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ABSTRACT

This thesis is focused on the synthesis of nano-size (50-100nm)NaY zeolite crystals
inside the micro/meso pores of preshaped amorphous silica particles of size 50 zmusing a

dry process, which reduced several operational steps and the zeolite synthesis time that
are generally required for current in-practice processes. Three types of reactors namely;
polypropylene bottles, a stainless steel tubular reactor, and a novel vibrated baffles
fluidized bed (VBFB) reactor coupled with infrared radiation emitters were used to
evaluate the effects of different operating parameters on the synthesis of NaY zeolite. The
synthesis process took place without using any structure directing agent and, due to using
a dry synthesis technique, no significant chemical waste was generated. A parametric

study revealed that an SiO,/Al,O, ratios above 6.6 did not produce any appreciable
zeolite within the time frame of 24 h at 100°C . The optimal SiO,/ ALQ, ratio was found

to be 6.1 for 16 h of synthesis at 100°C in polypropylene bottles. The use of a stainless
steel tubular reactor reduced the synthesis time to 8 h owing to its higher thermal
conductivity as compared to polypropylene. Synthesis in the stainless steel tubular reactor
reduced the synthesis time to 15 min while operating at 170°C without any zeolite phase
transformation. An operating temperature beyond 170°C was not recommended due to
NaY zeolite phase transformation to analcime. The effects of different concentrations of
NaOH revealed that concentrations below 20wt% retarded the synthesis process whereas
higher concentrations up to 32wt%, not only accelerated the synthesis but also resulted
in the production of smaller crystals, less than 50nmin size. An NaOH concentration
beyond 32wt%was not recommended due to dissolution and loss of structure of silica
particles. The novel VBFB reactor produced single crystals in the size range of
300 —600nmat 100°C in 5 min. Using IR radiation for fast heat transfer accelerated the
surface integration mechanism and led to the growth of crystals in 5 min. The synthesized
NaY zeolite was tested for FCC reaction in a riser simulator after an ion-exchange

with NH,NO,. A high conversion of 1,3,5-tri-isopropylbenzene in the range of 55-65%

was obtained with a loss in conversion by 10% after regeneration. The as-synthesized



NaY zeolite within silica particles was also tested for desulfurization of model
hydrocarbons containing thiophene. The desulfurization through adsorption was achieved
by removing thiophene from 500 ppmw to less than 15 ppmw in hexanes and a mixture
of p-xylene in hexanes. The removal of 500 ppmw thiophene could not be achieved
below 300 ppmw while using the mixture of toluene in hexanes. The as-synthesized NaY
zeolite performed better for thiophene removal as compared to other adsorbents like

silica, commercial NaX and NaY pellets, and commercial NaY fine powder.

Keywords:

NaY zeolite, nano-size, synthesis, dry process, stainless steel tubular reactor,
polypropylene, vibrated baffles fluidized bed reactor, IR radiation, operating parameters,
FCC reaction, riser simulator, desulfurization, thiophene, hexanes, p-xylene, toluene.
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CHAPTER 1: INTRODUCTION

1.1 INTRODUCTION
Zeolites are crystalline aluminosilicates with a three dimensional fully cross-
linked open framework structure that forms uniformly sized pores of molecular

dimensions. These crystalline aluminosilicates are made up of corner-sharing SiO,and
AlO, tetrahedra. The pore size of the zeolite plays an important role for adsorbing

molecules of different sizes like a molecular sieve. Therefore, molecules of a certain size
are adsorbed by the zeolites and others which are larger than the pore size are not
adsorbed. A naturally occurring zeolite called stilbite was discovered by Cronstedt who

observed that this mineral started to lose water upon heating, thus the term zeolite
(boiling stone) was coined. The framework of zeolite containing Si** is replaced by

Al*"at many places in the framework thus making the framework carry a net negative
charge. The negative charge is balanced by a non-framework loosely attached alkali
metal cation which sits within the cavities and maintains an overall electroneutrality of
the zeolite. These alkali metal cations are capable to ion-exchange with other cations
which make them to react reversibly with polar molecules. The reaction properties of
zeolites have made them commercially viable for several industrial applications.

The diversification in industrial application was first realized by R.M. Barrer in
the area of adsorption which triggered the synthesis era of synthesized zeolites. The
commercially viable synthetic zeolites A, X, and Y were synthesized by R.M. Milton and
D.W. Breck in the 1940’s and early 1950’s. Since then more than 150 types of synthetic
zeolites have been synthesized. Many, but not all, find useful industrial applications in
the areas of petroleum refining and chemical process industries as selective adsorbents,
catalyst and ion-exchangers, thus building an estimated more than two billion dollar
industry (Flanigen 2001).

The Y zeolite has drawn a lot of attention in the petroleum industry due to its
application in the area of fluidized catalytic cracking (FCC) as about 40% of the gasoline

production is obtained through FCC process. The generally used crystal size is in the



range of 1-2 micrometer. The pore size of the Y zeolite is sufficient to allow gas oil
molecule to enter the pore and react, though the gas oil molecule size is bigger than the
pore size (Scherzer 1989). The molecules are flexible to snuggle into the pore but pose a
diffusion resistance. The diffusion resistance can be reduced by using smaller size
crystals in the range of sub-micrometer to nanometer size so that the reactants may easily
reach the active sites for reaction. In general, the crystal size of 100 nm or smaller falls
under the category of nano-sized particles.

The petroleum products which are used in everyday consumption especially in
the automobile industry pose several threats to environment. These threats are the
production of acid rain, smog, and green house gases emissions. So far several steps have
been taken by governments to reduce such threats. One of the steps includes the reduction
in sulfur compounds emissions which are the main source of acid rain. To enforce sulfur
emission reduction, North America has implemented a policy of a maximum of 30 ppmw
sulfur compounds in gasoline, and 15 ppmw sulfur compounds in diesel fuel since 2006.
According to European Union emission regulations the sulfur-free diesel and gasoline
fuels with 10 ppm of sulfur was available since from 2005, and became mandatory from
2009 (EPA 1999; Internet 2010b; Internet 2010a). The existing process to address sulfur
compounds reduction is called hydrotreating or hydrodesulfurization process. This
process involves stringent process conditions of high temperature and pressure, and
consumption of valuable hydrogen (Avidan et al. 2001; Babich and Moulijn 2003). To
meet the current challenge of low sulfur emission and also to reduce the cost, the process
of desulfurization of hydrocarbons is focusing on the use of Y zeolite for selective
removal of sulfur compounds. The use of Y zeolite in desulfurization of hydrocarbons
has potential as an alternative, or supplement, to the existing hydrodesulfurization
process.

The zeolites are normally synthesized through hydrothermal process by reacting
silica alumina gel in alkaline solution under mild conditions with temperatures in the
range of100 — 200" C (Bhatia 1990; Szostak 1998). An expensive structure directing agent
(SDA) may or may not be used to get the desired zeolite phase. The solution based
synthesis produces waste at the end of the synthesis process. Also, it takes days to get the

finished product in a batch process. Many excellent studies have been performed to meet



the challenges of reducing the synthesis time, particle size, and the waste production, in
addition to change the process to a continuous production facility. The synthesis in
confined space, synthesis from clear solution, microwave heating, parallel processing of
batches are some of the examples which have been tried to handle some of the difficulties
face by the zeolite synthesis process (Arafat et al. 1993; Rollmann and Valyocsik 1983;
Schmidt et al. 2000; Serrano and Grieken 2001; Valyocsik 1983; Koegler and Yeh 2003;
Li et al. 2002; Murrell et al. 1999; Park et al. 2001; Schoeman et al. 1994; Slangen et al.
1997).

The synthesis of NaY zeolite in a confined space has been the focus of this study
to address the existing limitations of the commercial Y zeolite due to the crystal size,
narrower particle size distribution, and to minimize the waste generation. Special
attention is paid to the synthesis using an almost dry process instead of using the
conventional solution based method. The dry process is lucrative in the sense that it
produces negligible waste. All the reactants including source of silica and source of
alumina are precisely used and do not generate any waste. The dry synthesis process
provides a better control on the reactants selection and adjusting the desired ratios. The
confined space methodology provides a narrower particle size distribution and better
crystal size control through carefully selecting the quantity and concentration of source of
alkali metal cation. The other focal point of this study is the reduction of synthesis time.
Different types of reactors with different heating modes are used to reduce the synthesis
time. The combination of dry synthesis process and the use of different types of reactors
with different heating modes is pivotal in reducing the synthesis time from days to hours,
and from hours to minutes. The developed synthesis techniques are further translated into
real situation by testing the finished product for different applications such as FCC

process, and the desulfurization of hydrocarbons.



1.2  SCOPE OF THE RESEARCH
The aims of this research are to investigate the synthesis of NaY zeolite crystals
inside the micro/meso pores of pre-shaped amorphous silica particles with an average

particle size of 50um in polypropylene bottles, stainless steel tubular reactor, and a novel

vibrated baffles fluidized bed (VBFB) reactor coupled with infrared radiation using a
batch process. The concept of using infrared radiation for the synthesis reaction is
implemented for the first time. The batch synthesis is further analyzed for parametric
sensitivity studies to optimize the operating conditions for the process. The ultimate aim
of this study is to make the synthesis of nano-sized NaY zeolite possible in the size range
of 50-100nm and reduce the synthesis time from 24 hours to 5 minutes. The
information obtained from batch process may be utilized to transform the batch process
into a continuous process. The synthesized product is tested for fluid catalytic cracking
reaction in a fluidized bed riser simulator using a model compound. The product is
further tested for desulfurization of hydrocarbons using a model compound. The results

are compared with the performance of commercial Y zeolite.

These aims are achieved in various chapters of the thesis:

e In Chapter 2 a comprehensive literature review is carried out to understand the
basics of zeolites, their general structures, and some applications. The review
further focuses on the synthesis methods and describes various stages by which
the zeolite synthesis progresses starting from the amorphous phase solution
followed by induction, nucleation, and crystal growth. The effects of several
parameters on crystal growth such as ageing, alkali metal cation type, and
organic templates are also reviewed. The possibility of two types of crystal
growth mechanisms i.e. homogeneous and heterogeneous mechanisms are
reviewed and the focus is shifted towards the heterogeneous mechanism which
is due to solid-solid transformation. The heterogeneous mechanism leads to the
dry gel synthesis. A comparison is made between the dry gel synthesis and the
conventional solution based hydrothermal synthesis. It also describes the

advantages of dry process over the solution based process in terms of product



purity and the possibility of certain product which is not achievable through
solution based process. Also the role of water in dry synthesis is reviewed.

Chapter 3 comprises the synthesis of NaY zeolite using a modified adapted
technique. For the synthesis, pre-shaped silica particles with an average size of

50umare embedded with alumina in three stages and finally NaOH is added to

carry out the synthesis at 100°C for 16 h using polypropylene bottles. The
process takes place on dry basis as the silica particles do not lose their shape or
form a paste during the various stages of the synthesis process. This technique is
able to produce NaY zeolite crystals in the size range of 100—200nmwith a
cluster size around 1-2 micrometer. The crystals are embedded inside the silica
particles.

Chapter 4 focuses on the effects of various operating conditions on the synthesis
of nano-sized NaY zeolite within pre-shaped silica particles of size 50m using
two different types of reactors i.e. polypropylene bottles and a stainless steel
tubular reactor. The general synthesis technique is the same as described in
Chapter 3; however, the quantities and concentrations of different chemicals are

changed. The operating conditions include SiO,/ALQ,ratio, ageing and

synthesis time, synthesis temperature, type of reactor, and concentration of
NaOH. The effects of operating conditions reveal how different
SiO, / ALLO, ratios may affect the synthesis rate. It also discusses why a higher
SiO, / ALLO, ratio may slow down the synthesis process. The positive effect of
the rise in synthesis temperature on the zeolite formation is shown. It also
discusses the limit of higher temperature of 170°C and why a higher synthesis
temperature may cause more harm than to produce any improvement in the
synthesis rate. Due to dry synthesis, the role of concentration the of NaOH
becomes important. It discusses why beyond the 32wt% concentration of
NaOH a desired product is not possible. Also, concentrations lower than
20wt% of NaOH make the synthesis process very slow. Further the NaOH
concentration is linked with the size of the crystal. It is possible to obtain
crystals smaller than 50 nm by using higher NaOH concentrations. The use of



different types of reactors reveals some interesting results. The stainless steel
reactor surpasses the polypropylene reactor in acquiring higher synthesis rate
and significant reduction in synthesis time. The higher heat transfer rate in
stainless steel reactors is believed to be important, which suggests developing a
reactor system with fast heat transfer rates.

Chapter 5 includes the detailed design calculations of a novel vibrated baffles
fluidized bed (VBFB) reactor. The reactor is coupled with infrared radiation
emitters for fast heating. The novel idea of using infrared radiation for fast
synthesis is discussed and compared with another fast zeolite synthesis
technique using microwaves as the primary source of heating. It further
discusses the advantage of infrared radiation under dry synthesis conditions as
compared to a microwave synthesis technique which is being tested in solution
based synthesis. The design conditions are changed in the novel reactor system;
therefore, a different zeolite synthesis technique is developed. This technique

includes the adjustment of the SiO,/ ALQO, in two steps instead of three, used in

the previous chapters. The effects of different operating conditions in the novel
reactor system are studied. These include the time of reaction, and quantity of
NaOH solution in the pores of silica particles.

The NaY zeolite synthesized in the laboratory is further tested for two different
applications. The first application is in the field of the fluidized catalytic
cracking (FCC) reaction. For this purpose, the NaY zeolite is subjected to ion-

exchange to replace Na“with H™in order to behave as FCC catalyst. Since the
laboratory prepared zeolite is embedded in silica particles no further processing
is needed and it is directly used for FCC reaction. Chapter 6 discusses the
catalyst preparation and its testing for FCC reaction using a riser simulator
(CREC-RISER simulator, The University of Western Ontario). Chapter 6
further discusses the role of as-synthesized laboratory NaY zeolite for the
removal of thiophene from different hydrocarbons at room temperature. It
describes the design of the experimental setup for this purpose. It further shows
how quick or slow thiophene removal is possible from different hydrocarbons.
The ambient temperature has a significant effect on desulfurization as compared



to the conventional hydrodesulfurization process. A comparison is also made
with different adsorbents including commercially available NaX and NaY
zeolites.

e Chapter 7 sheds light on our findings. The NaY zeolite synthesis and parametric
studies using different types of reactors under different heating modes are able
to reduce the crystal size from 200nm to less than 50 nm with a reduction in
synthesis time from 24 h to 5 min. The idea of using IR radiation in novel
vibrated baffles fluidized bed (VBFB) reactor system is successful in reducing
the synthesis time to 5 min. The testing of lab synthesized zeolite for FCC
reaction in riser simulator results in high conversion. Also, the testing of the as-
synthesized NaY zeolite for desulfurization of thiophene from hydrocarbons is
very successful. A 500 ppmw concentration of thiophene in hydrocarbons is
reduced to less than 15 ppm in a matter of 5 min.

1.3  THE MOST IMPORTANT CONTRIBUTION OF THE THESIS

The most important contribution of this research study is that we are successful in
not only reducing the size of the NaY zeolite from 200nm to less than 50 nm, but at the
same time, the dry synthesis process reduces the synthesis time from 24 h to 5 min. The
idea of synthesizing NaY zeolite within the amorphous silica particles works well with a
fluidized bed system. It will be useful to all those applications where pressure drop is a
concern e.g. packed bed system. Basically using Y zeolite synthesized in silica particles
not only eliminates the step of loading zeolites in an inert matrix e.g. FCC catalyst but at
the same time it will provide a direct application of submicometer to nano-sized crystals
in industry. The direct application of submicron to nano-sized crystals is not suitable for
industry unless a certain treatment is given to raw crystals e.g. making pellets in
millimeters size. The diffusion resistance is an inherent issue with pellets and when used
in packed bed they cause pressure drop as well. In this view, one quick example of our
synthesized zeolite can be taken as the desulfurization of hydrocarbons where using our
zeolite arrangement in silica particle can be used in fluidized bed system without any
further treatment of small sized crystals and it will eliminate the use of packed bed

system for any such application.



For the first time we are able to use IR radiation for fast synthesis reaction. The

novel vibrated baffles fluidized bed (VBFB) reactor system is designed to take 50um

silica particles for reaction and the IR radiation reduce the synthesis time to 5 min. The
reduction in synthesis time will be a key step towards a continuous process for zeolite

synthesis.
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CHAPTER 2. LITERATURE REVIEW

2.1 INTRODUCTION

Zeolites were first recognized as a new type of minerals in 1756 by a Swedish
mineralogist, A. Cronstedt. He named this mineral “zeolite” (Greek word: meaning
boiling stone) as it seemed to boil at high temperature due to high water content (Serrano
and Grieken 2001). Since then, many types of naturally occurring zeolites have been
found, such as: chabazite, erionite, faujasite, mordenite, etc. (Othmer 1984). Zeolites
consist of microporous crystalline aluminosilicates and possess properties of adsorption,
reaction, and ion-exchange. The first industrially important zeolite was produced in 1942.
Since then, more than 150 synthetic zeolites have been reported. At present, over 130
types of zeolite structures are approved by the International Zeolite Association (IZA).
Currently only a few are of commercial importance such as, type A, X, Y, Z, L, ZSM-5,
etc. (Corma and Wojciechowski 1985). The primary building block of all zeolites is a
tetrahedron of four oxygen anions that surround a silicon or aluminum ion, as shown in
Figure 2.1(a).

These tetrahedra are arranged in such a way that each of the four oxygen anions is
further shared by another silica or alumina tetrahedron. The crystalline framework
extends in three dimensions, therefore the —2 oxidation state of each oxygen is accounted
for. The +4 charge on each silicon ion is balanced by the four tetrahedral oxygen making
the silica tetrahedral electrostatically neutral. On the other hand, the +3 charge on
aluminum is not balanced by the surrounding four tetrahedral oxygens, leaving a residual
charge of —1 on each alumina tetrahedron. Thus each alumina tetrahedron requires a +1
charge from a cation in the structure to be electrostatically neutral, as shown in Figure
2.1(b). The cations providing electric stability to alumina tetrahedron are generally

sodium in the zeolite where they occupy non-framework positions.
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Figure 2.1: (a) Primary building blocks of zeolites, (b) Simplified surface
structure of zeolite
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For any specific application, the cations can be replaced by ion exchange, which is the
most direct and useful method to change the properties of zeolites. The building block of
the zeolite crystal structure is formed by the combination of silica and alumina tetrahedra
into more complicated secondary units. The silica and alumina tetrahedral are
geometrically arranged with the exception of Al-O-Al bonds. The unit cell formula is

generally written as:
M,,,O-ALQ, -xSiO, -YH,O (2.1)

where M represents the exchangeable cations, generally from group | or Il ions, although
other metallic, non-metallic, or organic cations may be used to balance the charge on
framework; n represents the cation valence. These cations are present either during the
synthesis or through post-synthesis ion-exchange. The value of x is equal to or greater
than 2, as alumina tetrahedron does not occupy adjacent tetrahedral sites. Y value
represents the degree of hydration.

The tetrahedra are arranged in such a way that the zeolites have an open
framework structure with a large surface area. The pore structure varies from zeolite to
zeolite. The pore diameters in all zeolites are determined by the free aperture resulting

from 4-, 6-, 8-, 10- or 12-membered rings of oxygen atoms, and their maximum values

are calculated to be 2.6, 3.6, 4.2, 6.3, and 7.4 ,& respectively. As an example, Figure 2.2
depicts the structure and pore size of Y zeolite. However, due to some elongation of the
oxygen ring or the presence of cations near or within the pore apertures, the effective free
aperture of the pore may be reduced, and the aperture may be elliptical. The zeolites with
8- and 12-membered oxygen ring or more are used in major catalytic applications rather
than small aperture size as it places unacceptable size limitations on the molecules to be
adsorbed. Many of the zeolites formed are not in the equilibrium state but only in the
metastable state, which in time may convert to other more stable zeolitic phases or other
mineral phases. In principle, zeolites are prepared from alumina silicate gels, which in

turn are prepared from aqueous solutions of sodium aluminate, sodium silicate, and
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25A

Figure 2.2: Perspective view of Y zeolite structure. The silicon or aluminum ions are
located at the corners and the oxygen ions near the edges. The aperture opening is 7.4

0 0
A and unit cell size is about 25 A

sodium hydroxide. The process employed is called hydrogel or hydrothermal process.
(Bhatia 1990; Gates et al. 1979; Szostak 1998)

One of the major applications of zeolites is in the oil industry, especially in the
process of catalytic cracking, where Y zeolite is frequently used in fluid catalytic
cracking (FCC) process (Breck and Flanigen 1967; Breck 1974). The large-scale
production of zeolites currently uses a batch process and the synthesis procedure takes
days to obtain the finished product. Several researchers have devoted their efforts to
improve the batch process and have tried to achieve a continuous process (Rollmann and
Valyocsik 1983; Valyocsik 1983). Many zeolite synthesis operating variables have been
identified and optimized to improve the quality of zeolites and reduce the synthesis time
(Wang and Jacobson 2001; Xu et al. 1997). Microwave heating (Arafat et al. 1993;
Jansen et al. 1992; Slangen et al. 1997; Cundy 1998; Kim et al. 2000; Park et al. 2001)
and controlling the nucleation and crystal growth rates (Cundy et al. 1995¢; Cundy et al.
1995b) have been tried.

