Saih,
Y.; Basset, J. M.; Sun, M.; Xu,
W.; Zhu, L.; Zhang, D., Huang, J.;
Meng, X.; Xiao, F. S. and Han, Y.
(2016). Beyond  creation  of
mesoporosity: the advantages of



Safiyanu, R. S.; Babashehu, A. S.; Afolabi, E. A.; Kovo, A. S. & Abdulkareem, A. S.

polymer-based dual-function
templates for fabricating
hierarchical zeolites. Adv. Funct.
Mater. Vol. 26, 1881.

Verboekend, D. and Pérez-Ramirez, .
(2011). Design of hierarchical
zeolite catalysts by desilication.
Catal. Sci. Technol. 1, 879.

Wang, P.; Shen, B.; Shen, D.; Peng, T. and
Gao, J. (2007). Synthesis of ZSM-5
zeolite from expanded perlite/kaolin
and its catalytic performance for
FCC naphtha aromatization. Catal.
Commun. Vol. 8, 1452.

Wang, S.; Zheng, Z.; He, B.; Sun, C.; Li,
X.; Wu, X.; An, X. and Xie, X.
(2018). Gemini quaternary
ammonium salt cationic surfactant-
assisted hydrothermal synthesis: an
effective way to tune the textural
properties of zeolite and the acidity
of beta molecular sieves. Appl.
Orgamomet. Chem. 32, e4145.
Doi.org/10.1002/a0c.4145.

Xie, B.; Song, J.; Ren, L.;Ji,Y.; Li,J. and
Xiao, F.-S. (2008). Organotemplate-
free and fast route for synthesizing
beta zeolite. Chem. Mater. Vol. 20,

4533-4535.
Xu, R.; Pang, W.; Yu, J.; Huo, Q. and
Chen, J. (2007). Chemistry of

Zeolites and Related Porous
Materials: Synthesis and Structure,
Clementi loop Singapore John Wiley
679.

Yang, Z. (2017). Recent advances in
synthesis and  application  of
hierarchical zeolite. Adv. Eng. Vol.
126, 444—-448.

Yue, Y.; Guo, X.; Liu, T.; Liu, H.; Wang,
T.; Yuan, P.; Zhu, H.; Bai, Z.
and Bao, X. (2019). Template-free
synthesis of hierarchical porous
zeolite beta with natural kaolin clay
as alumina source. Microporous
Mesoporous Mater. Vol. 293,
109772.

Yue, Y.; Liu, H.; Zhou, Y.; Bai, Z. and
Bao, X. (2016). Pure-phase zeolite
beta synthesized from natural

aluminosilicate minerals and its

catalytic application for
esterification. Applied Clay Science.
126;1-6.

doi.org/10.1016/j.clay.2016.02.024

Yue, Y.; Liu, H.; Yuan, P.; Yu, C. and Bao,
X. (2015). One-pot synthesis of
hierarchical FeZSM-5 zeolites from
natural aluminosilicates for selective
catalytic reduction of NO by NH3.
Sci. Rep. Measured and Predicted
Solute Leaching from Multiple
Undisturbed Soil Columns. Vol. 5,
9270.

Yue, Y.; Liu, H.; Yuan, P.; Li, T.; Yu, C.;
Bi, H. and Bao, X. (2014). From
natural aluminosilicate minerals to
hierarchical ZSM-5 zeolites: a
nanoscale depolymerization—
reorganization approach. J. Catal.
Vol. 319, 200-210.

Vogt, E.T.C.; Whiting G.T.; Dutta
Chowdhury A. and Weckhuysen
B.M.C. (2015). In: Jentoft FC, ed.
Chapter two - zeolites and zeotypes
for oil and gas conversion. Advances
in Catalysis. Vol 58. 143-314.

Zhang, K.; Fernandez, S. and Kobaslija, S.
(2016). Optimization of hierarchical
structures for Beta zeolites by post-
Synthetic Base leaching. Ind Eng
Chem Res., 55(31), 8567-8575.

Zhang, K.; Fernandez, S.; O’Brien, J. T.;
Pilyugina, T.; Kobaslija, S.
and Ostraat, M. L.  (2018).
Organotemplate-free synthesis of
hierarchical beta zeolites. Catal.
Today, Vol. 316, 26.

Zhang, K. and Fernandez, S. (2019).
Methods of producing hierarchical
beta  zeolites  with  tunable
mesoporosity through pore directing
agent assisted base leaching. US
patent 10,391,480.

Zhang, K. (2018). Methods for producing
hierarchical mesoporous zeolite
beta. US patent 10,118,163.


https://dx.doi.org/10.1016/j.clay.2016.02.024

Review on Hierarchical Zeolite Beta from Kaolin: Synthesis Methods and Applications

Zhang, Z.; Wang, Q.; Chen, H. and Zhang,
X. (2017). Hydroconversion of
waste cooking oil into green biofuel
over hierarchical USY-supported
NiMo catalyst: a comparative study
of desilication and Dealumination.
Catalysts, Vol. 7, 281.

Zhang, K.; Fernandez, S.; Kobaslija,

S.; Pilyugina, T.; O’Brien, I
Lawrence, J. A. and Ostraat, M. L.
(2016). Optimization of hierarchical
structures for beta zeolites by post-
synthetic base leaching. Ind. Eng.
Chem. Res. Vol. 55, 8567.

Zhao, D.; Wang, Y.; Chu, W.; Wang, X_;
Zhu, X.; Li, X.; Xie, S.; Wang, H.;
Liu, S. and Xu, L. (2019). Direct
synthesis ~ of  hallow  single-
crystalline zeolite beta using a small
organic lactam as a recyclable
hallow-directing agent. J. Mater.
Chem. A, 7, 10795-10804.
Doi.org/10.1039/C9TA01693G

Zhao, R.; Zhao, Z.; Li, S.; Parvulescu, A.-
N. and Miiller, U. (2018). Zhang.
Excellent performance of
dealuminated H-beta zeolites from
organotemplate-free  synthesis in
conversion of Biomass-derived 2,5-
dimethylfuran to renewable p-
xylene. ChemSusChem, 11(21),
3803 - 38116.
Doi.org/10.1002/css.201801504.

Zheng, K.; Liu, B.; Huang, J.; Zhang, K_;
Li, F. and Xi, H. (2019). Cationic
surfactant-directed  synthesis  of
hallow beta zeolite with hierarchical
structure. Inorg. Chem. Commun.
Vol. 107, 107468.

81



	front
	Page 2

	table
	FINAL DRAFT
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	backk
	Page 3