The synthesis of small crystallite Y zeolite has been contributed in improving the

catalytic activity for FCC reaction (Camblor et al. 1989; Rajagopalan et al. 1986).
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Studies have been conducted to synthesize nano-size zeolites in colliodal solutions (Li et
al. 2002; Schoeman et al. 1994). Efforts have also been carried out to produce nano-size
zeolites in confined space using inert/amorphous materials (Murrell et al. 1999; Schmidt
et al. 2000). Several researchers have successfully reported the synthesis of zeolites on a
non-aqueous/dry basis (Dong et al. 1992; Dong et al. 1999; Fan et al. 1996; Hari Prasad
Rao et al. 1998; Kim et al. 1993; Matsukata et al. 1993; Matsukata et al. 1996; Xu et al.
1989; Xu et al. 1990; Yamazaki and Tsutsumi 2000).

This Chapter mainly covers the mechanisms that are followed during nucleation
and crystal growth of zeolite particles. The role of several variables that may influence
the crystallization of zeolites will be addressed. Also, the transformation from the

hydrothermal process to a dry process is discussed in detail.

2.2 SYNTHESIS OF ZEOLITE

Zeolites are crystallized under mild temperature and pressure, by a hydrothermal
synthesis process (Barrer 1982). The nature of zeolite is determined by the specific
synthesis conditions, i.e., reactant concentration, pH, reaction time, temperature, etc. The
important factors affecting zeolite synthesis include: the nature of reactants chemical
composition and pretreatment, the method of reactant mixture preparation, the overall,
homogeneity or heterogeneity of the mixture, pH of the mixture, low temperature ageing
of the gel, nucleation, seeding, addition of additives, temperature, pressure, and organic
template.

The amorphous reactants containing silica and alumina are mixed together in
presence of a cation source, usually with a high pH. The reactants for the source of
alumina are generally sodium aluminate, aluminum nitrate, or aluminum phosphate. For
the source of silica, generally sodium silicate, amorphous silica, or silica sol are used.
Sodium hydroxide is normally used for the control of pH. The aqueous reaction mixture
is heated to 100 °C or above in a sealed reactor. For some time after achieving the
reaction temperature, the reactants remain amorphous. After this “induction period” the
zeolite synthesis begins from the hydrous aluminosilicate amorphous gel. The carefully
controlled conditions of the crystallization for the gel, gradually replaces all the

amorphous phase into the desired zeolite phase. This sequence is shown as follows:
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NaOH (aq) + NaAl(OH), (ag) + Na,Si0, —2— Naa(A'Oz)b;i'l%z;:'aOH H0
—BAEE, Na, (AIOZ).j (310,),-2H,0 + solution (2.2)
zeolite phase

The resultant zeolite is then removed from the mother liquor, washed, and dried before
any application (Bhatia 1990; Szostak 1998).

The steps involved in zeolite synthesis are depicted in Figure 2.3. The key
elements, i.e. Si and Al, which make up the microporous framework of zeolite, are
imported in an oxide form. These oxides and generally amorphous precursors contain Si-
O and AI-O bonds. During the hydrothermal reaction in presence of a mineralizing agent,
which is most likely an alkali metal hydroxide (e.g. NaOH), the crystalline zeolite
product containing Si-O-Al linkages is created. Since the type of the bond of the product
is very similar to that present in the precursor oxides, no considerable enthalpy change is
anticipated. (Corma and Davis 2004; Cundy and Cox 2003; Navrotsky et al. 1995;

Piccione et al. 2002; Van Santen et al. 1989).
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Figure 2.3: Hydrothermal zeolite synthesis. The starting materials (Si-O and Al-
O bonds) are transformed by an aqueous mineralizing medium, such as OH"
and/or F, into the crystalline product (Si-O-Al bonds). (Cundy and Cox 2005)
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2.3 ZEOLITE SYNTHESIS MECHANISMS

Inspite of the advances in zeolite synthesis, the mechanism of crystallization is
not well understood. Zeolites can be synthesized using solid-containing gels and also
from clear solutions. In this chapter, crystallization from solid-containing gels is covered
in more depth for the reason that the commercial synthesis of zeolite uses an amorphous
gel phase with high solid content as the starting material. The gel phase is formed by
mixing silicate and aluminate solutions, at basic pH in which the source of silicon and
aluminum is either polymeric or monomeric. The synthesis generally takes place in the
temperature range of 60-200°C. Depending upon the operating conditions, the gel starts
to dissolve in the solution and an intermediate in the form of an oligomeric
aluminosilicate starts to grow. The intermediate crystallization phase is very complex
process that cannot be described by a single crystallization mechanism. Finally, a
crystalline phase starts to grow after an induction time (Serrano and Grieken 2001). In a
nutshell, the most probable pathway to describe zeolite synthesis is a sequence of
induction period, followed by nucleation and then crystal growth.

2.3.1 The Induction Period

The induction period is a time interval () between the start of the reaction and
the time when the first crystalline product is observed. Generally this period is taken as
the interval between the time at which the reactants reach the reaction temperature and
the time when a method of analysis detects the first solid product. For precipitation
reactions, the classical nucleation theory (Mullin 2001) divides this period () into three

subunits:

=t +t, +t, (2.3)

Where, t, is considered as the relaxation time, which is the time required “for the system
to achieve a quasi-steady-state distribution of molecular clusters”. In case of zeolites, this
may be considered as the equilibration reactions that take place upon mixing the reactants

and allowing them to reach reaction temperature. During this period, a distribution of
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silicate and aluminate ions, and other species is established. The other subunits t, and
t, are defined as the time required for the formation of a stable nuclei and the time

required for the nucleus to grow to a detectable size, respectively. It is apparent from the
above that the induction period covers all the important events in zeolite formation.
Before the induction period, there are only individual reactant molecules; and after the
induction period, the reaction mixture contains a large number of small and stable zeolite

crystals, which are on the path of further growth.

2.3.2 The Nature of Amorphous Phase

It was initially considered that the reactants, which were composed of an
amorphous phase, remained essentially unchanged throughout the synthesis. Such an
approach is normally adopted for reaction modeling purpose (Lowe 1983; Thompson and
Dyer 1985a; Thompson and Dyer 1985b; Thompson 1992). On the other hand, the
dynamic nature of the amorphous phase was first pointed out by several mechanistic
studies. Flanigen and Breck (Flanigen and Breck 1960a; Flanigen and Breck 1960b)
found that the transformation of amorphous phase takes place through polymerization
and depolymerization catalyzed by excess hydroxyl ion. At the same time Zhdanov
(Zhdanov 1971) and Kerr (Kerr 1966) found that the initial amorphous phase comes to an
equilibrium phase with the liquid phase and releases active soluble species into the
solution. Such transformations in the amorphous phase are important in the early stages

of synthesis reaction.

2.3.2.1 Primary and Secondary Amorphous Phase

When the synthesis reactants are mixed together, a visible gel is generally formed.
This gel is considered as the primary amorphous phase. In some cases, e.g. synthesis
from clear solution, this primary phase is colloidal and is invisible to naked eye. But its
behavior and function are essentially the same. The primary amorphous phase is basically
the initial and intermediate product from mixing the reactants. It is non-equilibrium and
heterogeneous in nature and may contain precipitated amorphous aluminosilicates,
coagulated silica and alumina that are precipitated from the starting material which is

destabilized by change in pH and increase in salt content, and some unchanged reactants



19

(Cundy and Cox 2005). Upon standing at room temperature for some time or heating the
reactants to reaction temperature, the above amorphous phase undergoes changes due to
equilibration reactions and is converted into a pseudo-steady-state intermediate called the
secondary amorphous phase. In the equilibration reaction, the relationship between solid
and solution phases approaches equilibrium and a characteristic distribution of silicate
and aluminosilicate anions is established. Figure 2.4 depicts this scenario. In case of high
silica zeolite synthesis the pH measurements start to change as the primary amorphous
phase undergoes transformation into secondary amorphous phase, thus by monitoring pH
changes one can monitor the course of this transformation. In the final stage of synthesis
reaction at an elevated temperature for a prolonged period of time, the secondary
amorphous phase is converted into crystalline zeolite product, as shown in Figure 2.5.

Zhdanov (Zhdanov 1971) clearly represented the concept of equilibrated
intermediate phase in synthesis process. He measured for the first time the effect of
temperature in increasing the crystal growth rate, and observed that the crystal grew at a
nearly constant rate over most of the synthesis period for zeolite A. Based on his
measurement, Zhdanov was able to deduce the nucleation rate profile over the course of
reaction. This reflects that the solid and liquid phases are connected through the solubility
equilibrium, and the condensation reactions give rise to primary aluminosilicate blocks
(4- and 6-membered rings) and crystal nuclei. The crystal growth takes place until the
dissolution of amorphous phase is complete.

In 1981, the synthesis of X-ray amorphous (XRA) zeolites was reported by Jacobs
et al. (Jacobs et al. 1981), which exhibited the properties typical for ZSM-5 zeolites.
They used the procedure for ZSM-5 synthesis (Argauer and Landold 1972) with some
modifications in the operating parameters. The synthesis was carried out in the presence
of tetrapropylammonium (TPA) ion as a template with reaction temperature of 150 °C for
6 hr to 10 days. The resulting material was air-dried, calcined at 550 °C, and ammonium
exchanged. For crystallinity, both techniques of X-ray diffraction (XRD) and IR
spectroscopy were used. The IR spectrum was followed for a typical ZSM-5 skeleton
vibration at 550 cm *, and a sum of the area of the typical diffraction peaks between 20 =

22° and 25° (Cu-K, radiation) was calculated for crystallinity.
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Figure 2.4: Equilibration of the starting mixture to establish a partly ordered secondary
amorphous phase and a characteristic distribution of solution species. (Cundy and Cox
2005)
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Figure 2.5: The emergence of order, from the primary amorphous phase (a) through the

secondary amorphous phase (b) to the crystalline product (c). (Cundy and Cox 2005)

The conventional sigmoidal plot, as shown in Figure 2.6, indicated a typical
crystallization mechanism of induction-nucleation period (about 3 days) followed by a
crystal growth period (about 3-7 days) when examined with the XRD. On the other hand,
the curve on the sigmoidal plot for IR crystallinity showed a completely different pattern.
It showed that for a short span of synthesis time (i.e. 6 hr), the IR spectrum detected
larger than 60% crystallinity. The XRD, on the other hand, showed amorphous phase up
to 6 hrs of operation and 97% of crystallinity after 3 days of reaction. To explain the
marked difference between the two analyses, they used Scherrer formula and found that
crystallite size below 8 nm was not detectable on the XRD machine, which led them to
conclude that the XRA zeolite must have crystals with less than 4 unit cells. They did not

report the crystallinity under IR spectrometery for synthesis time less than 6 hr. The XRA
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zeolite was loaded with Pt and tested for the hydro-conversion of n-decane, and
compared with activities of HZSM-5, USY, and silica-alumina catalysts. They found that
XRA zeolite showed an activity very similar to that of HZSM-5 significantly higher
activity when compared to silica-alumina catalyst (Jacobs et al. 1981).
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Figure 2.6. Change of the crystallinity of ZSM-5 materials with synthesis time: (a) X-ray
crystallinity derived from peak summation between 26 = 22 and 25°; (b) IR crystallinity
using the 550 cm™ skeleton vibration in a KBr pellet technique with the 2200 cm™
vibration of KCN as internal standard. Redrawn with permission from Jacobs et al.
(Jacobs et al. 1981).
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The crystal growth mechanism has been described to occur in two different ways.
The first mechanism was reported as crystallization by solid hydrogel transformation
during the nucleation and growth process of various zeolites (Breck and Flanigen 1967;
McNicol et al. 1973). The second mechanism, in contrast to the first, demonstrated the

role of liquid phase ion transportation in the growth of different zeolite nuclei.
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Figure 2.7. Crystallization curves for typical type A and type B syntheses. Redrawn with
permission from Derouane et al. (Derouane et al. 1981).
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Derouane et al. (Derouane et al. 1981) made a major contribution by proposing a theory
to explain the mechanism of crystal growth through two distinct processes. They
synthesized pentasil (ZSM) zeolites in the presence of TPA as structure-directing agent
by two different methods (Argauer and Landold 1972; Chen et al. 1978). For ZSM-5
zeolite type A, Si/Al and Na/Si ratios were low and the source of silica was a solution of
active silica (solid, polymeric), and the synthesis was found to take place by liquid phase
ion transportation. For type B, Si/Al and Na/Si ratios were high and the source of silica
was a solution of sodium silicate (liquid, mono- and poly-silicate anions), and the
synthesis appeared to be solid hydrogel transformation. The sigmoidal plot, as shown in
Figure 2.7, shows that 100% crystallinity is achieved in 300-330 hr for type A and in 45-
50 hr for type B, thus indicating a distinct role of the type of silica.

Figure 2.8 depicts a schematic presentation of both mechanisms. In type A
synthesis, solid (active) silica, initially present as colloidal silica particles dissolves in
highly alkaline medium that leads to a depolymerization-hydration process that ultimately
forms soluble monomeric silicate anions. As a result, a mixture of silica sol, dissolved
silicate, and polysilicate ions is formed. The aluminum entities remain in solution in
monomeric form. The silica monomers are continuously produced on the surface of the
colloidal silica particles and condensed with aluminate ions to form alumino-silicate
complexes, which transforms the colloidal silica particles into a silica-alumina sol.
Changes occur on the surface of the silica-alumina sol and this restructuring moves
inward as further depolymerization occurs. As the aluminum supply is progressively
depleted, the inner core of the colloidal silica particles contains less aluminum than the
surface, which leads to a non-homogeneous aluminum distribution. The inner core may
be depolymerized at a lower rate than the outer shell, thus rendering the low
depolymerization rate as the rate limiting step. As a result, gel composition remains low
in the beginning and progressively increases with depolymerization. Thus nucleation
takes place at a limited rate from the available siliceous monomers and crystal growth
takes place at a faster rate because its activation energy is less than nucleation (Erdem
and Sand 1979). The low depolymerization rates lead to small number of nuclei

formation and hence large crystallites.
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In type B synthesis, sodium silicate provides momomers in the presence of some
small oligomer species and aluminate species in monomeric form (Moolenaar et al.
1970). A mixture of both species immediately yields a hydrous alumino-silicate gel
within the solution with high Na content and some TPA cations. Since the supply of
silicate anions is not limited by depolymerization of Si reagent, the composition of the
gel (Si/Al) throughout the synthesis process is therefore not much different from the
reagent ratio. The high Si/Al and Na/SiO, molar ratio, and a uniform Al radial
distribution throughout the gel favour a rapid nucleation rate with the help of TPA cations
that are present throughout the gel. As a result, a rapid crystal growth yields a large
number of small crystallites, which are not apparent in the SEM images until nearly
100% crystallinity is achieved. Under these conditions, a direct crystallization process is
postulated involving a solid hydrogel transformation. The constant Si/Al molar ratio
throughout the crystallization process shows that the growing crystallites and their gel
precursors maintain the same composition, which further strengthen the direct hydrogel
transformations through internal rearrangements. Studies of the syntheses of zeolite Y
and mordenite further confirmed the mechanism of solid hydrogel transformations as low
molecular weight species of Si were absent in the analysis of the solution by liquid *Si
NMR (Bodart et al. 1986). It was also observed that solid hydrogel transformation
process yielded polycrystalline aggregates instead of individual crystals. Furthermore, no
evidence of crystal growth was observed for synthesis time less than 4 hours (Derouane
etal. 1981).

Many other groups have reported the existence of the secondary amorphous
phase. Angell and Frank (Angell and Flank 1977) reported for zeolite A synthesis that the
initially formed sodium aluminosilicate gel was converted to an amorphous
aluminsilicate intermediate through solution transport. This material was further
converted to crystal via basic medium dissolution. Fahlke in 1987 (Fahlke et al. 1987)
also observed for Y zeolite synthesis that there was an immediate precipitation of silica-
rich primary amorphous gel, followed by its slow dissolution and then precipitation to a
secondary amorphous gel having a similar Si/Al ratio to that of final zeolite product.
Among these groups, Montpellier group (Nicolle et al. 1993) performed a very

informative study. Their study clearly indicates the multistage-nature of the zeolite



27

synthesis reaction as shown in Figure 2.5. They prepared several samples of Na, TEA-
aluminosilicate gels with different compositions (TEA=tetraethylammonium), and heated
to 150 °C for two sets of duration, i.e. for a short time and for a longer period of time.
The solid products from each reaction time were removed and analyzed. The aim of
using different heating times for a particular composition was to obtain an equilibrated
gel and the final crystalline zeolite product. The four chosen compositions (A-D) were
finally crystallized to (A) zeolite beta, (B) mordenite, (C) ZSM-12, and (D) ZSM-5. The
most interesting findings were obtained by analyzing the initial and equilibrated products.

X-ray diffraction showed only the broad spectrum indicative of local ordering but
no sharp peaks for crystalline structure. Analysis under 2 Al MAS NMR spectroscopy
showed only tetrahedral coordination in aluminum and no zeolitic bands in their infrared
spectra. Chemical analysis indicated that the hydrothermal treatment had largely changed
the composition of the solid phase as compared to that before heating for the case when
Na’ cation was replaced by TEA®. It was found that the TEA content was almost
constant, i.e. one organic cation per 12-16 T-atoms, whatever the method of preparation
or Si/Al ratio was used. They also found after the calcination of equilibrated samples A
and B that the cation exchange capacities were in close agreement with their aluminum
content (i.e. ~85 mmol NH,4*/100 g). They also found that the calcination of equilibrated
samples A-C generated a micropore system having about 60% volume capacity as shown
by zeolite beta crystallized from composition A.

The authors concluded that the equilibrated, amorphous samples were different
from the gel that was initially precipitated at room temperature, and had been formed by
dissolution or rearrangement within gel and reprecipitation. These secondary amorphous
products were silicoaluminates and shared several properties with high-silica zeolites. For
both durations of reaction time, the clusters of silica or alumina tetrahedral had gathered
around the bulky TEA molecule, whose decomposition upon calcinations left a micropore
system. The essential difference between the two classes of solids (equilibrated and
zeolite) was defined by the dispersion of cluster geometry. Zeolites show well-defined
and repeatable site geometries, whereas the equilibrated amorphous products show
irregular, aperiodical, and locally organized geometries. It has been also observed by

other data that the above general observation is not only associated with the synthesis of
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zeolites templated by quaternary ammonium ion, but also similar phenomena is further
observed in preparation of aluminous zeolites without using an organic template (Angell
and Flank 1977; Fahlke et al. 1987).

In another study, Tsuruta et al. (Tsuruta et al. 1986) investigated the initial
product formation during the synthesis of zeolite A from concentrated solutions in the
presence of an anionic surfactant. From the results of X-ray and electron diffraction, they
found that the amorphous aluminosilicate, which was isolated from the solution under
mild reaction conditions (i.e. 60 °C, 15 min), contained a short-range order of Si and Al
atoms similar to that in crystalline zeolite A. Subotic and coworkers (Subotic et al. 1994;
Krznaric et al. 1998) also investigated the structural properties of X-ray amorphous
sodium and potassium aluminosilicate gels using electron diffraction, thermal analysis,
and FTIR spectroscopy. They found that the X-ray amorphous material contained
structurally ordered region or particles of a partially crystalline phase inside an
amorphous matrix. A further hydrothermal treatment in 2M NaOH at 80 °C formed the
zeolite A and X. With the help of EXAFS and XANES spectroscopy, Walton and O’Hare
(Walton and O’Hare 2001) examined the amorphous gallium silicates, which were
separated in the early stages of hydrothermal synthesis of Ga-hydroxysodalite. They
found that Ga and Si K-edge EXAFS showed some degree of medium range order,
indicative of an extended network of Ga(OSi), and Si(OGa), units, which resembled the
structure of crystalline product. Yang et al. (Yang et al. 2004) carried out a related study
on the amorphous zeolite A precursors using multinuclear MAS NMR and neutron
diffraction techniques. They detected changes in the medium order before the
crystallization as the Al in the presence of Na® cations was incorporated into the Si
network. At the same time, diffraction and spectroscopic techniques did not indicate the
presence of well-defined structural units before the formation of zeolite crystals. Very
similar results were obtained in an earlier study of various zeolite syntheses using ***Xe
NMR technique (Ito et al. 1989). The gel structuring (large cavities) was found evident
for Na,TPA-ZSM5, and NaY zeolites but not for Na,TEA-ZSM20. The NMR
measurements for NaY only showed any appreciable microcrystalline formation in the

absence of XRD crystallinity.
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The presence of pre-crystalline structure in MFI-type synthesis has been also
investigated. Burkett and Davis (Burkett and Davis 1994) demonstrated by *H-*Si CP
MAS NMR spectroscopic results that TPA molecules and silicate species were close to
each other in the heated gel before XRD and IR indicated any evidence of crystalline
silicalite formation. However, no such demonstration was observed for unheated gel. This
result was further supported by an in-site multinuclear NMR investigation at 80 °C
(Gougeon et al. 1998). It was found that the hydrogen bonds between the organic
template and water-clathrated molecules were replaced by silica species as the
hydrophobic interactions between the organic template and silica species progressed. The
organic template occlusion is also evident from SAXS (small angle X-ray scattering)
(Regev et al. 1994), and SANS (small angle neutron scattering) (Watson et al. 1997;
Watson et al. 1998) measurements. Many groups of researchers have reported FTIR
bands at 550-560 cm™ for the isolated material, which is XRD amorphous (Schoeman
1997; Jacobs et al. 1981; Ravishankar et al. 1999; Watson et al. 1997; Watson et al.
1998; Mintova et al. 2002). These bands indicate the presence of material having MFI
structure.

To wrap up the above discussion, it can be summarized that initially the reaction
mixture for zeolite synthesis contains a non-equilibrium combination of components that
is heterogeneous or may be partly reacted, and thus called primary amorphous phase.
With time (t) and especially upon heating the reaction mixture, the silicate and
aluminosilicate equilibration reactions start to take place that lead to a redistribution of
species between the solid and the liquid phase as they approach equilibrium with each
other. Cations play a very important role of structure directing agent in the organization
of the solid phase. The newly generated solid phase, created in the presence of cations,
has a similar chemical composition that is attributed to the final zeolite product, but it
lacks long-range periodical organization and hence remains X-ray amorphous, and thus

called secondary amorphous phase.

2.4 ROLE OF ALKALI METAL CATION (Na'or KY)
It is widely accepted that hydrothermal treatment is affected by the composition

and structure of the starting aluminosilicate gels. Studies have been carried out to
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understand the mechanism governing zeolite formation by characterizing the
aluminosilicate gels prior to the hydrothermal treatment.

The role and effect of alkali metal cations on the properties of aluminosilcate gels
as the starting material, during zeolite synthesis, has been investigated by different
spectroscopic techniques. Ivanova et al. (lvanova et al. 1994) investigated the
aluminosilicate gel obtained by mixing the alkali-silicate and aluminate clear solutions
using multinuclear NMR. They found that the tetrahedrally coordinated Al was
homogeneously dispersed throughout the gel, irrespective of the type of alkali metal
cation. However, when the textural properties of the gel were investigated using ***Xe
NMR, they found a dependence on the type of the alkali metal cation present in the
material.

Subotic et al. (Subotic et al. 1994) used two types of dry amorphous
aluminosilicate gel containing Na" and K" cations. A part of the gel was heated to 500°C
for 1 hr and finally stirred in 2M NaOH solution at 80°C to reach complete
crystallization. The samples were investigated before heating, after heating, and after
complete crystallization using XRD, FTIR, and differential thermogravimetry (DTG). It
was found that the sample containing the “structure-forming” Na® cation showed a
similar endotherm which was observed for the sample after complete crystallization and
without being exposed to high temperature. This led to a postulation that the presence of
Na"* induced the formation of structural subunits or complex structures in the range of 5-
20 nm, which were also present in the complete crystalline product and were beyond the
detection limits of XRD. On the other hand, the sample containing “structure-breaking”
K" cation did not show any endotherm at a similar location, which led to an assumption
that structural subunits were either not formed or formed in a considerably lower quantity
in the presence of K* inside the X-ray amorphous solid aluminosilicate gel. This was
further confirmed by the electron diffraction pattern (EDP). The effect of heating the
sample before crystallization was investigated through FTIR for both types of samples
and it was found that the formation of structural subunits was further deteriorated, which
affected the rate of hydrothermal transformations of X-ray amorphous solid
aluminosilicate gel into the crystalline product. An interesting observation was made

when the samples were crystallized at high temperature. The sample containing Na*
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cation showed deterioration in the formation of structural subunits as expected, but K*
containing sample formed pure zeolite, small crystal size, large number of crystals and
the shortest time of synthesis which remained a question beyond explanation.

The production of side products such as zeolite A and zeolite P may also occur
along with zeolite Y as the main product. It has been established that the production of
side products is dependent on different factors such as; alkali concentration, Si/Al ratio,
ageing time, and hydrothermal treatment (Den Ouden and Thompson 1991; Lechert and
Kacirek 1991). Li et al. (Li et al. 2002) shed some light on the role of addition of NaOH
on the synthesis of zeolite Y. They used a molar composition of 2.46 (TMA),:x Na,0:1.0
Al,03:3.4 Si0,:370 H,0:13.6 EtOH from clear solution. The concentration of NaOH
ranged between (0.03 < x < 0.43). They found that with a larger Na,O/Al,O3 ratio (0.43)
the synthesis favored the formation of zeolite A with a high yield and a shorter
crystallization time. On the other hand, using a lower Na,O/Al,O3 ratio (0.03), the
synthesis favored the formation of zeolite Y with a lower yield and a longer
crystallization time. They found that the sodium was the growth-limiting factor in the
synthesis of zeolite Y. They also tested a mid-synthesis addition of sodium to observe
changes, if any, in zeolite yield with zeolites A and Y as final product. They have also
reported that the addition of sodium before the completion of nucleation did not produce
a single-crystalline phase even when the amount and rate of mid-synthesis addition of
sodium was kept low (Li et al. 2001). So they tested the addition of sodium after the
completion of nucleation and found that the addition of 1M NaOH after a nucleation time
of 6.5 days highly influenced the zeolite phase. A one-time addition of NaOH still
produced a mixture of zeolites Y and A, which was indicative of excessive sodium
concentration forcing nucleation of zeolite A. To control sodium concentration, its
addition was divided in several equal portions and added into the synthesis mixture at
different time intervals. They found that the sodium addition with small number of equal
portions and shorter time intervals produced a mixture of zeolites A and Y with higher
concentration of zeolite Y. On the other hand, a large number of equal portions and
longer time intervals indicated that the crystalline phase in the final product was strongly
dependent on the addition frequency. A pure zeolite Y with a slightly increased size and

an increase in yield of more than 6-fold, was synthesized by the addition of NaOH in
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eight equal portions with addition time interval of 8 hr. Thus, they concluded that the
synthesis of pure zeolite Y, the mid-synthesis addition of sodium with controlled amount

and rate of addition was pivotal.

2.5 ROLE OF ORGANIC TEMPLATES

The effect of structure-directing agents (tetraalkylammonium ions, TAA") on the
structural and physiochemical properties of aluminosilicate gels was investigated in-
depth by Bodart et al. and Nagy et al. using various NMR (Bodart et al. 1986; Nagy et al.
1995). The gel was obtained by mixing AI(OH); solution with fumed silica, which is
typically used in the synthesis as starting material. The role of the structure-directing
agents (TAA") was determined by varying the aluminosilicate gel composition in their
preparation under different operating conditions. When the TAA-Br was added at neutral
pH in the absence of Na* cation (gel 1), it was found that the tetrahedral Al atoms were
not well dispersed throughout the gel. Due to the presence of TAA-Br crystallites, some
large (40-60 °A) and medium (21 °A) cavities were detected. On the other hand, when
TAA-OH was used in absence of Na* cation (gel 1), it was found that tetrahedral Al
atoms were very well dispersed throughout the gel and TAA" cations took the place of
counter cations of the negatively charged gel. When TAA-Br was added to the gel
containing NaOH (gel 1V), it was observed that Al atoms were better dispersed but the
counter cation for the gel remained essentially the sodium ions, this caused less
dispersion of TAA" cation within the gel. The textural characterization of the gels using
129%e NMR showed a monomeric high dispersion of structure-directing agent when
TAA-OH was use in gel formation. Hence, this suggested a direct role of TAA cations in

zeolite synthesis.

2.6 EFFECT OF AGEING

For the synthesis of Y zeolite, the use of colloidal silica sol was a preferred source
of silica. When colloidal silica was used, ageing of the synthesis gel was carried out
before heating for synthesis of NaY zeolite (Breck 1974). Ginter et al. (1992a, 1992b)
studied the ageing of the starting gel as another feature, which is related to the nucleation

step in the synthesis of zeolites (Ginter et al. 1992b; Ginter et al. 1992a). They performed
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two different studies; to quantify the physical and chemical transformations occurring
during the ageing of aluminosilcate gel produced from colloidal silica, and to investigate
the effects of ageing on the synthesis of NaY zeolite. For both studies, they used colloidal
silica and sodium aluminate solutions as starting materials. In the first study, they found
that upon mixing of colloidal silica sol and sodium aluminate solutions, a gel was
immediately formed due to the flocculation of silica particles in the sol. By mixing, the
gel was homogenized into small granules in the order of 1 mm in diameter. However, no
chemical transformation was observed upon mixing, but during ageing, the silica
particles were slowly dissolved and released silicate anions into the surrounding solution.
These species reacted with aluminate anions and formed aluminum silicate species,
which precipitated due to their low solubility. The solid amorphous aluminosilicate thus
formed was rich in Al and hydrated Na* cations. The precipitation of aluminosilicate
consumed the dissolved Al and prevented the accumulation of Si in solution. When the
entire dissolved Al was consumed in aluminosilicate formation, the remaining colloidal
silica started to dissolve in the solution, which decreased the basic pH and started to
release silicate anions in the solution. The aluminosilicate slowly reacted with the silicate
anions in solution, which resulted in an increase in Si/Al ratio and a decrease in Na/Al
ratio. In their second study, as shown in Figure 2.9, they found that room-temperature
ageing of colloidal silica gel strongly affected the kinetics of NaY crystallization at 100
°C. With ageing, the crystallization was accelerated and the final crystal size was
decreased, especially ageing up to 12 hours.

Their results are consistent with the generally accepted hypothesis that ageing
enables the formation of nuclei from which crystals subsequently grow (Barrer 1982).
They found that high pH and Al content in the solution during the first 12 hours lead to
the formation of amorphous aluminosilicate gel with Si/Al = 1 and Na/Al = 2. They
proposed that this amorphous phase coexists with un-dissolved silica, and upon heating
of aged gel, the remaining colloidal silica dissolves quickly and releases silicate anions
into solution. The silicate anions react with amorphous aluminosilicate gel and form
NaY nuclei under high concentration of hydrated Na® cations in amorphous

aluminosilicate gel.
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Figure 2.9. Effect of ageing of starting gel on the synthesis of zeolite NaY; wt% of
NaY in the solid phase isolated from synthesis gels as a function of heating time for
ageing time up to 12 h as determined by powder X-ray diffraction. Redrawn with
permission from Ginter et al. (Ginter et al. 1992a).
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They found that the high concentration of Na* cations in the amorphous aluminosilcate
seemed to stabilize the faujasite structure. It was further confirmed that by crystallization
of the gel, fewer NaY nuclei were formed and a denser structure such as NaS and NaR
was produced. Ageing beyond 12 hours incorporated more Si into the aluminosilcate,
which led to a decrease in the size of Al-rich zones in the gel. Upon heating the gel, aged

for more than 24 hours, smaller and single crystals were formed.

2.7 MECHANISM OF NUCLEATION AND CRYSTAL GROWTH

Two extreme alternatives; homogeneous and heterogeneous mechanisms have
been suggested to explain the nucleation and crystal growth during zeolite synthesis. In
the homogeneous mechanism, the nucleation is supposed to occur directly from the liquid
phase. Once the embryos reach a critical size, they grow into crystals by progressive
incorporation of soluble species. If any amorphous solid phase is present in the solution,
it may serve as a reservoir of nutrients for the growing crystals. In the heterogeneous
mechanism, it is assumed that zeolite crystallization proceeds by reorganization of the
amorphous phase hydrogel which is present in the solution from the beginning of
synthesis. Therefore, the nucleation takes place within the hydrogel and the crystals are
formed by solid-solid transformation (Szostak 1998).

Nucleation is basically the next step after the formation of the gel and ageing in a
conventional crystallization process before crystal growth. The crystallization of zeolites
from aluminosilicate gels and their transformation from metastable phase to a more stable
phase is a solution-mediated process. In this process, the metastable phase is the
precursor of the aluminosilicate species that is required for the formation and growth of a
stable phase. As mentioned earlier, the induction period (z) composed of three

components i.e. t.,t , t,. Among these t, is the time required to form a stable nucleus.

Figure 2.10 depicts the classical concept of critical nuclear radius, which is explained by

change in free energy (AG) during nucleation process.
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Figure 2.10: The energetics of nucleation, illustrating the concept of a critical nucleus of

radius rc; beyond this size, the net energy gain from the resultant (AG) of cohesive (AG,)

and surface (AG;s) terms is favourable to growth (Mullin 1993).
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The overall change in the free energy (AG) between a small solid particle of solute and

the solute in the solution is equal to the sum of change in surface free energy (AG; ) and
the change in the volume free energy (AG, ). Whereas, the surface free energy (AG; ) is

the change in the free energy between the surface of the particle and the bulk of the

particle. On the other hand, the volume free energy (AG, ) is the change in change in the

free energy between a very large particle (r =) and the solute in solution (Mullin
2001). Figure 2.10 shows that when the nuclear radius reaches the critical size (i.e. r =r),
a sufficient amount of matter comes together in an ordered way that the cohesive energy

(AG, ) of the matter becomes stronger than the energy (AGg) which is expended in

creating a surface dividing the nucleus from continuum. This makes a stable unit to be
formed as stable nuclei capable of further growth. In zeolites, the critical size is estimated
around 1-8 unit cells by Thompson and Dyer (Thompson and Dyer 1985a). At the same
time, the chemical and physical processes which govern the formation of critical size are
subjected to the experimental conditions. If these conditions are changed, then r. will also

vary. This phenomenon can generally be expressed as below:

[ 20v
kTIn S

(2.4)

where o is the interfacial tension (surface energy per unit area), v is the molecular
volume and S is the super-saturation ratio (i.e. S :3*) (Mullin 2001). In general, the
c

nucleation rate (J) can be defined as the rate of production of unit cells having radius

r >r,. It has generally be assumed that J oc% (Cundy and Cox 2003; Culfaz and Sand

1973), but this scenario may hold true if t_ is greater than t, and t  (Subotic et al. 1999;

Warzywoda et al. 1989). It can safely be assumed that though the formation of nuclei for
zeolite crystal formation is more complex due to its complex assembly as compared to
simpler substances whose unit cells are smaller and contain fewer molecules, but there

may be no difference in the basic principle of nucleation (Cundy and Cox 2005).



38

The direct experimental data on nucleation is very difficult to obtain since an
extremely small fraction of the total mass is involved. Also, it is very difficult to
distinguish the nuclei from the surrounding reactants of similar nature and composition.
Furthermore, more reliable information is available for the early stages of crystal growth
behavior rather than nucleation. So far only cryo-TEM (Regev et al. 1994) and HRTEM
studies (Mintova et al. 1999b; Mintova et al. 1999a; Mintova et al. 2002) have provided
direct evidence of nucleation phenomena. Other studies estimated the nucleation rate
based on crystal growth rate (Culfaz and Sand 1973). Zhdanov and Samulevich (Zhdanov
and Samulevich 1980) further improved the approach and were able to determine the
isothermal nucleation rate profiles from the crystal growth rate and its size distribution.
This method was first used in the analyses of NaA (Zhdanov 1971) and NaX (Zhdanov
and Samulevich 1980) crystallization, and subsequently used for other zeolite systems
including silicalite (Golemme et al. 1991; Cundy et al. 1990). In this method, it was
assumed that all the crystals in a batch possess the same growth rate behavior, thus
making it possible to calculate the total growth time for each crystal. Based on these
findings the nucleation point for each crystal can be obtained by linearly extrapolating the
time to zero. Thus the nucleation profile for the whole batch can be determined.

Adding seed crystals to zeolite reaction mixtures provide an effective way of
reducing synthesis time and a direction towards a desired product with consequent
reduction in impurities (Cundy et al. 1995a; Cundy et al. 2003; Kacirek and Lechert
1975; Verduijn 1993). Basically, the seed crystals provide a surface area upon which the
product can grow. This step eliminates the need of the surface which is required to be

generated through primary nucleation (t, ), thus reduces the induction time (7). The seed

crystals added to synthesis mixture may behave in different ways. They may remain inert,
or dissolved, or act as pure seeds upon which the mass is deposited and start to grow.
They can also lead to secondary nucleation and hence another crop of crystals. Therefore,
it is generally required that a sufficient area is available to have an effect. It is rare for a
very small quantity of large crystals to cause any significant change in the synthesis
reaction rate. They remain inert or may show some signs of attack, which are due to
dissolution in solution. If they show the signs of dissolution then their contribution will

mainly be in changing the stoichiometry of the reactants. The balance between seed
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growth and the secondary nucleation depends upon the quantity of the seed crystals
added and the degree of agitation. If the surface of the added seeds is sufficient to absorb
most of the flux of the growth species and prevents the supersaturation of the solution
from reaching high levels, then most of the crystal growth will take place on the seed
crystals. In this way, the crystal size and the growth rate can be controlled (Cundy et al.
1995a; Kacirek and Lechert 1975; Kacirek and Lechert 1976; Thompson and Dyer
1985a; Thompson and Dyer 1985b; Thompson 1992). On the other hand, if the quantity
of the added seed crystals is reduced (i.e. reducing the available surface area), then
supersaturation and self-nucleation will not be suppressed anymore, thus allowing a
variety of crystal sizes to grow, and a better control on crystal size and growth rate may
be difficult to achieve. A further aspect of using seed crystals was viewed by Bronic and
co-workers. The syntheses of zeolites Y and P (Dutta and Bronic 1994) and zeolite A
(Bronic et al. 1999) were investigated using a 2-compartment reactor in which the seed
crystals and reactant gel were separated by a submicron membrane. The crystal growth
took place in both compartments, but zeolite Y was formed on seed crystal side of the
membrane and zeolite P were observed on the gel side of the membrane. This difference
was indicative of the fact that seed crystals were the major participants in modifying the
crystallization process when they were in physical contact with the gel. It can be deduced
that the growth species travel freely through the membrane, and the nucleation is better
controlled locally.

So far in this section, the nucleation is considered from an experimental point of
view. A nucleation mechanism will be discussed now in the light of the above
information. In a typical reaction sol, it may contain amorphous material, a solution
phase, and one or more crystalline phases. It is relatively easy to identify crystalline
phase. Whereas, the distinction between amorphous material and solution phase is less
clear and is a subject of misunderstanding. Considering a simple case of traditional
synthesis of zeolite X or Y in which amorphous material is visibly solid in nature. At the
low Si/Al ratio and high pH of the precipitation nearly all the Si,Al-derived nutrients are
present in solid gel phase, and the balance of the nutrients exist as monomers or
oligomers in highly alkaline (Na*OH") solution phase (Barrer 1982). The separation of

the two phases through filtration or centrifugation makes it possible to acquire a division
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of the reaction mixture into a liquid phase containing mainly true solution species, and a
solid phase from which a proportion of crystalline to amorphous material can be
determined through XRD analysis. The situation becomes complicated when a higher
Si/Al ratio with lower pH is used for high molecular weight silicate and aluminosilicate
components. It becomes difficult to distinguish between colloidal material and solution-
related polymers (Andersson et al. 1982; ller 1982; Otterstedt et al. 1987; ller 1979). At
the same time the polymeric species e.g. Siy,Sio,....Si, cannot be considered as a
continuum because the larger components may behave like particulate and can be phase-
separated, thus resembling an invisible precipitate. The end result is that a part of the
silicate and aluminosilicate reactants in the liquid phase behaves a true solution species,
and at the same time the colloidal part of the reactant species resembles a separate
amorphous phase. The colloidal phase is equal, in term of energetics, to solid phase that
is amorphous and visible, but it is invisible to optical detection and is inseparable from
the liquid phase by filtration and centrifugation. Figure 2.11 depicts such scenario.
Therefore, in the systhesis of zeolites using “clear solution”, all the amorphous feedstock
is stored in the solution in this manner and provides the driving force for the
crystallization of zeolite product (Andersson et al. 1982; Cundy et al. 1990; ller 1982;
Otterstedt et al. 1987; Schoeman et al. 1994; Watson et al. 1997; Thompsonand Dyer
1985c; ller 1979; Ueda et al. 1980). Thus it may be emphasized that during the
nucleation and crystal growth in hydrothermal synthesis of zeolite, the role of amorphous
components at all levels should be accounted for.

In the light of above explanations it becomes easier to explain how the
equilibration reactions lead to the formation of semi-ordered secondary amorphous phase,
and how the related processes further form the zeolite nuclei. As shown in Figure 2.5,
that the primary amorphous phase does not show any order in elements. Thus a driving
force for zeolite formation may depend upon the ratio of the solubility constants (K, ) of
the precursor and the final product. Since this is directly related to the solution
supersaturation, therefore, the driving force for the zeolite crystallization reaction (i.e.,

change in free energy, AG) may be expressed as:
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Figure 2.11: The liquid phase resulting from conventional solid-liquid separation

methods (filtration or centrifugation) contains both true solution species and colloidal

amorphous material (Cundy and Cox 2005).
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The above equation and Figure 2.4 elaborate that the negative sign in the equation
signifies a trend for the primary amorphous phase to become more and more ordered as
the phase transforms toward secondary phase and so on. Flanigen and Breck (Flanigen
and Breck 1960a; Flanigen and Breck 1960b), and also Chang and Bell (Chang and Bell
1991) focused on the chemical route by which the progressive transformation from
amorphous phase to ordered phase took place. The breaking and re-making of Si, Si—
O—AlI, Al (T—O—T) bonds under the catalytic action of hydroxyl ion (-OH") with a

related condensation reaction are expressed as follows:

T-OH+O-T<T-0-T+O0OH" (2.6)

T-OH+HO-T <T-0-T+H,0 2.7)

It should be noted that anions are not the only ones to take part in breaking and remaking
of bonds but they are accompanied by cations (e.g. Na*) that play a crucial role in the
ordering of process. The cations will gather around themselves energetically favorable
coordination spheres of oxy-species and will generate certain preferred geometries. In
doing so the cation dependent elements, which will finally form the zeolite product, are
gradually be assembled. This idea was originally came from Breck (Breck 1964), and
was further refined by Brunner (Brunner 1992). The structuring of silicate and
aluminosilicate units by electrostatic force (in case of organic templates) and van der
Waals force (in case of inorganic material e.g. NaOH) has also been proposed by Fanigen
(Flanigen et al. 1978; Flanigen 1980), Chang and Bell (Chang and Bell 1991), and
Burkett and Davis (Burkett and Davis 1994; Burkett and Davis 1995b; Burkett and Davis
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1995a). Based upon above ideas and proposals, Cundy and Cox (Cundy and Cox 2005)
developed an argument to suggest a specific mechanism for the zeolite lattice
construction.

According to his proposed scheme, as shown in Figure 2.12, first of all a cation
(e.g. Na") migrates to a temporary site in a developing structure for nuclei where the
coordination geometry may be suitable but not ideal. The cation initially maintains a
hydrated shell (i.e. surrounded by water molecules). Once settled on this site, it starts to
mediate the acquisition of T-units from the solution, which are formed through
condensation reactions as mentioned above. The cation guides the new acquired T-units
into more favorable coordination geometry, thus generates a periodic regular local
structure. In due time, either most of the cation hydration shell is gradually replaced by
lattice oxygen donors making it a fixture at the newly created site, or the cation may
move to any other more suitable location to do the similar function. For this reason, some
areas of the overall structure are more ordered as compared to others. Therefore, in due
time, particular “islands of order” are established randomly throughout the newly
developed semi-ordered network, as shown in Figure 2.5. These islands of order are
dynamic, and at any time such islands are being created, up-graded, or even destroyed by

dissolution. However, the overall effect will be a trend that moves towards a more
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Figure 2.12: The basic mechanism for the cation-mediated assembly of ordered regions:
(a) nomenclature and symbolism; (B) details of in-situ construction process by addition
of solution units to a surface site. The same mechanism can be applied to zeolite crystal
growth. (Cundy and Cox 2005)
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ordered system. Ultimately, some areas of the newly ordered system will be able to make
a periodic lattice that can propagate further, i.e. the nucleation has started to occur. Such
transformation can be taken as a first order phase transition, and corresponds to the
formation of critical radius (r;) as mentioned earlier. From this point, the kinetics of the
growth in increasing order become dominant as compared to the Kkinetics of the
dissolution resulting in a net growth. As a result, the reversible equilibration reactions

which correspond to the t, component of induction period (7 ) are superceded by the
initial net growth (t,). At the same time, the underlying chemistry remains the same and

the reactions still maintain a significant reverse component of dissolution.(Cundy and
Cox 2005)

The nucleation in zeolite may be considered as a discreet event which could be
defined as “a phase transition whereby a critical volume of a semi-ordered gel network is
transformed into a structure which is sufficiently well ordered to form a viable growth
centre from which the crystal lattice can propagate”. Cundy further added comments to
the above definition. The critical volume in above definition corresponds to the
requirement that the initial structure needs to be of a certain minimum size which refers
to the critical radius (rc) as explained earlier. Following this requirement, it is further
assumed that the potential nucleus may not need to be perfect in its structure; rather it
may be “good enough” to function as a nucleus in prevailing circumstances. This
indicates the condition that r; is not a fixed quantity but may vary, depending upon the
other operating conditions such as temperature and supersaturation. Thus under such
variable environment a rather defective potential nucleus may remain dormant or even
dissolve under quasi-equilibrium conditions but may start to grow into a crystal under a
high supersaturation driving force. The logic of gradual evolution of such a nucleus can
further be explained by cutting a new key for a tumbler lock. Initially, there are no
chances that the key will function to open the lock. As the machining of the key
progresses, the key will become more and more perfect and a point will reach when it
will open the lock. If the new key is compared with the original master key, it will show
errors and imperfections in new key but within a certain tolerance it will perform the
required function in the prevailing circumstances. It is good enough to do the function of

opening the lock, but if the circumstances are changed (e.g. lock becomes hot and
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expands) then it is possible that the imperfect key may not function any further to open
the lock (Cundy and Cox 2005).

Experimental results of zeolite crystallization and transformation can be
mathematically described by a simple kinetic relation (Subotic et al. 1980; Zhdanov
1971):

f, = Kt (2.8)

where f, is the fraction of zeolite formed at time t; , and K and q are constants. Generally

g is a function of nucleation and crystal growth mechanism. For example, in a solid-
crystal transforming system with constant supersaturation, g = 3 and nucleation is most
likely heterogeneous. If g = 4, nucleation is homogeneous in the case of linear and size-
independent growth. However, in a real solid-crystal transforming system, the value of q
is less than 4. On the other hand, in the case of crystallization of zeolites from gel (i.e.
gel-crystal transformations), the value g could be greater than 4, which shows that the
nucleation rate increases during the crystallization process. Zhdanov (Zhdanov 1971)
explained such an increase in the nucleation rate as autocatalytic nucleation by
postulating “that not only the aluminosilicate blocks formed in the liquid phase, but also
the blocks with an ordered structure occurring in the gel skeleton can be nuclei of
crystals”.

Based on Zhdanov’s work, Subotic and Graovac, and Golemme et al. developed a
theory to support the presence of non-solution mediated nucleation processes (Golemme
et al. 1991; Subotic and Graovac 1985). They developed a kinetic model for zeolite
growth, homogeneous nucleation, heterogeneous nucleation, and autocatalytic nucleation.
They compared experimental results with numerical solution of their model and found
that the particles of zeolites were formed by heterogeneous and autocatalytic nucleation.
The role of homogeneous nucleation was insignificant. They also found that the gel-
crystal transformation followed an exponential dependence on synthesis time with an
increase in nucleation rate during the crystallization process. They postulated not only the
formation of heterogeneous nuclei in the liquid phase (i.e. on the surface of gel and liquid

interface), but also the formation of similar entities inside the amorphous gel with ordered
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structures and called quasi crystalline zeolite. According to them, the growth of the quasi
crystalline phase is not possible inside the gel phase but may take place when the gel is
dissolved during the progress of crystallization and releasing it into the liquid phase.
They also found that the ageing of the gel increased quasi crystalline phase (ordered
structural entities) at room temperature. They concluded that the crystallization of
zeolites could be explained by their kinetic model where the nucleation takes place at the
external surface of the gel i.e. heterogeneous nucleation, or in the inside the pockets of
the gel i.e. autocatalytic nucleation. What was missing was the contribution of
homogeneous nucleation under the conditions of synthesis. They also concluded from the
experimental evidence that the increase in the rate of nuclei formation during synthesis,
production of a large portion of fine particles towards the end of synthesis, and the
influence of gel ageing on the crystallization process could not be explained by the
surface heterogeneous nucleation. Therefore, they suggested that a significant
contribution from autocatalytic nucleation exists during zeolite crystallization.

Thompson 1992 and Gonthier et al. in 1993 showed that the autocatalytic
nucleation model did not fit all the experimental data (Gonthier et al. 1993; Thompson
1992). Literature (Golemme et al. 1991; Subotic and Graovac 1985) suggested that the
number of crystals formed by autocatalytic nucleation would be approximately 20 times
greater than the number formed by the heterogeneous nucleation. Thompson and
Gonthier et al. found that the nucleation began very early in the synthesis process and the
fraction of crystals formed by the heterogeneous nucleation mechanism was low. They
also found that the nucleation of all crystals was essentially complete before the
crystallinity of ZSM-5 had reached 10%. This behaviour was not expected as more than
95% nuclei were still contained in the amorphous gel and were yet to be released by the
dissolution of 90% of the remaining amorphous gel. They modified the original
autocatalytic hypothesis model based on the hypothesis that the nuclei formed by
autocatalytic nucleation mechanism were located preferentially near the outer surface of
the amorphous gel particles rather than being uniformly distributed throughout the gel
phase. The results of their model agreed well with the experimental data. However, the
agreement did not necessarily prove the conceptual validity of the model but suggested

the possible existence of a nuclei source other than from the solution (homogeneous
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nucleation) and solid surface (heterogeneous nucleation) (Gonthier et al. 1993;
Thompson 1992).

Homogeneous nucleation is frequently assumed as a possible process for the
formation of primary zeolite particles in the liquid phase. It has been shown during the
crystallization of different types of zeolites from clear solutions that nucleation may take
place in the liquid without the presence of a solid amorphous gel. Using the classical
theory of homogeneous nucleation, Bronic and Subotic tested the kinetics of
homogeneous nucleation of zeolite A and Y. They found that the time required for the
first nuclei to appear through the process of homogeneous nucleation was infinite. This
was because supersaturation, which is typical for most of the zeolites, was considerably
lower than the critical supersaturation required for homogeneous nucleation. So, it is
realistic to expect that heterogeneous and autocatalytic nucleation mechanisms are
dominant for the crystallization from gels (Bronic and Subotic 1995).

Mintova et al. (Mintova et al. 1999b; Mintova et al. 1999a) have reported, for the
first time, the direct imageing of nucleation mechanism of zeolite Y and A using high-
resolution transmission electron microscopy (HR-TEM) at 100 °C and room temperature,
respectively. They studied the synthesis mechanism of nano-sized zeolites from a clear
solution. They found by HR-TEM images that the freshly prepared solution at room
temperature contained the aggregates of amorphous gel particles in the size of 25-35 nm
having sharp edges, whereas x-ray diffraction indicated that these colloidal particles were
amorphous. After heating the solution for different times at 100 °C, the colloidal gel
particles of aluminosilicate remained amorphous for 24 hrs and then the first sign of
crystal formation appeared after 28 hr of heating. They captured the images and found
that the crystals always nucleated at the periphery of the amorphous gel aggregates which
supported the nucleation mechanism discussed by Gonthier et al. (Gonthier et al. 1993).
They also found that from each aggregate of amorphous gel only a single crystal formed
and the particles were rather uniform. Their visualization was confirmed by a further
analysis under dynamic light scattering (DLS) technique. As the synthesis time increased
to 48 hr, it was observed that the size of the zeolite-gel particles remained the same
suggesting that the nutrients for the crystal growth were primarily provided by the gel

particles. This was further confirmed by the mass balance under several conditions of
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operation. Upon further heating to 100 hr, the crystal size was further increased,
suggesting that the extended growth of crystals was due to colloidal zeolites themselves
as no gel particles remained in the solution after 48 h. These colloidal zeolites were able
to grow to bigger crystals through the dominant mechanism of mass transfer in solution
over macroscopic distances. Figure 2.13 shows all the stages of zeolite nucleation and
crystal growth which were captured as a direct evidence using HR-TEM (Mintova
1999a).

Li et al. (Li et al. 2002) used two different synthesis temperatures, and a two-
stage varying-temperature technique to further elucidate the mechanism of the nucleation
kinetics of zeolite Y. They prepared two solutions containing source of alumina and
source of silica separately and mixed them together before the hydrothermal treatment. In
their one-stage synthesis at 100 °C, they observed 30-40 nm particles before and during
the first three days of hydrothermal treatment. The particles were characterized using
dynamic light scattering (DLS). Both solutions were separately analyzed and it was found
that only the silica-based solution contained particles of 5nm, which was consistent with
their other study (Li et al. 1999). Thus, the 30-40 nm particles were amorphous
aluminosilicate, which were formed after mixing the two solutions. Similar findings were
also reported by Mintova et al. (Mintova et al. 1999b). The amorphous particles were
observed for the first 4 days of hydrothermal treatment and then slowly decreased to the
size of 20nm before a second larger population of zeolite Y was detected after 4 days.
This population increased and grew linearly to a size of 75nm after 7 days. A similar
pattern was observed at a temperature of 130 °C with the exception that the crystal size
increased to 137 nm, reaction time reduced to 3 days, the crystal concentration was
reduced to one-quarter as compared to the operation at 100 °C, and the yield was slightly
increased. In order to determine the nucleation time for zeolite Y at 100 °C, they used a
two-stage varying-temperature process. The crystallization was started at 100 °C and the
temperature was changed to 130 °C to stop further nucleation. In the initial first two days
of synthesis the crystal size was unaffected by the temperature. However, for a longer
reaction time the effect of change in temperature was prominent. Therefore, the number

of crystals nucleated in the final
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Figure 2.13. Proposed reaction scheme for the zeolite growth mechanism in colloidal

solution. Reprinted with permission from Mintova et al. (Mintova et al. 1999a).
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product (crystal concentration), influenced by the temperature variation were used to
determine the time when nucleation was completed. Figure 2.14 shows that the process of
nucleation continued until the crystal concentration reached a constant value.

Figure 2.14 also shows that for the first-stage of temperature at 100 °C, the crystal
concentration gradually increased to a constant value in 6.5 days and switching to the
second-stage at 130 °C did not reduce the crystal concentration, it only hindered further
nucleation. They concluded that the nucleation period was extended over the entire
period of crystal growth.

2.8 NON-AQUEOUS AND DRY GEL SYNTHESIS
2.8.1 Non-Aqueous Synthesis

Zeolites are conventionally synthesized by hydrothermal methods using excess of
water. On the other hand, Bibby and Dale (Bibby and Dale 1985) in 1985 were the first to
report the synthesis of silica sodalite from ethylene glycol solvent. However, recent
results for many zeolite syntheses indicate that the nucleation and crystal growth proceed
through heterogeneous transformations involving amorphous and/or pseudocrystalline
particles (Serrano and Van Grieken 2001). The mechanism of solid-solid transformation
during nucleation and crystal growth led to studies of non-aqueous synthesis of zeolite,
which enhanced the conversion of dry gel to zeolite (Kim et al. 1993; Matsukata et al.
1993). Commercially, zeolite synthesis mostly involves the use of amorphous gel with
high solid content (Serrano and Van Grieken 2001).

The concept of solid-solid transformation was successfully demonstrated by Xu et
al. (Xu et al. 1989) in 1989 who synthesized ZSM-5 and ZSM-35 on a non-aqueous
basis. They made aluminosilicate gel by preparing a solution of sodium silicate and
sulphuric acid, and then adding a solution of Al,(SO4); and NH3.H,O. The resultant gel
was then dehydrated at 823 K. The solid dehydrated gel was mixed in a solution of two

amines (ethylenediamine and triethyleamine) for the synthesis reaction.
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Throughout the crystallization neither SiO, nor Al,O3 were dissolved in a mother liquid
mixture of ethylenediamine and triethylamine. There was a constant molar SiO; / Al,O3
ratio in the solid phase, which strongly supports the solid-solid mass-transformation
mechanism. It was found that the effect of Na,O was very similar to the effect in aqueous
synthesis. No effect of Na,O was observed on the selectivity of ZSM-5 or ZSM-35.
However, the initial molar ratio of SiO, / Al,O3 was crucial in determining the type of
zeolite as the ratio did not change during the crystallization. A lower molar ratio (SiO, /
Al,O3 = 18) led to the formation of ZSM-35. Likewise, lower molar ratios of
C,HgN2/Na,O favored ZSM-35 synthesis. The most significant effect was the molar
percent of triethlyamine and SiO, that determined formation of ZSM-35 or ZSM-5. A
subsequent study performed by Li et al. (Li et al. 1995) in the absence of water further
supported the solid phase transformation. They synthesized ZSM-48 zeolite using dried
and dealuminated alumina-silica microspheres (aluminosilicate gel) mixed with solid
NaOH, 1,6-hexanediamine, and quantities of seed crystals. The mixture was kept in a
stainless steel autoclave at 100 °C overnight and then crystallization was carried out at
180-200 °C for 18-26 days. Finally the solid product was removed and washed with
water. It was found that the ratio of 1,6-hexanediamine / SiO, and the size and shape of
the autoclave reactor were decisive for the synthesis of the desired product. However,
they did not discuss the role of 1,6-hexanediamine as an organic template. In a
subsequent study (Fan et al. 1996) on the same zeolite, they investigated the effect of
MCI (M = Li, Na, K, Rb, Cs) on the synthesis while keeping the M*/Na" ratio the same.
It was found that the presence of different alkali metal chlorides greatly slowed down the
crystallization rate with the exception of NaCl. It is well known that Na* is the most
effective structure-directing agent of all the alkali metal cations. The stronger the
capability of the structure-directing cation is, the shorter is the induction time, and higher
is the crystallization rate. Actually Na* forms a double five-member ring, essential for
ZSM-48. Other alkali metal cations showed structure-breaking effects due to their lower
polarizability. It was also observed that the presence of CI° anion affected the
crystallization rate in the non-aqueous system. The morphology and the size of ZSM-48
were greatly influenced by the use of different metal alkali chlorides. However, the bulk

composition of SiO, / Al,O3 did not vary, owing to the mechanism of heterogeneous
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crystallization. On the other hand, XPS analysis showed significant changes in the
surface composition. This was due to the non-homogeneous distribution of Al from the
surface to the crystal core. This was attributed to the structure-directing or breaking
abilities of alkali metal cations.

2.8.2  Dry Gel Synthesis

A deviation from the commonly practiced hydrothermal method for zeolite
synthesis was reported by Xu et al. in 1990 (Xu et al. 1990) who described a new
technique of vapor-phase transport (VPT) method. This study further bolstered the solid-
solid transformation mechanism. In this technique, a dry gel of aluminosilicate was
transformed into zeolite ZSM-5 by contacting with mixed vapor of water,
ethylenediamine, and triethylamine. The amorphous aluminosilicate gel was obtained by
mixing solutions of aluminum sulphate, sodium silicate, and sodium hydroxide; and then
filtered and washed. The solid gel was placed in bottom-sieved container, which in turn
was placed inside the top of an autoclave whose bottom contained ethylenediamine-
triethylamine aqueous solution, as shown in Figure 2.15. Upon heating, only the mixed
vapor of water, ethylenediamine, and triethylamine came in direct contact with the gel,
and not the solution. The product was found damp upon completion of reaction. After
washing and drying, and XRD analysis, the product was found to exhibit the pattern of
ZSM-5 even if a dried gel was used for synthesis. The composition of SiO, / Al,O3 for
the amorphous gel and the crystal product remained the same, suggesting the prevalence
of solid-phase transformation. A further study in 1993 by Matsukata et al. and Kim et al.
(Kim et al. 1993; Matsukata et al. 1993) confirmed the vapor-phase transport (VPT)
technique for conversion of dry gel. They found it useful for synthesizing different types
of zeolites such as; ANA, FER, ZSM, MOR, CHA, etc. In all these syntheses the dry gel
never came in direct contact with the aqueous solution. Only the vapor with or without
organic template came in contact with the amorphous gel. The excess water was not
essential for the zeolite synthesis, however, it enhanced crystallization in some cases.

Complete conversion to zeolite under appropriate
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Figure 2.15. Schematic view of the dry process autoclave used in the zeolite synthesis
by VPT method: (a) container; (b) amorphous gel; (c) porous sieve plate; (d) stainless
steel support; (e) solution phase. Redrawn with permission from Xu et al. (Xu et al.
1990).
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preparation conditions was found to be possible.

Althoff and coworkers (Althoff et al. 1994; Althoff et al. 1995) synthesized
zeolite ZSM-5 by gradually decreasing the water content and ending up with a reaction
mixture with absolutely dry reactants in the form of a powder. The aluminosilicate dry
gel was prepared by mixing aluminum sulfate and fumed silica, and dehydrated by
calcination. The silica-alumina precursor was mixed with ammonium floride (NH4F) and
tetrapropylammonium bromide (TPABr), used as an organic template. Initially the
reaction was carried out in a 50 mL Teflon-lined stainless steel autoclave using different
amounts of water in a hydrothermal synthesis. Further synthesis was devoid of any
additional water. The NH4F and TPABr were vacuum-dried and added to the precursor.

But during the reaction, water vapor was produced due to the following reaction:

SiO, + 4NH,F — SiF, + 2H,0 + 4NH, (2.9)

The pressure due to the production of water vapor was further eliminated by reducing the
amount of NH4F and using a larger size autoclave of size 200 mL. In all the cases, pure
ZSM-5 was formed and its morphology for non-aqueous or aqueous methods remained
the same. The X-ray fluorescence analysis indicated a pronounced difference in the
composition of Si/Al in precursor and in the crystalline form as no aluminum was found
in the samples obtained from dry synthesis. This observation led to the assumption that
AIF; could be formed as a side reaction, which was later confirmed by ’Al MAS-NMR.
This gave rise to high Si/Al ratio and gave credence to the idea of gas phase transport
mechanism with SiF, as the mobile species. AlF3; due to its high melting and sublimation
point was not mobile under reaction condition. Thus, formation of a zeolite in the absence
of a solution phase was due to vapor phase mass transfer process with SiF,, which acted
as transporting species between the solid phase containing the unreacted precursor and
the ZSM-5 crystals. The presence of water during the reaction was not ruled out;
however, its amount was insufficient to reach saturation pressure under reaction
conditions.

Dong and coworkers (Dong et al. 1999) synthesized zeolite B-Al-ZSM-5 using

boron-aluminum-silicon porous glasses as dry gel and ethylamine-water as source of
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vapor. A highly crystalline zeolite was formed with almost uniform composition of gel
and final product, which also supported the heterogeneous crystallization mechanism. A
similar study in 1998 was performed by Bandyopadhyay and coworkers (Bandyopadhyay
et al. 1998) for boron based zeolite synthesis. The crystallization of dry gel with
composition of SiO,: 0.002-0.033 B,03: 0.056-0.1 NaOH: 0.36-1.2 TEAOH was carried
out at 448 K for 72 h. The phase of the borosilicates was strongly dependent on the dry
gel composition, e.g. B-BEA was formed with TEAOH/SIO; ratios of 0.8-1.2 and SiO,/
B,0; ratios of 30-50, B-MTW was formed with TEAOH/SiO; ratios of 0.8-1.0 and SiO,/
B,O; ratios of 50-100, and B-MFI was formed with SiO,/ B,O; ratios of 100-200.

2.8.2.1 Classification of Dry Gel Synthesis

Matsukuta and coworkers (Matsukata et al. 1999) in a review paper classified the
zeolite synthesis mechanisms in different categories. One is the conventional
hydrothermal synthesis method where the hydrogel contains all the ingredients such as;
silicon, aluminum, water, sodium, and/or organic structure-directing agent (SDA).
Synthesis is performed in a confined space, usually an autoclave, to maintain
autogeneous pressure, which is needed when reaction proceeds above 373 K. The other
process is called dry gel conversion (DGC), which is sub-classified into two categories.
When using SDA such as ethylenediamine (EDA), a mixture of water and EDA is placed
in the bottom of autoclave (Figure 2.15) and the dry gel with no EDA is placed in the
middle. Upon heating, EDA and water vaporize, reach the gel and start the
crystallization. This method is called “vapor-phase transport” by Kim et al. (Kim et al.
1993). When quaternary non-volatile amines, such as tetrapropylamine hydroxide (TPA
OH) are used as structure directing agents, they incorporate into the dry gel. Only water
is placed in the bottom of the autoclave to supply steam for the gas phase. Matsukata et
al. called this method as ‘“‘steam-assisted conversion” (SAC). However, they did not
categorize a complete dry gel method as demonstrated by Althoff et al. (Althoff et al.
1994; Althoff et al. 1995) in which no liquid was added to the autoclave.
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2.8.2.2 Characteristics of Dry Gel Conversion (DGC) Process and its Advantages over

Hydrothermal Synthesis (HTS) Process

Matsukuta et al. (Matsukata et al. 1999) also reviewed other issues such as
efficient synthesis, high crystallinity, higher Si/Al ratios, thermal stability, and phase
transformation. The DGC process for the syntheses of various zeolites e.g. MFI, FER,
MOR, BEA, MTW, OU-1, FAU, and EMT was reviewed. The syntheses of hexagonal
faujasite (EMT), and cubic faujasite (FAU) through SAC method using crown ethers
[1,4,7,10.13,16-hexaoxacyclooctadecane, (18-crown-6) and 1,4,7,10,13-
pentaoxacyclopentadecane, (15-crown-5)] as SDA instead of amines, was also studied. It
was previously demonstrated that crown ethers can fit well in the super-cage of faujasite
and give a selective product while using hydrothermal method (Delprato et al. 1990).
They employed both methods for synthesis using colloidal silica and aluminum
hydroxide with the composition of 10 SiO,: Al,O3: xNa,0: 0.75 R: 140 H,0 (x = 2.1-3.3,
R= 18-crown-6 or 15-crown-5). The hydrogel was aged at 308 K for 24 h, and
hydrothermally crystallized in an autoclave at 388 K for 7 days. In SAC method, the gel
was dried and crushed into powder after ageing, and crystallized in steam at 388 K at
autogeneous pressure. Both methods were found to be in agreement with each other. The
SEM observations indicated that the EMT synthesized through hydrothermal process
consisted of hexagonal plates and had facets randomly aligned at the edges of the plates.
Such morphology was in agreement with layer-by-layer growth mechanism, which was
proposed by Khouw and Davis (Khouw and Davis 1995). On the other hand, EMT
crystals synthesized by SAC method showed a different morphology. The crystals were
in the form of stripes indicating steps with smooth edges which suggested a spiral growth
mechanism.

The dry gel process has many advantages over the conventional hydrothermal
process such as saving of organic template (Xu et al. 1990). Another advantage of dry gel
process was observed when Hari Prasad Rao et al. (Hari Prasad Rao et al. 1998) who
were able to synthesize high-silica beta (BEA) zeolite with SiO,/Al,O3 ratio in the range
of 30-730. The conventional hydrothermal process can only achieve a maximum of
SiO,/AlLO3 ratio of 250 (Lohse et al. 1996; Perez-Pariente et al. 1988). The gel was
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made by making a solution of aluminum sulfate, distilled water, NaOH,
tetraethylammonium hydroxide (TEAOH, organic template or structure-directing agent),
and fumed silica. The mixture was heated, dried, crushed to powder, and placed in an
autoclave with only water in the bottom. The schematic diagram of the process is shown
in Figure 2.15. Since the kinetics of the crystallization depended on SiO,/Al,Oj ratio, the
gel with the highest Al content was fully crystallized in 3 hr as shown in Figure 2.16.

The chemical composition of the starting gel and the crystalline form remained
the same. The rate of crystallization and relative crystallinity decreased as the SiO,/Al,0O3
ratio was increased to 730. The relative crystallinity was improved to 100% by addition
of NaHSO, to the parent gel, which supported an earlier finding that anions such as
sulfates can improve the rate of crystallization in hydrothermal synthesis (Kumar et al.
1996). Hari Prasad Rao et al. (Hari Prasad Rao et al. 1998) found in their study that the
concentration of Na* cation also increased by the addition of NaHSO,, so they were
unable to clarify which ion (Na* or SO4*%) was responsible for increase in crystallinity.
However, when a higher concentration of Na* ion was used for higher SiO,/Al,Oj3 ratios
in the range of 380-480, the presence of Na" ion promoted the pure beta zeolite. Two
interesting findings were reported; a uniform size of 60 nm was obtained with no
amorphous phase present in the final product, and the water was absolutely required to
get the crystalline product. In the absence of water vapor, an amorphous product was
obtained. A similar method was employed successfully for the synthesis of zeolite ZSM-
5 in another study (Matsukata et al. 1993) and in the preparation of unsupported zeolite
ZSM-5 and ZSM-35 membranes by Dong et al. (Dong et al. 1992).

The wide application of NaY zeolite as a fluid catalytic cracking (FCC) catalyst
led to its production using two different methods. One is the conventional synthesis using
hydrothermal process and then loading the zeolite on an inert matrix of silica/alumina for
final use as FCC catalyst. Another route is called “in-situ” process (Breck 1974). The
starting phase includes the solid kaolinite microspheres which are transformed to NaY
zeolite using hydrothermal synthesis method.
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Figure 2.16. Crystallization curves of BEA with different chemical compositions at
453 K. Si0O,/Al,03, Si0,/Na,0 and SiO,* /SiO; ratios: (a) 30, 23.8 and 20.9; (b) 380,
23.8 and 528; (c) 730, 10.9 and 10; (d) 730, 23.8 and 0, respectively. Redrawn with
permission from Hari Prasad Rao et al. (Hari Prasad Rao et al. 1998).
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Basaldella et al. (Basaldella et al. 1993) used a similar approach to grow NaY zeolite
crystals on the internal and external surfaces of kaolinite microspheres using
hydrothermal synthesis in which the reaction medium consisted of a solid phase (clay
calcined microspheres) in contact with an alkaline mother liquor. Murrell et al. (Murrell
et al. 1999) tried a different approach, in which the starting solid phase was silica gel
particles of 50 microns that were gradually loaded with alumina to adjust the SiO,/Al,O3
ratio followed by drying and calicination. Finally, NaOH solution with or without organic
SDA was added through incipient wetness and the solid gel remained in semi-dry form
giving a composition of 2.94 SiO; : 0.49 Al,O3 : Na,O : 17.8 H,0O. The reaction was
carried out in an autoclave or a polypropylene bottle and the final product contained
100% crystalline product. This process was similar to the DGC process with the
exception that no additional water was added. The water within the gel pores was
sufficient to carry out the crystallization.

Bhaumik and Tatsumi (Bhaumik and Tatsumi 2000) synthesized pure silica NU-
1 and Na- and Al-free Ti-NU-1 zeolite successfully using the DGC method. These
zeolites were previously synthesized through a hydrothermal method and posed lot of
difficulties, especially in the dispersion of tetrahedral Ti species in the crystal (Ahedi et
al. 1997). The starting materials tetrabutyl orthotitanate (TBOT), H,0,,
tetramethylammonium hydroxide (TMA-OH), and fumed silica were mixed and prepared
in the composition of 30 SiO, : TiO, : 7.5 (TMA),0, and then dried, powdered and
loaded to an autoclave with 10g of water in the bottom of autoclave. The synthesis took
5-6 days at 170 °C. They found highly dispersed isolated tetrahedral Ti species in Ti-NU-
1 with a uniform needle like morphology. On the other hand, hydrothermal synthesis
showed a non-uniform spherical morphology. A shorter synthesis time was possible with
the DGC method without the need of any seeds or promoters. A similar problem was
faced for the synthesis of metal-substituted aluminophosphate MAPO-36 (ATS topology)
zeolite using hydrothermal synthesis (HTS) method. The product (MAPO-36) was
contaminated due to co-crystallization of MAPO-5 (AFI topology). This problem was
resolved by Saha et al. (Saha et al. 2003) using DGC method. They used both techniques
i.e. SAC and VTP, but reported only VPT. The dry gel was used with a composition of
0.92 Al,03 : 0.17 MgO : 1.0 P,0s : 45 H,0. Pr3N (structure directing agent) was mixed
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with water (0.3 g per 1.0 g of dry gel) and placed in the bottom of autoclave. The dried
gel was placed in the middle of autoclave. The temperature and time were set in two
steps, i.e. T =105 °C for 48 h followed by T = 140 °C for 24 h. A deviation from the set
temperature condition, especially in the first step led to a mixed product. However, a pure
ATS was obtained using the above-mentioned set of conditions. This suggested that no
phase transformation took place. However, there was a competition in nuclei formation
between the two phases of ATS and AFI. Also, the MgO/ Al,Og ratio affected the phase
formation. When the ratio was 0.1-0.25, the ATS was the only product. On the other hand
the ratio below 0.1 and above 0.25 produced contaminated product (ATS and AFI). Thus
using the DGS method an exact synthesis protocol was devised for pure ATS. When
similar conditions were applied to the HTS method, a contaminated product resulted.
Therefore, a clear advantage of the DGS method was seen over the HTS method.

Bandyopadhyay et al. (Bandyopadhyay et al. 2001) successfully synthesized pure
[Al]-SSZ-31 zeolite using the DGC method. 1,1,1,8,8,8-hexaethyl-1,8-diazoniaoctane
dihydroxide R**(OH)’), was used as the structure directing agent. A gel with composition
of SiO; : 0.2R**(OH)); :0.084 NaOH : 0.0026 Al,O3 was mixed, dried, powdered and
added to an autoclave generally used for the DGC method with 0.2-0.3 g of water per g
of dry gel. It was found that the alkali to silica ratio (NaOH/SiO;) was mainly responsible
for the different phases. A NaOH/SiO, = 0.05-0.12 ratio produced pure SSZ-31 product,
while 0.15< NaOH/Si0,<0.03 produced MFI phase. On the other hand, an optimum ratio
of 0.084 caused phase transformation from BEA to SSZ-31. It was further identified that
the synthesis time and phase transformation time were shorter, i.e. 12 h, which was not
possible in hydrothermal synthesis. Also the yield of AlI-SSZ-31 was higher (75-90%)
using the DGC method than that of B-SSZ-31 (65%) using hydrothermal process. In
another study (Bandyopadhyay et al. 2002), they were able to synthesize AIPO,-5,
AIPO,;-11, SAPO-5, and SAPO-11 zeolites by using the DGC method in two ways, i.e.
steam assisted conversion (SAC) and vapor-phase transport (VPT). They found that the
VPT was a slightly slower as compared to the SAC process and conventional
hydrothermal synthesis (HTS) methods. In all cases, the need of water was mandatory to
carry out crystallization. Two advantages were found in the DGC as compared to the
HTS; the yield (75-90%) was 10% higher, and wastewater disposal was minimal.
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Arnold et al. (Arnold et al. 2004) synthesized zeolite [AIJEU-1 and [Ga]EU-1
(EUO framework) with high purity using hexamethonium bromide (HMBFr) as an organic
template. Previously, the same zeolite was synthesized using the HTS method in Si/Al
ratio in the range of 20-60 for [AI]JEU-1 using HMBr, and 27<Si/Ga<50 for [AI]EU-1.
However, impurities such as EU-2 were also formed when 60<Si/Al<120 was used for
[AIJEU-1 synthesis. These problems were resolved when the DGS method was used.
High composition range Si/Al = 18-142, and Si/Ga = 12-86 were successfully used to
obtain pure products. Silica sol was added with HMBr solution, which in turn added to
sodium silicate, NaOH and water for [AI]JEU-1 synthesis, and Ga,O3;, NaOH and water
for [Ga]EU-1 synthesis. All ingredients were mixed, dried, and put in an autoclave of
volume 100 ml with different amounts of water in the bottom. The desired product was
obtained at T = 453 K for 7 days. In a parametric study, they found that sodium with
Na/Si>0.3 and a high Ga content (Si/Ga < 27) favored a pure [Ga] EU-1 over an

amorphous phase. However, at Si/Ga > 63 some extra-framework silicon species were

easily washed out. The effects of template and water were also investigated. It was found
that for a composition of 81.4SiO; : Al,O3 : xNa;O : yHMBr (x = 10.9-18.6, y = 2.2-
11.0) a high crystallinity was obtained with HMBr/Si > 0.11 and Na/Si = 0.3.

However, a decrease in template content led to the production of a-quartz as an impurity
which was not removed even by increasing the Na content in the gel. The effect of the
quantity of water in the autoclave on the conversion of dry gel with a molar composition
of 61.0 SiO, : Al;O3: 9.1 Na,O : 7.4 HMBr is depicted in Figure 2.17. The XRD patterns
indicate that a minimum amount of water is needed for synthesizing highly crystalline
zeolite EU-1. It can be seen that the zeolite EU-1 can be obtained over a large range of
water content, which is in variance with the dry gel synthesis of zeolite Beta where the
amount of water was very critical for synthesis (Matsukata et al. 1999). According to
their calculations using van der Waals equation, a mass of liquid water more the 0.52 g

(water/Si > 0.67) in a 100 mL autoclave at 453 K would cause presence of liquid water

in the autoclave.
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This led to a finding that the liquid water was present in the bottom of the autoclave or in
the pores of the gel, therefore the presence of liquid water was a pre-requisite for
successful crystallization. This finding was slightly different in comparison with dry gel
synthesis of zeolite Beta where water amount in the range of saturation pressure was

sufficient for desired product synthesis (Matsukata et al. 1999).

2.9 ROLE OF WATER IN DRY SYNTHESIS

Matsukuta et al. (Matsukata et al. 1999) tried to analyze a profound question
about the role of water in SAC method. They conducted a study on the crystallization of
TEA-containing dry gel at 453 K using different amounts of water for the production
BEA zeolite as the final product. Figure 2.18 shows XRD patterns of as-synthesized
products. It can be noticed that various amounts of water greatly influence the final
product, therefore presence of water is of importance. Without the addition of water in
the bottom of autoclave no crystallization took place which was in agreement with
previous synthesis of Ti-BEA (Tatsumi et al. 1997), and B-BEA (Bandyopadhyay et al.
1998). When 0.22 ml of water was used, sufficient to produce saturation steam pressure
at 453 K, no crystallization was observed after 24 h of reaction. However, increasing the
amount of water resulted in the formation of BEA and it reached to maximum
crystallinity when 1 ml of water was added to the autoclave. Further addition of water to
2.5 ml did not produced any crystalline phase. The water content in dry gel was typically
3-10% but it seems that it did not contribute to the water content in the bottom of
autoclave even if all of it evaporates. This showed that saturated vapor pressure of steam
was not enough to initiate crystallization. Adsorption and condensation of water in/on the
dry gel were essential for crystallization. At the same time, excess water was detrimental
for the crystallization. The requirement of a certain amount of water to keep the saturated
vapor pressure results in the condensation of water would take place in the pores of dry
gel. Such condensation would lead the SAC process to behave like a hydrothermal
synthetic method.

It was also noticed that the SDA (TEA™) remained stable and did not degrade at
423 K in dry gel, which was not possible even at 363 K in hydrothermal method due to

the presence of alkaline aqueous solution. It was concluded that the TEA" cations in a dry
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gel were forced to interact with (alumino) silicious species in the absence of a continuous
phase of water by forming stable AI-O” TEA" and Si-O” TEA" bonds. Such stable bonds
are not possible in a conventional hydrothermal synthesis above 400 K. Therefore, the
zeolite synthesis under SDA could be considered as competitive reactions between the
degradation of SDA, and zeolite-forming reactions. Such zeolite-forming reactions
include hydrolysis of silicious species to produce intermediates and then their further
dehydro-condensation to give rise to T-O-T networks. Hence, at high temperature of 453
K, a rapid crystallization in 1 day was possible due to the stabilization of TEA" cations in
the dry gel, which is not possible with the excess amount of water due to the TEA"
degradation that takes place when water condenses in the dry gel and forms a continuous
layer. This was the case observed in Figure 2.18(f).

Hence, it was concluded that for the crystallization in the DGC method, the SDA
has to be stable by keeping the amount of water as little as possible. Also the requirement
of saturated vapor pressure was essential for zeolite-forming reactions, but excess amount
of water should be avoided due to its condensation in the gel which degrades SDA in the
aqueous phase.

Thoma and Nenoff (Thoma and Nenoff 2000) further explained the role of water
in the DGC process. During gel rehydration, the water in the system readily breaks
siloxane (Si-O-Si) bonds while organic SDA cations adsorb on the surface acid sites.
Therefore, a molecular rearrangement takes place in the covalently bonded gel network
due to the breaking of silane (and/or Si-O-Al) bonds. In turn, the bond cleavage creates
free surface for adsorption from vapor phase. In this view, it was suggested that the role
of water in the VPT process was twofold: rehydration of siloxane (Si-O-Si) groups to
form hydroxyl groups that can become adsorption sites for organic SDA cations, and to
facilitate bond breakage required for molecular rearrangement. This is consistent with the
observation in Figure 2.18(a-d) that the increased water content up to certain extent leads

to higher percent crystallinity.
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Figure 2.18. Effect of the amount of water at the bottom of autoclave in the synthesis of
BEA by the SAC method. The composition of dry gel, SiO; : 0.033 Al,0O3 : 0.036 Na,O:
0.37 TEAOH, the inner volume of autoclave, 45 ml; the amount of dry gel used for
crystallization, 1.50 g; crystallization temperature, 453 K; crystallization time, 24 h. The
amount of water used in ml: (a) 0; (b) 0.22; (c) 0.5; (d) 1.0; (e) 1.5; (f) 2.0; (g) 2.5.
Reprinted with permission from Matsukata et al. (Matsukata et al. 1999).
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2.10 CONCLUSIONS

The crystallization of various structures and types of zeolites is possible
depending upon the gel composition and the synthesis conditions. For many years it was
assumed that the crystallization of zeolites was a solution-mediated phenomenon, but
many studies suggested a heterogeneous transformation. It was evidenced that solid
phases were involved in nucleation and crystal growth. The active participation of
initially amorphous solid phase as the starting solid containing gel has been established in
the crystallization of zeolites. It has been suggested that the nucleation takes place on the
surface or within the solid gel phase through the autocatalytic mechanism. It has also
been observed in some cases that the formation of zeolite crystals takes place by
reorganization of amorphous phase hydrogel through solid-solid transformations with
little contribution of soluble species. It has also been proposed that nanometer size units
of amorphous particles are responsible for aggregation leading to the formation and
growth of zeolite crystals. In some cases, the amorphous hydrogel is formed by
nanometer size non-isolated entities, which through the process of densification forms
zeolite crystals.

Heterogeneous nucleation of zeolites has successfully been demonstrated by
synthesizing a wide variey of zeolites using a dry process. The dry gel conversion could
be an alternative to conventional hydrothermal process. All the species that take part in
forming the microporous crystal remain essentially in solid form. This is in contrast to
hydrothermal synthesis where the species are dispersed in aqueous and solid phases. A
better explanation of hydrothermal synthesis would be achieved by understanding of
crystallization mechanisms involved in dry gel synthesis.

Some direct advantages of dry gel synthesis process over the hydrothermal
process include:

e the composition of the starting gel remains the same as the composition of the
synthesized crystals,

e reduction in crystallization time,

e possibility of replacing the batch synthesis process with a continuous one,

e reduction in the use of expensive structure directing organic agents,

e no generation of waste materials owing to high yield,
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e no treatment of wastewater is needed in the SAC method,

e Detter control on a selective phase of zeolite, and

e avariation in operating parameters can easily be accommodated without affecting
the desired zeolite phase, which may be difficult to handle in hydrothermal
process.

It is, therefore, expected that the future studies will be more focused on a dry process.
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CHAPTER 3: SYNTHESIS OF NaY ZEOLITE IN PRESHAPED
AMORPHOUS SILICA PARTICLES THROUGH
DRY PROCESS

3.1 INTRODUCTION

Zeolites are generally synthesized by a hydrothermal method, which is a solution
mediated process, requiring an excess water. Bibby and Dale in 1985 (Bibby and Dale
1985) were the pioneers who reported the synthesis of ZSM-5 zeolites using ethylene
glycol media instead of water. Later, studies were conducted by Huo et al. and Xu et al.
(Xu et al. 1989; Huo et al. 1988) who synthesized various types of zeolites including
MFI and FER using organic solvents without additional water. These results suggested
that water is not an essential media for synthesizing a variety of zeolites.

In 1990, the results of these studies were further bolstered by Xu and coworkers
(Xu et al. 1990) who reported the transformation of dry aluminosilicate gel into MFI by
contacting with vapors of water and volatile amines. Since then, several studies have
been conducted to transform the dry gel into zeolites using water vapor and/or structure
directing agents (SDA). Such studies have discovered a lot of applications for
synthesizing microporous zeolites with new compositions and structures.
Figure 3.1 provides a schematic understanding of the methods that are used to synthesize
microporous zeolites (Xu et al. 1990; Matsukata et al. 1993; Matsukata et al. 1999; Kim
et al. 1993). Figure 3.1(a) represents the conventional hydrothermal synthesis method in
which a hydrogel containing all the chemicals, for example, alumina, silica, sodium
cation and water, are converted to a zeolite phase. Organic structure directing agents
(SDA) are frequently used in the hydrogel to assist in transforming the amorphous phase
into zeolite phase. Crystallization is carried out in a confined space, e.g. an autoclave, in
order to maintain autogeneous pressure when crystallization is carried out above 373 K.
Once the crystals start to grow, they settle at the bottom of container due to higher
density. The crystals are finally removed from the mother liquor through centrifugation
or filtration. Figure 3.1(b) and 3.1(c) represent the schematic diagrams of reactors used in
the literature for dry gel conversion.  While using a volatile SDA such as

ethylenediamine (EDA), a mixture of water and SDA is placed in the bottom of the
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Figure 3.1: Schematic diagram of the synthesizing methods for microporous crystal
systems. (a) Hydrothermal method, (b) Vapor-phase transport (VPT) method, and (c)
Steam-assisted crystallization (SAC) method. The latter two are the dry gel conversion
(DGC) methods (M. Matsukata et al. 1999).
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autoclave. The dry gel that does not contain the SDA is placed above the mixture, in the
middle of autoclave. The support, which holds the amorphous dry gel, is perforated so
that the rising vapors of the mixture can make contact with the dry gel upon heating.
Water and SDA mixture vaporizes as a result of heating, and make contact with the
amorphous dry gel bringing about crystallization. Kim and coworkers (Kim et al. 1993)
reported this synthesis method as “vapor phase transport (VPT)”. Non-volatile quaternary
amines such as tetrapropylamines (TPA) are also used as SDA. When such SDAs are
used, they are incorporated in the amorphous dry gel during the process of dry gel
preparation. Figure 1(c) shows that only water is added to the bottom of the reactor as
SDA is already being added to the dry gel. Upon heating, only water vaporizes and forms
the steam that is used to bring about crystallization. Matsukata and coworkers (Matsukata
et al. 1999) called this method “steam assisted conversion (SAC)”.

The catalytic applications of nanosized zeolites have received much attention
because of their large surface area and reduced diffusion limitation as compared to
ordinary zeolite crystals in the size range of micrometers. Fluid catalytic cracking (FCC)
(Camblor et al. 1989; Rajagopalan et al. 1986), hydrocracking of gas oil (Camblor et al.
1998), hydroxylation of phenol with H,O, (Notari 1988), and hydration of cyclohexene

to cyclohexanol (Mitsui and Yohei 1985) are some examples of important zeolite
catalyzed processes where small crystals have been reported as having an edge over large
crystals. Among several types of zeolites reported through dry gel conversion, NaY
zeolite stands out as a potent zeolite that can be used for several applications in the
petroleum industry. One of its applications is in the area of fluid catalytic cracking (FCC)
where it can be used as a cracking catalyst after going through a desired ion-exchange
and dealumination process in order to make it a stable Y-zeolite. Generally, the Y-zeolite
is not used as is for FCC application due to its small size in the range of sub-micrometer
to a few micrometers. However, it is loaded on an inert matrix of silica/alumina using
spray drying technique to make it suitable for FCC application.

In this study, we have attempted to synthesize nanosized NaY zeolite within pre-

shaped silica particles of an average size of 50um. Our technique is different from the

conventional techniques in the sense that the synthesis is carried out within the silica

particles which eliminates the process of loading of zeolite particles on the inert matrix of
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silica/alumina through spray drying. Also, the mesopores of silica particles provide
channels for crystals to grow in a controlled way. The synthesis in confined space has
been reported for ZSM-5, X and A type of zeolites in order to have a better control over
crystal size distribution using mesoporous carbons as the inert matrices (Schmidt et al.
2000). Our method is different as the narrow channels of silica particles not only provide
a confined space but also are consumed during the reaction. The process used is similar to
dry gel conversion, which not only reduces the consumption of chemicals but also at the
same time, makes the synthesis process simpler and more time efficient. However, it is
different from dry gel conversion in the sense that instead of keeping the dry gel reagents
separated from the solution of SDA and water, the solution is added to the silica particles
in such a way that the overall gel remains in solid form and the solution occupies the
volume inside the pores of the silica particles.

3.2 EXPERIMENTAL

The basic requirement of chemicals for the synthesis of NaY zeolite is a source of
silica, a source of alumina, and a source of sodium to control pH and also to act as a
SDA. The source of silica was porous amorphous silica (SiO,) gel particles (Sylopol
948) of 50 um average size supplied by Grace Davison, USA. The source of alumina
(ALO;)was aluminum nitrate nonahydrate (AI(NQ,),-9H,0) supplied by VWR,
Canada. Control of pH and structure directing agent (SDA) was obtained by using
different concentrations of sodium hydroxide (NaOH) supplied by Alphachem Canada,
and distilled water (H,O) , whenever any precursor needed to be added to silica particles.

The synthesis method was adapted from a method reported in literature (Murrell
et al. 1999), after several modifications in order to make it suitable to our operating

conditions and equipment. The starting material was silica (SiO,) gel in which aluminum
nitrate nonahydrate (AI(NO,), -9H,0) was added in three steps to adjust the desired
ratio of (SiO, / Al,O,). In the first step, 100 g of silica gel particles (size 50um) were
added with 183.3 g of solution of (AI(NO;),-9H,0) in water (19.28wt%) through

incipient wetness using a 600ml Teflon container. Then mixing was carried out for 15

min at 500 rpm until all the solution was absorbed in the pores of silica particles. The
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particles looked dry and did not form any paste. After mixing, a retention time of 1 h was
used at room temperature for complete penetration of solution throughout the pores of

silica particles. The water was removed from the pores of the silica particles by drying
the particles at 120 C using a forced air convection oven until constant weight. During

the process of drying an intermittent mixing of particles was carried out in order to avoid
any formation of agglomerates. After drying, alumina was obtained by carrying out

calcination at 500°C for 2 hr with a heating rate of 4 C/min in a furnace, followed by a
decrease in temperature to 120°C with a cooling rate of 4 C/min . With this step, the
SiO, / Al,O, ratio obtained was about 20. In step two, about 97 g of silica gel particles
were taken from step 1 and added with 159.7 g of solution of AI(NO;), -9H,Oin water
(21.3wt%), followed by mixing at 500 rpm for 15 min and subsequently, a retention time
of 1 h at room temperature. Drying was carried out at 120°C to a constant weight with
intermittent mixing. Finally, calcination was carried out at 300°C for 6 h with a heating
rate of 4°C /min , followed by a decrease in temperature to 120°C with a cooling rate of
2°C/min . With this step SiO, / Al,O, ratio obtained was about 9. In the third step, 97 g

of silica gel particles obtained from step 2 were added with 123.95 g of solution of
AI(NG,), -9H,0in water (27.44wt%), followed by mixing at 500 rpm for 15 minutes,

and a subsequent retention time of 1 h at room temperature. Drying was carried out at
120°C to a constant weight with intermittent mixing. Subsequently, calcination was
carried out at 300°C for 6 hr with a heating rate of 4°C /min , followed by a decrease in
temperature to 120°C with a cooling rate of 2°C/min . With the final step, the
SiO, / AL, O, ratio was adjusted to 6.1.

After adjusting the SiO, / Al,O, ratio, a solution of NaOH in distilled water was

added to the silica particles through incipient wetness. For this purpose, a 2 g of precursor
obtained from third step was added with 3.5 g of 20wt% solution of NaOH using a 60mL
polypropylene bottle. Hand mixing was carried out in the polypropylene bottle in order to
absorb NaOH solution into the pores of precursor particles. The polypropylene bottle

served as a batch reactor for the synthesis reaction. The bottle was sealed before the
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reaction and a retention time of 1 h was allowed at room temperature before the synthesis

reaction. The molar composition of the precursor was:

2.05Na,0 : AlLO, : 6.09Si0, : 36.47H,0

The synthesis reaction was carried out at 100°C using the forced air convection

oven by placing the sealed bottle for 16-24 h. After the synthesis reaction, the reactor was
taken out of the oven and allowed to cool to room temperature. Upon opening the reactor,
the product appeared damp. It was washed with water and filtered. The filtered product

was then dried in a forced air convection oven at100°C .

3.3 CHARACTERIZATION OF NaY ZEOLITE USING PXRD, XRF, EDX, SEM,
AND BET

The product was analyzed by Powder X-ray diffraction (PXRD), BET surface

area analyzer, scanning electron microscopy (SEM), X-ray florescence (XRF)

spectrometer, and energy dispersion X-ray (EDX) analyzer. For determining the crystal

structure, a Rigaku diffractometer equipped with CuKe radiations at 40 KV was used.

For surface area analysis, Micromeritics ASAP 2010 adsorption instrument equipped

with version 5.0 software was used. Prior to analysis, the sample of weight 0.095 g was

outgassed in vacuum at 100°C for at least 16 h. Brunauer-Emmett-Teller (BET) surface
area was determined using nitrogen as the adsorbant. Pore volume distributions and total
pore volumes were calculated from the adsorption and desorption branches of the
isotherm using the Barett-Joyner-Halenda (BJH) model. Scanning electromicroscopy
(SEM) was carried out using Hitachi S-4500 scanning machine capable of producing a
spatial resolution of < 2 nm at a high electron beam voltage (> 15 kV). The Hitachi S-
4500 field emission SEM is also fully equipped with an EDAXTM EDX system, which
provides EDX analyses in parallel with SEM images of the sample. The XRF analysis
was conducted on Phillips PW1400 XRF spectrometer using fusion technique to

determine the ratio of silica and alumina.
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3.4 RESULTS AND DISCUSSION

The identification of the NaY zeolite was carried out through XRD analysis. It
was compared with the identification peaks of a commercially available NaY zeolite
(CBV-100, SiO, / Al,O,=5.1) provided by Zeolyst International USA. Figures 3.2 and

3.3 show that the major peaks of identification are located at 26 = 23.6°,26.9°,and 31.3°.
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Figure 3.2: X-ray diffraction pattern of NaY zeolite synthesized in pre-shaped silica
particles

The pore volume of starting silica gel was very important as it provided the
information about how much volume of aluminum nitrate nonahydrate was needed to be
gradually added. Also the average pore diameter of the silica particle provided the
information about how much the pores narrowed with the gradual addition of aluminum

nitrate nonahydrate. The BET surface area of the starting silica gel was found to be

257 m?/g . The BJH adsorption pore volume and average pore diameter were found to

be 1.56 cm®/g and 248 A respectively. The pore volume and the average pore
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diameter of the silica particles gradually started to decrease with the addition of alumina.

The average pore diameter was reduced to 146 A by the third stage of alumina addition.
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Figure 3.3: X-ray diffraction pattern of commercial NaY zeolite powder

After the synthesis reaction, the BET surface area of the product was found to be 412

m?/g , and the BJH adsorption pore volume and average pore diameter were found to

be 0.024 cm®/g and 138 A . The change in the surface area is due to the growth of NaY

zeolite in the pores of silica gel. However, the decrease in the pore volume and the
average pore size is attributed to the space occupation by the growing zeolite crystals
within the pore of silica particles. It seems that zeolite particles have grown on and within
the walls of the pores and have blocked the pores to some extent. This may be explained
in a way that initially, we had an empty glass of water and later it was filled with the
crystals of zeolites, thus reducing the volume of the glass. However, the diameter of the
glass is not much affected. The small drop in the average pore diameter of the pores
before and after the addition of NaOH, and the synthesis reaction further support our

hypothesis.
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The SiO,/Al,O, ratio was determined analytically using XRF and EDX

methods. It was also determined stoichiometrically while increasing the alumina in silica
in several stages. The final stoichiometrical ratio was calculated to be 6.09, while the
analytical ratios through XRF and average EDX were found to be 6 and 6.3, respectively.
This shows that the bulk ratio determined through XRF and ratios in the crystals
determined by EDX were very close to each other. The XRF results covered the bulk of
the material and were able to acquire the composition of several layers of the material.
Whereas the EDX analysis was more localized and covered a depth of only few layers of
the material. The overall observation through both analytical techniques strengthened the

concept that in solid-solid transformation the SiO, / Al,O, ratios of the crystals are not

much different from the bulk reagents ratio (Derouane et al. 1981).

SEM imaging was carried out for the product in order to visualize the morphology
of the NaY zeolite, the crystal size and its distribution. Figures 3.4 and 3.5 represent the
SEM images of NaY zeolite and its zoomed view. Since the crystals were imbedded
inside the silica particles, the silica particles were cracked opened for visual analysis
through SEM equipment. It can be seen that the clusters of zeolites in the range of 1-2
micrometer were formed instead of separated singles crystals which was due to solid-
solid transformation (Derouane et al. 1981). The size of the crystallites in clusters was in
the range of 100-200nm, which exhibited a narrower crystal size distribution. It can also
be observed in Figure 3.4 that the crystals were uniformly distributed throughout the
silica particles. The growth of crystals on the outer surface of silica particles was not
observed, which indicated that the chemicals were uniformly penetrated in the particles
and that the alumina was deposited inside the mesopores of silica particles and not
accumulated on the surface of the particles.



Figure 3.4: SEM image of laboratory synthesized NaY zeolite. The cracked open
view of the silica particle (50um) shows the intact outer crust of the particle

with embedded clusters of NaY zeolite (1—2um).

Figure 3.5: Zoomed view of NaY zeolite crystals (100 —200nm) in a cluster
within the silica particle.

89
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This observation also strengthened the idea that the remaining outer layer of the silica
particle may keep the crystals encapsulated and can be used directly for FCC application
after a suitable ion-exchange of NaY zeolite. In this scenario, any further reduction in
crystal size may add to its activity, and the nanosized crystals embedded in silica particles

may be used for any appropriate application.

3.5 CONCLUSIONS

It can be concluded that a better technique is emerging by using a dry process,
which may lead to maximum production of NaY zeolite with reduction in process time.
Also, a narrower particle size distribution is achievable with a better control on the
crystal size due to their growth in confined space. Due to the size of crystals in the
nanometer range, a reduction in diffusion resistance is expected. A saving on
consumption of chemicals was obtained in the sense that a negligible chemical waste was
generated. Also, using only NaOH solution for the synthesis of NaY zeolite eliminated
the use of an organic or inorganic structure directing agent. This also saved on expensive
chemicals. Since the nanosized crystals were formed within the silica particles, therefore,

their handling would be very easy and may readily be used for any suitable application.
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CHAPTER 4: EFFECTS OF VARIOUS OPERATING CONDITIONS ON THE
DRY SYNTHESIS OF NANOSIZED NaY ZEOLITE IN PRE-SHAPED
SILICA PARTICLES

4.1 INTRODUCTION

Zeolites are crystalline aluminosilicates which contain pores and cavities at the
molecular level. Many types of the zeolites occur naturally, but at the same time a large
variety of zeolites are synthesized industrially. Zeolite crystals are porous on a molecular
scale and their structures show regular arrays of channels and cavities, which create a
nano-scale complex maze that can be filled with water or other guest molecules (Barrer
1982 Breck 1974; Szostak 1998). These properties of zeolites make them vital for many
industrial applications, such as adsorption, separation, reaction, and particularly in the
field of heterogeneous catalysis. The uniform pore size and the specific adsorption and
reactivity of zeolites are the main reasons for the development of adsorptive separation
and catalytic reaction processes. In the literature, a variety of work has been reported to
adjust the properties of the zeolites according to the requirements for different
applications. One of the major applications of the zeolites is in the oil industry, especially
in the process of catalytic cracking, where Y zeolite is frequently used in fluid catalytic
cracking (FCC) process (Breck and Flanigen 1967; Breck 1974). The majority of the
world’s gasoline production is obtained through the FFC process which utilizes zeolite
catalysts.

The large-scale production of zeolites currently uses batch process and the
synthesis procedure takes days to obtain a finished product. Several researchers have
devoted their efforts to improve the batch process and tried to make a step towards
continuous process (Rollmann and Valyocsik 1983; Valyocsik 1983). Many zeolite
synthesis operating variables have been identified and attempted to improve the quality of
zeolites and reduce the synthesis time. These parameters include; microwave heating
(Arafat et al. 1993; Cundy 1998; Jansen et al. 1992; Kim et al. 2000; Park et al. 2001;
Slangen et al. 1997a), controlling nucleation and crystal growth rates (Cundy et al.

1995b; Cundy et al. 1995a); and investigating the effect of process variables such as:
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temperature, pressure, concentration, composition, gravity, etc. (Wang and Jacobson
2001; Xu et al. 1997). Such parametric studies have been generally conducted in solution
mediated syntheses employing hydrothermal process using an excess amount of water.
The hydrothermal crystallization is the most common method for synthesizing
zeolites. In the conventional hydrothermal synthetic method where a hydrogel containing
all sources, for instance, aluminum, silicon and sodium, are converted to a crystalline
microporous phase in excess water. Organic structure-directing agents (SDAS) are often
included in the hydrogel. The synthesis is performed in a confined system, an autoclave,
to maintain autogeneous pressure and temperatures between 373 K and 523 K. In the
earlier works on the zeolite synthesis, the general hydrothermal process was described as
solution-mediated reaction-crystallization process in presence of a bulk liquid phase.
First, the amorphous phase precursor material is dissolved in the solution, and then the
zeolite product is crystallized from the resulting solution. Kerr (Kerr 1966; Kerr 1989)
demonstrated experimentally the earlier established model, in which the dissolution,
solution transport, and crystallization stages were physically separated. His study
provided a generally satisfactory mechanism by which the experimental observation of
nucleation and crystal growth was explained. At the same time, there were circumstances
in which his model was unable to explain the zeolite synthesis phenomena. The solution-
mediated process using excess water started to lose its attraction when in 1985 Bibby and
Dale (Bibby and Dale 1985) first reported the crystallization of silica sodalite in an
ethylene glycol media instead of water as the main source of solution. It has been
reported that various types of high silica zeolites including silicalite types MFI and FER
were synthesized in organic solvents without additional water (Huo et al. 1988; Xu et al.
1989). These results suggested that water in excess amount was not always essential as a
medium for zeolite synthesis. The final blow to the solution-mediated process using bulk
liquid phase was announced in 1990 when Xu and coworkers (Xu et al. 1990) introduced
a new technique. They converted a dry aluminosilicate gel in contact with steam and
vapors of volatile amines (SDA) into zeolite ZSM-5 at an elevated temperature in the
range of 180-200"C for 5-7 days. This approach was referred as dry gel conversion
(DGC) or vapor-phase transport (VPT) technique. In this technique, a solid precursor in

amorphous phase was converted to zeolite phase in the absence of a bulk liquid phase.
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This observation led to the postulation of a different mechanism for zeolite synthesis
called “solid state transformation”. Kim and coworkers (Kim et al. 1993) used a similar
composition as used by Xu and coworkers (Xu et al. 1990) for synthesizing ZSM-5
zeolite with the exception that they did not use any organic structure directing agent.
They found that the synthesis of zeolite was a possibility without organic SDA. However,
the presence of water was necessary for synthesis reaction. In continuation to Xu and his
coworkers’ contribution, Matsukata and coworkers in 1999 made a useful distinction
between the DGC technique and methods in which the non-volatile SDAs were
incorporated into dry aluminosilicate gel and only the steam was supplied from gas
phase. The latter technique was designated as steam assisted conversion (SAC)
(Matsukata et al. 1999). Althoff and coworkers (Althoff et al. 1994) prepared zeolite
ZSM-5 from completely amorphous aluminosilicate precursors in the presence of a small

amount of water formed by the reaction of SiO, with NH,F . Using this procedure,

purely siliceous and boron-containing zeolites ZSM-5 were synthesized. The
crystallization to ZSM-5 zeolite from the gel containing TPA as SDA in water vapour
atmosphere was also carried out by Crea and coworkers (Crea et al. 1991). It will be
worth pointing out that Mostowicz and Sand (Mostowicz and Sand 1983) reported the
synthesis of pentasil zeolites which possessed the properties of flowing powders. A
similar study also reported the synthesis of zeolite X in powder form while reaction was
carried out for weeks at ambient temperature (Cundy and Cox 2005). All the above
studies established a phenomenon that the synthesis of zeolite in the absence of a visible
liquid phase was a possibility.

The absence of a visible liquid phase does not mean that there is no water (or any
other polar solvent) present in the solid phase reaction mixture. The solid phase reaction
mixture, as mentioned in the above studies, generally contained about 20-44% water by
weight (Cundy and Cox 2005; Mostowicz and Sand 1983). The water phase within the
solid mixture is as bonded as well as adsorbed water. Thus making an environment
normally observed in solution based synthesis. It is apparent that the reactions based on
solid-solid transformation are fundamentally not different from the solution based
reactions having a bulk liquid phase. At the same time, there may be differences due to

high concentration gradients, mass transport limitations, and a high surface area to
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volume ratio of the mobile phase. Such differences may cause changes in the rate of
reaction, crystal morphology, and the state of crystals aggregation (Franklin, and Lowe
1987; Patel and Sand 1977). It may also cause changes in the intermediate or metastable
phases (Moretti et al. 1985; Padovan et al. 1984), or may cause differences in the
methods of heating e.g. microwave, or thermal techniques (Cundy 1998; Zhao et al.
1999). As a result, a very useful product may be obtained, e.g. the synthesis of zeolite
beta leads to a more silicious product when dry synthesis rout is used as compared to
more conventional wet gel method with similar starting materials (Matsukata et al. 1999;
Matsukata et al. 2002). Further, the synthesis of zeolitic mesoporous materials can
conveniently be obtained by controlled steaming of dried precursor gels (Naik et al.
2003).

On the footprints of SAC technique, Murrell et al. (1999) (Murrell et al. 1999)
used a different approach for the in-situ production of NaY zeolite embedded in silica

particles. In this method the starting solid phase was silica gel particles of 50um that
were gradually loaded with alumina to adjust the SiO, / Al,O, ratio followed by drying

and calicination. Finally, NaOH solution with or without organic SDA was added through
incipient wetness and the solid gel remained in semi-dry form giving a composition of
2.94Si0, : 0.49Al,0,: Na,0:17.8H,0. The reaction was carried out in autoclave or

polypropylene bottle and the final product contained 100% crystalline phase. This
process was very much like DGC, with the exception that no additional water was added.
The water within the gel pores was sufficient to carry out the crystallization. One may
utter safely that the phenomena of zeolite synthesis under hydrothermal conditions but in
the absence of a visible liquid phase is quite established. All the methods for which the
generic term “dry gel conversion” (DGC) has been used, exhibit a number of advantages
over the classical hydrothermal crystallization technique requiring excess water. First,
they allow the preparation of zeolites which are not accessible via the hydrothermal
crystallization route, e.g., all-silica zeolites or zeolites with a relatively high
concentration of metal atoms other than silicon in the framework. Secondly, the time
required for the synthesis can be reduced, and the consumption of expensive templates

(i.e. organic SDA) can be reduced or even be eliminated. Moreover, zeolite membranes
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on a broad variety of supports can be prepared via the dry gel conversion method
(Matsukata and Kikuchi 1997).

Other studies have improved the zeolite synthesis under solid-solid transformation
using dry conversions. Arnold and coworkers (Arnold et al. 2003) studied the synthesis
of Ga-Beta zeolite using characterization techniques such as SEM, XRD, and
multinuclear MAS NMR spectroscopy. They found that during the synthesis the size of
the crystal and its morphology not only depended on the breakage and reformation of
chemical bonds with the dry-gel particles but also on the redistribution of the solid
particles. They termed the redistribution of solid particles “re-crystallization”. Their XRD
and "Ga NMR data indicated that the main part of the crystallization reaction, including
the incorporation of Ga in the framework, took place over a relatively short period of
time (i.e. 16 h). Whereas, other NMR measurements indicated that the local
rearrangements in structure e.g. silanol group condensation continued for a longer period
of time (i.e. 65 h). Another careful study conducted by Choy, Lee and coworkers (Choy
et al. 2003; Lee et al. 2003) for the conversion of alumina-pillared montmorillonite into
sodalite. The pillared clay was mixed with 25wt% water and powdered NaOH with
OH/Si ratio of 10. The resulting solid gel mixture was heated to 80°C under ambient
atmosphere. The samples were intermittently removed and analyzed by XRD, FTIR,
MAS NMR, SEM, and HRTEM. They observed through XRD and spectroscopic results
that there was a smooth transition from pillared clay to sodalite; whereas, the SEM
images indicated a major change in particle size and morphology. Interestingly, the
HRTEM images initially indicated layered pillared clay diffraction lines; after 30
minutes, areas of sodalite lattice fringes started to appear randomly throughout the
original pattern of pillared clay. Ultimately, in 150 minutes, a long range sodalite fringe
pattern became prominent. The authors concluded that the sodalite crystallization took
place by the rearrangement of delocalized sodalite nuclei which were formed through
solid-solid transformation. It was also noted that the absence of a distinct x-ray
amorphous stage implied a short-range molecular-level rearrangement within the solid
phase, as compared to synthesis from solution in which transformation takes place

through long-range diffusion of dissolved aluminum and silicon species.
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For a better understanding of solid-solid transformation, Matsukata and co-
workers (Matsukata et al. 1999) studied the role of water in the steam assisted conversion
(SAC) synthesis of zeolite Beta. They concluded that keeping the water vapours saturated
was essential for the zeolite synthesis reaction. A similar study was conducted by Serrano
and co-workers (Serrano et al. 1996) for the crystallization of titanosilicalite (TS-1 and
TS-2) from wetness-impregnated xerogels. They observed that the crystallization was
assisted by solid-solid- transformations, but they could not view the entire process as a
pure solid-solid mechanism since the liquid phase also played several roles. Therefore,
they opined that the origin of this anomalous mechanism was due to the presence of solid
material in high concentration as compared to most conventional solution based
hydrothermal zeolite synthesis. Similarly, the conversion of kanemite to silicalite by solid
state transformation in sealed glass ampoules (Salou et al. 1998) showed many
similarities to the standard solution based hydrothermal synthesis route, though the solid
state route was faster than the solution based route. However, the reaction did not occur
at all in an open container when the precursors were heated to temperatures>100"C,
indicating that the absorbed water played an important role in carrying out the solid state
transformation. The solid-solid transformation can further be understood outside the
domain of zeolite synthesis. Let us consider a limiting case of solid-state transformation

of ammonium nitrate (IV) — (lll) . The transition of phase IV to Ill crystal is

particularly important because it is a major contributor in caking of the product in the
storage at 32°C in the presence of moisture. Davey and coworkers (Davey et al. 1989)
studied the mechanism of this transformation which could be quite relevant to the zeolite
solid-solid transformation. Under the employed experimental conditions, the ammonium

nitrate (IV) — (111) phase transition of crystal does not occur in the absence of water. On

the other hand, upon wetting the phase IV crystals with a saturated aqueous solution, a
dark line within the crystal was observed which moved through the crystal as it
transformed to phase Il structure. Further studies (Davey et al. 1991) suggested a
mechanism depicted in Figure 4.1. The phase transition occurred in a micro layer of
ammonium nitrate solution which traveled as an interfacial zone along the transforming
crystal surface. Therefore, the transformation may be considered as a solvent-mediated

re-crystallization in which a minute amount of water plays the role of a catalyst in
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transforming the crystal phase from one to another. Thus, in zeolite synthesis, a similar

mechanism may facilitate a solid amorphous phase to a crystalline product.

Figure 4.1: A possible model for a localized phase transformation by a solution-mediated
mechanism (Cundy and Cox 2005). Initially, phase A dissolves into solution B and
crystallizes as less soluble phase C, so that the boundary film migrates across the reaction
volume which may not remain constant. In the case of ammonium nitrate (Davey et al.

1991), A = Phase IV NH,NO,, B = NH,NO, solution, C = Phase 11l NH,NO,, and the

transformation takes place within a single crystal. In zeolite system, A could be

amorphous precursor, B the reaction solution, and C crystalline zeolite.

Some studies have also indicated that the synthesis of small crystallite size Y
zeolite improves its catalytic activity for FCC reaction (Camblor et al. 1989; Rajagopalan
et al. 1986). Studies have been conducted to synthesize nano-size zeolites in colliodal
solutions (Li et al. 2002; Schoeman et al. 1994). Efforts have also been made to produce
nano-size zeolite in confined space using inert /amorphous material (Murrell et al. 1999;
Schmidt et al. 2000). Several researchers have successfully reported the synthesis of
zeolite in non-aqueous media (Dong et al. 1992; Dong et al. 1999; Fan et al. 1996; Hari
Prasad Rao et al. 1998; Kim et al. 1993; Matsukata et al. 1993; Matsukata et al. 1996; Xu
et al. 1989; Xu et al. 1990; Yamazaki and Tsutsumi 2000).

The purpose of this study is to combine several aspects of NaY zeolite synthesis
under one umbrella, i.e. synthesizing the desired product in nanometer size, using

minimal amount of chemicals in order to reduce post treatment of the product. The
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synthesis will use the concept of solid-solid transformation thus generating a minimal
amount of waste, and reducing the synthesis time. This study also helps in determining
the effect of the completion time on the production of any side products. We have
attempted to make a parametric study on the synthesis of NaY zeolite using our
developed dry synthesis method within porous 50 umsize silica particles, as described in
chapter 3. The synthesis aims at producing the zeolite crystals in a short time, and also
to synthesize nanosized crystals up to a size of a few nanomater. This study deals with
several operating parameters that can affect the synthesis of zeolite such as the
composition of the reagents (precursors), ageing of precursors, synthesis temperature
and time, type of reactors, etc. This study leads to an optimum condition that can be used

to synthesize nanosized NaY zeolite in a short span of time.

4.2 EXPERIMENTAL

The chemicals used to conduct the parametric study were the same as described in
chapter 3, i.e. the source of silica was porous amorphous silica (SiO,) gel particles
(Sylopol 948) with 50um average size supplied by Grace Davison USA. The source of
alumina was aluminum nitrate nonahydrate (AI(NO,),-9H,0) supplied by VWR,
Canada. pH control was achieved by adding different concentrations of sodium hydroxide
(NaOH) supplied by Alphachem Canada that also acted as a structure directing agent
(SDA), and distilled water (H,O) . Beside chemicals, two types of reactors were used:
polypropylene bottles of 60 mL in size, and stainless steel tubes (12" x0.25") with 20.5
mL in size.

The synthesis method was adapted from a report in the literature (Murrell et al.
1999), after several modifications in order to make it suitable to our operating conditions
and equipment. The starting material was silica gel particles in which aluminum nitrate
nonahydrate was added in three steps to adjust the desired ratio of (SiO, /Al,O;). In the
first step, 100 g of Silica gel particles (size 50um) were added with different quantities
and concentrations of AI(NG,),-9H,0 in water in the range from 187.3-215 g of
solution (16.4-24.1 wt%) through incipient wetness using a 600ml Teflon container. Then

mixing was carried out at 500 rpm using a mixer equipped with a Rushton turbine of 2'
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in diameter. The mixing was carried out for about 15 min until all the solution was
adsorbed in the pores of silica particles through incipient wetness. The particles did not
form any paste during mixing and remained essentially in flowable powder form. After
mixing, a retention time of 1 h was given at ambient temperature for complete
penetration of solution throughout the pores of silica particles. The water was then
removed from the pores of the silica particles by drying the particles at 120°C using a
forced air convection oven until constant weight. During the process of drying an
intermittent mixing of particles was carried out in order to avoid any formation of
agglomerates. The drying process allowed the removal of water from the pores and
deposition of AI(NO,), inside the pores of silica particles. After drying, alumina was
obtained by carrying out calcination at 500°C for 2 h with a heating rate of 4°C/min in
a furnace, followed by a decrease in temperature to 120°C with a cooling rate of

4°C/min . The calcination process converted AI(NO;), toAl,O,. With this step,
SiO, / Al O, ratios obtained were in the range from 15-21. In step two, about 97 g of

Silica gel particles were taken from step 1 and different quantities and concentrations of
AI(NG,);.9H,0 solution in water were added in the range of 145-239 g (9-29.5 wt%),
followed by mixing at 500 rpm for 15 min and subsequently, a retention time of 1 h at
ambient temperature. Drying was carried out at 120°C to a constant weight with
intermittent mixing. Finally, calcination was carried out at 300°C for 6 h with a heating
rate of 4°C/min , followed by a decrease in temperature to 120°C with a cooling rate of
2°C/min . In this step SiO, / Al,O, ratios obtained were in the range of 7.4-12.5. In the
third step, 97 g of Silica gel particles obtained from step 2 were added with different
volumes and concentrations of Al(NO,),.9H,0 in water ranging from 114 g to 227 g (9-
29.5 wt%), followed by mixing at 500 rpm for 15 min, and a subsequent retention time of
1 h at ambient temperature. Drying was carried out at 120°C to a constant weight with
intermittent mixing. Subsequently, the calcination was carried out at 300°C for 6 h with
a heating rate of 4°C/min , followed by a decrease in temperature to 120°C with a

cooling rate of 2°C/min . In the third step, the SiO, / Al,O, ratio was finally adjusted to
about 5.1-8.9.
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During the three steps of adding Al,O, to SiO, particles the pore volume of SiO,

particles was reduced from 1.56cm*®/g to about 0.67cm®/g, which was due to the
occupation of Al,O, in the meso-pores of silica particles. Finally, in the fourth step, the

addition of NaOH solution in various concentrations was carried out. The amount of
NaOH solution used was in excess in the range of 170-200% to that of the pore volume
of the silica particles in order to carry out the synthesis reaction. The particles did not
form a paste in the presence of an excess amount of solution; however, they looked
apparently wet. To carry out the fourth step, 2 g of material obtained from the third step
was added to 10-32 wt% solution of NaOH using a 60 mL size of polypropylene bottle.
Hand mixing with the help of a small glass rod was carried out in the polypropylene
bottle in order to adsorb NaOH solution into the pores of precursor particles. The reaction
was carried out in two types of reactors in order to observe the effects of various
parameters on the synthesis of zeolites. The polypropylene bottle and stainless steel
tubular reactor served as the batch reactors for the synthesis reaction. The polypropylene
bottle and the stainless steel tubular reactor were sealed using Teflon tape before the
reaction. An ageing time of 1 h was allowed at room temperature before the synthesis

reaction. The molar compositions of the precursor were as:

Na,0:0.359-0.56Al,0,:3.2-2.86Si0, :18.77H,0

The synthesis reaction was carried out between 100-200°C using the forced air

convection oven by placing the sealed polypropylene bottle/stainless steel tubular reactor
between 15 min to 24 h. After the synthesis reaction, the reactors were taken out of the
oven and allowed to cool to room temperature under natural convection. Upon opening
the reactors, the product appeared damp. It was washed with water, and filtered under

vacuum using a 25um size of filter paper. The final product was deposited on the filter

paper in the form of a cake, which was then scraped with the help of a spatula and was

then dried in the forced air convection oven at 100°C .
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4.3 CHARACTERIZATION OF NaY ZEOLITE USING PXRD, XRF, EDX, SEM,
AND BET
The product was analyzed by Powder X-ray diffraction (XRD), BET surface area
analyzer, scanning electromicroscopy (SEM), X-ray florescence (XRF) spectrometer, and
energy dispersion X-ray (EDX) analyzer. For determining the crystal structure, a Rigaku

diffractometer equipped with CuKe radiations at 40 KV was used. For surface area

analysis, Micromeritics ASAP 2010 adsorption instrument equipped with version 5.0

software was used. Prior to analysis, the sample of weight 0.095g was outgassed in

vacuum at 100°C for at least 16 h. Brunauer-Emmett-Teller (BET) surface area was
determined using nitrogen as the adsorbant. Pore volume distributions and total pore
volumes were calculated from the adsorption and desorption branches of the isotherm
using the Barett-Joyner-Halenda (BJH) model. Scanning electromicroscopy (SEM) was
carried out using Hitachi S-4500 scanning machine capable of producing a spatial
resolution of < 2 nm at a high electron beam voltage (> 15 kV). The Hitachi S-4500 field
emission SEM is also fully equipped with an EDAXTM EDX system, which provides
EDX analyses in parallel with SEM images of the sample. The XRF analysis was
conducted on Phillips PW1400 XRF spectrometer using fusion technique to determine

the ratio of silica and alumina.
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4.4 RESULTS AND DISCUSSION
4.4.1 Effect of Si/Al ratio on the crystallization and crystal size

For different batches the SiO, / Al,O, ratio was gradually adjusted in three steps
by incorporating Al,O, into SiO, particles. Several batches were prepared with ratios

5.1,6.1, 6.6, 7.2, and 8.9. A ratio below 5.1 was not tested, as the lower ratios were more
favourable for NaX zeolite. Higher ratios were tried to observe the success rate of NaY
zeolite formation. Once the batches were prepared, other operating parameters such as
ageing time before reaction, reaction time, and reaction temperature were fixed at 1 h, 16
h, and 100°C, respectively. Initially started with higher SiO, / Al,O, ratios, the Figure
4.2 shows the XRD pattern for SiO, / Al,O, ratio of 8.9. The pattern indicates only the
amorphous phase for silica from 26 =20-35°and apparently no peaks were
distinguishable from noise that may be an indicative of any crystal formation. This

behavior was further confirmed by Figure 4.7(a), which shows SEM images for various

SiO, / Al O, ratios. It can be seen that for SiO,/Al,0,=8.9, the silica particles were

not crystallized and most of the particles remained amorphous within the reaction time of
16 h. A zoomed view shows some zeolite formation at a very small scale, which indicates
that the synthesis process was initiated but at a very slow rate. This further shows that the
ratio of zeolite/amorphous material was very small making the concentration of zeolite
crystals very diluted in the bulk of amorphous silica particles. For this reason XRD
results did not show any crystal formation, which was due to the presence of more
amorphous phase as compared to crystalline phase.

When the SiO, / Al,O, ratio was reduced to 7.2, the XRD pattern in Figure 4.3
started to reveal some peaks but still the amorphous silica was predominant over the
zeolite crystal peaks. A similar behavior was observed in Figure 4.7 (b) where SEM
images show some zeolite crystals formation on the inner walls of silica particles. The
zoomed view also shows that a small portion of the silica particles was converted into

zeolite. By further decreasing the SiO, / Al, O, ratio to 6.6, the XRD pattern in Figure 4.4

shows more peaks started to appear on top of large hump which was due to the presence

of amorphous phase. A similar behavior was also observed for SiO, / Al,O, ratio of 6.1
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in Figure 4.5. The SEM images in Figure 4.7 (c) and (d) indicate that a large amount of
amorphous phase was converted into NaY zeolite. The SEM images also indicate that for
a higher ratio of 6.6 the cluster size was between 1-2 micrometer, and the crystallite size
varied between 200nm-1gm. Thus the higher SiO,/Al,O, ratio produced larger
crystals, which may be because a lesser number of nuclei were initially formed. On the
other hand, when SiO, / Al,O, ratio of 6.1 was used, the Figure 4.7 (d) shows that the
cluster size was in the range of 1—-24m and the crystallite size was in the range of 100-
200nm, providing a fairly uniform and small particle size. The lower ratio also indicated
that the control on the crystallite size was dependent of SiO, / Al,O, ratio. The reason
could be due to the formation of a large number of initial nuclei, which leads to a small

and uniform particle growth.
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Figure 4.2: XRD pattern of NaY zeolite for SiO, / Al,O, ratio of 8.9
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Figure 4.3: XRD pattern of NaY zeolite for SiO, / Al,O, ratio of 7.2
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Figure 4.4: XRD pattern of NaY zeolite for SiO, / Al,O, ratio of 6.6
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Figure 4.5: XRD pattern of NaY zeolite for SiO, / Al,O, ratio of 6.1
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Figure 4.6: XRD pattern of NaY zeolite for SiO, / Al,O, ratio of 5.1
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Figure 4.7: SEM images of NaY zeolite synthesized using various batch molar ratios of
SiO, / AlLO,

(@) Na,0:0.359Al,0, :3.2Si0, :18.77H,0 (b) Na,0:0.429Al,0, :3.08SiO, :18.77H,0
(c) Na,0:0.46Al,0, :3.024Si0, :18.77H,0 (d) Na,0:0.488Al,0, :2.97Si0, :18.77H,0
(e) Na,0:0.56Al,0, :2.86Si0, :18.77H,0
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Upon further decreasing the SiO, / Al,O, ratio to 5.1, Figure 4.6 clearly indicates the

formation of NaY zeolite as the major peaks of identification on XRD pattern were
located on 26 = 23.6°, 26.9°, and 31.3°. The XRD pattern also indicates that the peak in

the range of 260 =20-35°, which is an indicative of amorphous silica, was also being
reduced. This indicates that the most of amorphous material was being crystallized. The
XRD results were further confirmed by the SEM images of the product in Figure 4.7 (e).
The SEM images clearly show the formation of zeolite crystals. The images also indicate
a great reduction in the amorphous material. The size of the cluster was still in the range

of 1-2um. However, the crystallite size was in the range of 200—-500nm, which was
larger than what was observed in Figure 4.7 (d) when SiO, /Al,O, ratio of 6.1 was

employed. The reason for having larger crystallite size may be explained that the
formation of NaY zeolite nuclei was smaller in number, which may be due to location

and occupation of SiO, and Al,O, in the framework of nuclei that lead to the formation
of larger crystals. These observations indicated that the SiO, / Al,O, ratio can be played

within the range of 5.1-6.6. However, for a better control on crystal size a ratio of 6.1 was
more suited.

In order to support the findings for the effect of Si/Al ratio on the zeolite
synthesis, a study carried out by Yan and coworkers was investigated (Yan et al. 1995).
They carried out the synthesis of ZSM-5 membrane using porous and non-porous

a — Al O, supports. When they conducted the study to observe the effects of different

quantities of aluminum on zeolite synthesis, they found a better improvement in the
intergrowth of zeolite as compared to synthesis reaction carried out without adding any
Al in synthesis solution. They found that by using Al in precursor solution the course of
zeolite growth was different as compared to what was observed without adding any Al .
For the same reason we also observed that higher Si/ Al did not help in speeding up the
synthesis reaction. Yan and coworkers in their study only described the effects of
presence of aluminum in precursor solution. However, they did not provide any effect of
using different quantities of aluminum in synthesis mixture, which is contrary to our

study. Their study indicated excellent intergrowth of crystals with all the different



110

quantities of Al in precursor solution. One plausible explanation for not observing any
appreciable effects of different aluminum quantities in precursor solution could be that
the precursor solution was always in contact with porous or non-porous a-alumina
supports inside the reaction vessel. The a-alumina supports provided the necessary
quantity of aluminum to carry out the reaction thus somehow shadowing the effect of
adding different quantities of aluminum in precursor solution. The aluminum in precursor
solution was playing a role in making a uniform amorphous layer and later on uniform
growth of crystals but this effect remained the same for all quantities of Al in precursor
solution, which left an unexplained observation.

Another study conducted by Inada and coworkers (Inada et al. 2005) for the
conversion of coal fly ash into zeolite Na-P1 and hydroxy-sodalite under various ratios of
Si/ Al and concentrations of NaOH . The coal fly ash is basically derived from minerals
included in coal. During coal combustion, the minerals partially melt to make fly ash
particles (5—10xm) in which crystalline phases such as quartz and a silicate mineral
mullite remain in the core, whereas a glass phase of aluminosilicate covers the surface of
the particle. The glass phase plays an important role in the zeolite formation because of
its high solubility into alkaline solution e.g. NaOH . The fly ash also includes a small
amount of harmful elements such as As, Mn, V, Pb, etc. They are easily separated during
the zeolitization since they exist in the glass phase of the particle, dissolve into alkaline
solution along with glass phase, and remain in solution and are not incorporated into
zeolites. They used two types of fly ash particles with Si/ Al ratio of 0.9-1.3. They found
that for higher Si/ Al ratio at a constant NaOH concentration, zeolite Na-P1 was formed.
On the other hand, a lower Si/ Al ratio produced hydoxy-sodalite. To further confirm

their results they added additional SiO, and Al,O, powders to change the Si/ Al ratio

and found the same trend. These findings support our results that a lower Si/Al may
produce NaX zeolite or even further lower ratio may end up with sodalite product. At the
same time, a higher Si/Al ratio will produce the desired product. However, Inada did
not address the Si/ Al ratio changes with reaction time.

On the other hand, Mintova and coworkers (Mintova et al. 2006) in a recent
investigation on BEA-type nano-size crystalline structure of Beta zeolite from colloidal

solution have reported a trend similar to this study during its synthesis using different
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Si/Al ratios. They synthesized nanocrystals with a broad range of Si/Al framework
compositions by hydrothermal synthesis in basic media with TEA+ cations as a structure-
directing agent (SDA). The reactant components were mixed with vigorous stirring and
aged on an orbital shaker at ambient temperature for 24 h prior to the hydrothermal

treatment. The syntheses were carried out at 100°C with duration between 1 and 11 days.

The effects of using different Si/ Al ratios for Beta zeolite are comparable with our study
because a substantial decrease of the Si/Al ratio in the BEA-type structure would
provide a material with properties comparable to Y zeolite. They studied the
crystallization kinetics of Beta zeolite as a function of aluminum content in a clear
mixture (i.e., colloidal solution). They prepared several samples starting from a high
aluminum content to zero giving a Si/ Al ratio from 25 to o. The powder XRD patterns
showed that the transformation of aluminosilicate precursors with high aluminum (i.e.,
Si/ Al ratio of 25-83) content into crystalline product took place in about 3 days.
Whereas, it took a much longer crystallization time of about 5 days for the precursors

with a lower aluminum content (Si/ Al =250) to transform into zeolite. The longest

time, 11 days, was recorded for the transformation of pure silica precursor into zeolite.
The XRD pattern showed that for lower Si/Al ratios no crystalline product was
observed for the first 25 hours. After 40 hours of hydrothermal treatment all characteristic
peaks of BEA-type molecular sieve appeared. The intensity of peaks increased with
synthesis time and reached to its maximum value at about 65 hours. After that further
heating did not improve the peak intensity. With higher Si/Al ratio of 250 and « a
further longer heating time was required to obtain similar level of crystallinity. They also
observed a broad peak in the range of 260 =6.5—8.5°that indicated a highly faulted
structure due to the presence of two isomorphs in the nanoparticles. This peak became
more prominent in solution containing higher Si/Al ratios, which indicated that
possibility of impurities increased with higher Si/ Al ratio. They concluded that that the
presence of aluminum is directly related with the nucleation and crystal growth kinetics
of BEA-type zeolite. In other words, the aluminum is necessary for the efficient synthesis
of Beta zeolite in a shorter span of time (Mintova et al. 2006), as observed in our study.
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Mintova and coworkers further employed HRTEM to study the effect of
aluminum on the particle size of Beta zeolite. The TEM micrographs revealed that the
crystal size and morphology were not substantially influenced by the concentration of
aluminum, which is also observed in our study. Although, Mintova et. al found a trend of
increase of the crystal size with aluminum concentration was detected, but the difference
in the size of nanocrystallites was negligible (Mintova et al. 2006). The crystal size in
our study more or less agrees with the HRTEM findings of Mintova and coworkers.

Though there is a slight change in crystal size observed for the lowest SiO, / Al,O, ratio

but overall crystal size remained similar. As a whole, this study is in agreement with the
study carried out by Mintova et al. Since our objective is to synthesize NaY-zeolite in a
shorter span of time, therefore, our XRD patterns and SEM images are in agreement with

that of higher SiO,/Al,O, ratios used by Mintova but the silica particles did not

completely converted to NaY zeolite in 16 h, which agrees with Yan et al. (Yan et al.
1995). Also, according to Mintova study the higher Si/Al ratio caused reduction in
aluminum content which may reduce the rate of nucleation. Their conclusion further
supported our reduction in synthesis as the nucleation rate was low for higher Si/Al
ratio and did not provide a sensible synthesis in a short span of time. However, a
complete crystallization was achieved due to all suitable conditions of alumina content

were met when the SiO, / Al,O, ratio was decreased to 5.1.

4.4.1.1 Effect of Time of Reaction

In order to resolve the absence of NaY zeolite characteristic peaks from XRD
analysis for higher SiO, / Al,O, ratios, the synthesis was carried out for 20-24 h. The
XRD results for ratios 8.9 and 7.2 remained indifferent. However, for ratios 6.6 and 6.1
started to show all the peaks for NaY zeolite. Figures 4.8 and 4.9 show the XRD patterns
of SiO,/Al,0,=6.6 for synthesis time 20 and 24 h, respectively. The pattern also shows
the broad peak 26 =20-35° for amorphous silica but its intensity was very much
reduced, which indicates that most of the amorphous silica was converted into zeolite. A
further reduction in amorphous peak was observed when synthesis was continued for 24

h, as shown in Figure 4.9.
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Figure 4.8: XRD pattern for SiO, / Al,O, ratio 6.6 after 20 h of Synthesis
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Figure 4.9: XRD pattern for SiO, / Al,O, ratio 6.6 after 24 h of Synthesis
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A very similar trend was observed when NaY zeolite with SiO, / Al,O, ratio of 6.1 was

synthesized for 20 and 24 h, as shown in Figure 4.10 and 4.11. These observations
indicate that a longer synthesis time favored a complete conversion to zeolite using an

appropriate SiO, / Al,O, ratio. The synthesis time in this study was very small as

compared to 40-65 h of synthesis time observed during the study conducted by Mintova
et al. (Mintova et al. 2006). Both studies produced nano-sized crystals; however, the
difference in reaction time was due to the hydrothermal synthesis in clear solution in the
study of Mintova and coworkers (Mintova et al. 2006). The difference between the
solution mediated synthesis and dry synthesis using solid-solid transformation may be
due to the issue of mobility of reaction species. In case of solution mediated synthesis,
the potential growth unit (composed of T-O-T; where T = Si or Al) may detach or
dissolve itself from the amorphous particle (composed of polymers or oligomers of Si
and Al) and migrates itself through the solution to a potential growth site on a remote
developing crystal. This phenomenon is well visualized in Figure 4.12 as depicted by
Cundy and Cox (Cundy and Cox 2005). On the other hand, in solid-solid hydrogel phase
transformation during the dry synthesis process, the potential growth unit may never
escape into solution which fills the pores of amorphous silica particle (as the case in this
study). However, it may be transferred in a concerted process from an amorphous region
to an immediately adjacent potential crystal growth within the particle. This scenario is
not depicted in Figure 4.12, but can be visualized. Therefore, from this perspective the
solid-solid transformation may be seen as a limiting case of solution mediated
transformation (Derouane et al. 1981). The major difference between the two processes is
being the distance traveled by the mass-carrying species. The shorter the distance
traveled the smaller the zeolite synthesis time. For this reason, it is clear from our study
that the dry synthesis process is more efficient as compared to solution mediated
synthesis process. The underlying mechanism is still OH ~ catalysed T-O-T bond making
and bond breaking process. There is sufficient reaction species mobility to continue the
equilibration process; however, the mechanism of zeolite formation in dry synthesis
basically remains the same as solution mediated synthesis.

It was also observed through SEM image in Figure 4.7(d) and Figure 4.15 (e-f)

that the entire silica particle started to convert to NaY zeolite. In Figure 4.7(d), after 16 h
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of synthesis time, the cracked opened image of the particle depicts that the most of the
silica particle was converted into zeolite, but the outer layer of the particle remained
unconverted. At 20 h of synthesis time, the outer layer of the particle was partially
consumed, whereas at 24 h of reaction time the outer layer of the particle was completely
consumed. A complete conversion of silica particle into zeolite was not desirable in this
study, because it consumed undesirably the outer layer of silica particle. The outer layer
of silica particle was needed to retain the shape of the particle, so that it may directly be
used for any fluidized bed system. Therefore, a shorter synthesis time was required in
order to maintain the outer crust of the silica particle intact. This step helped the silica
particle to retain its shape and at the same time its macro and meso pores were filled with

NaY zeolite. For this reason a shorter synthesis time of 16 h was more favored.
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Figure 4.10: XRD pattern for SiO, / Al,O, ratio 6.1 after 20 h of Synthesis
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Figure 4.11: XRD pattern for SiO, / Al,O, ratio 6.1 after 24 h of Synthesis
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(d)

Figure 4.12: Progress from a gel particle to crystalline zeolite from an initially amorphous
structure (a), areas of local order are established (b), some of which develop into crystal
nuclei (c) and grow by acquisition of building units from solution (d). To provide such
growth units, amorphous material is dissolved (e) to supply nutrient to both distant (e-i)
and nearby (e-ii) growth sites. The distant site could be located on another gel particle.
For the nearby site, crystal growth may reduce in the limit to a local reconstruction of the
host gel particle. Eventually, all amorphous material is converted into an approximately
equal mass of zeolite crystals (f) (Cundy and Cox 2005).
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4.4.2 Effects of Ageing and Synthesis Time on Crystallization

The results from the last section suggested using a SiO, / Al,O, ratio of 6.1 in

order to optimize the precursor composition. This helped to further investigate the effects
of precursor ageing before starting synthesis reaction, and also the effect of shorter
synthesis time on crystallization. First of all the effect of ageing was investigated by
applying various ageing time on a 2 g sample prepared with SiO, / Al,O, = 6.1, adding
3.5 g (20wt%) of NaOH solution, and aged for different times starting from no ageing to
24 h at room temperature. The precursor particles appeared slightly wet due to the
addition of NaOH in excess to the pore volume of precursor silica particles. It was found
through SEM and XRD analyses that no significant change in the level of crystallization
was observed for an ageing time greater that 1 h. However, when the synthesis reaction
was carried out at 100°C for 16 h without any ageing at room temperature, the
crystallization was partially achieved as compared to when an ageing time of 1 h was

employed. Figure 4.13 depicts the partial conversion of silica particles.

R3S4a-H16

18.8kV x385.06K 857nm

(b)

Figure 4.13: SEM images of NaY zeolite synthesis without ageing the precursor at
room temperature: (a) silica particle with embedded NaY zeolite clusters, (b) zoomed
view of NaY cluster in silica particle with crystals.
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The XRD analysis did not show any peak as most of the material was still amorphous. In
order to further investigate the formation of zeolite, the synthesis time was increased to
20 h. Figure 4.14 depicts all the majors peaks of NaY zeolite. However, the presence of
broad peak 26 =20-35°for amorphous silica clearly suggests a partial conversion of
amorphous silica to NaY zeolite as compared to what is depicted in Figure 4.10.

This study shows that the crystallization behavior of the synthesis reaction
mixture is dependant upon ageing at ambient temperature prior to the principle heating
step. The first synthesis of Y zeolite from colloidal solution by Breck (Breck 1964; Breck
1974) also required an ageing step prior to hydrothermal crystallization in order to
acquire the formation of pure faujasite phase and to avoid contamination by impurities
such as zeolite P (gismondine type) or S (gmelinite type). Similar ageing procedures have
also been described for other zeolites, for example zeolite L (Vaughan 1984), zeolite
omega (ZSM-4) (Nicolas et al. 1988), and ZSM-5 (Kacirek 1985).

The ambient temperature ageing is directly related to nucleation of reaction
mixture which remains X-ray amorphous in general. However, its seeding potential is
time dependant, suggesting the development of structured components during the ageing
process. Many attempts (Ginter et al. 1992b; Gora and Thompson 1997; Polak and
Cichocki 1973) were made to detect the nucleating entities during the ageing of reaction
mixtures by using chemical or spectroscopic methods, but very little information was
revealed. Though the nuclei are in great number but the mass they occupy is very little as
compared to the mass of the reaction mixture which is amorphous. This scenario was
well expressed by Cundy and Cox (Cundy and Cox 2005). They concluded that the ratio
of the nuclei mass to the mass of the product was 2x10°®, although the number of nuclei
per gram of the nutrient was 10™. This further depicts that the number of nuclei can be
estimated using modeling studies e.g. population balance method (Cook and Thompson
1988), but it is generally more helpful with experimental observations. Polak and
Cichocki (Polak and Cichocki 1973) found in their early work that the changes in the

chemical composition took place during the ageing of faujasite hydrogel precursors.
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Figure 4.14: XRD pattern of NaY zeolite for SiO, / Al,O, ratio 6.1 after 20 h of
synthesis, without ageing at room temperature
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The change in the chemical composition was attributed to the polycondensation reactions
which formed certain groups of species that facilitated crystallization upon final heating
process. The water molecules are released as a result of condensation reaction, as shown
in equation 2.7. In this study, since the precursor particles appeared wet due to the
addition of NaOH solution in excess amount as compared to the pore volume of the silica
particle, therefore the effect of release of water molecules was not observed. However,
this information was revealed in our another study, as described in chapter 5, where the
NaOH solution filled the precursor silica particles approximately 100% of their pore
volume.

The phenomenon during ageing process was better explained by Ginter et al.
(Ginter et al. 1992b; Ginter et al. 1992a) who performed different studies on physical and
chemical transformations occurring during the room temperature ageing for the synthesis
of NaY zeolite from colloidal solutions. They found that upon mixing the silica colloidal
sol with sodium aluminate solution, a gel was instantly formed due to the flocculation of
the silica particles. The gel was further homogenized by mixing the gel with an agitator,
which sheared the gel into small granules. This phenomenon was hard to achieve in our
study as all the physical or chemical changes were taking place within the silica precursor
particles. Ginter et al. (Ginter et al. 1992b; Ginter et al. 1992a) also found that there was
no chemical transformation of silica colloidal particles took place during mixing, but
upon ageing the silica particles slowly dissolved, and released silicate anion species into
surrounding solution. These species reacted with aluminate anion species to produce
aluminosilicate species, which further precipitated due to their solubility. The precipitated
amorphous aluminosilicate solid was rich in Al and hydrated Na® cations. The
precipitation of the aluminosilicate consumed the dissolved Al and Si from solution.
Then after complete consumption of dissolved Al, the remaining colloidal silica dissolved
and released silicate anion into the solution. The precipitated aluminosilicate reacted
slowly with the dissolved silicate anions in the solution, which resulted in a change of
Si/Al and Na/Al ratios. This explanation may hold true in comparison to our study;
however, the step of dissolution of silica colloidal particles, traveling through the
solution, and get reacted with aluminosilicate precipitate may be eliminated as the entire

phenomena is taking place within the silica particle making the whole process
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accelerated. For this reason the ageing time indicated no effect on the synthesis reaction
after 1 h of ageing. A further possibility, as explained by Cundy and Cox (Cundy and
Cox 2005), may be the equilibration process leading to the intermediate semi-ordered
state had reached a thermodynamic pseudo-equilibrium i.e. concentration of proto-nuclei
had reached a steady-state in 1 h of ageing time. Therefore, after 1 h of ageing time
further extended ageing time did not show any change or improvement in zeolite
synthesis.

The effect of synthesis time was further investigated by limiting the

SiO, / AL,O, ratio to 6.1, ageing time 1 h, and reaction temperature at100°C. The

synthesis was carried out for several time periods starting from 4 h to 24 h. The SEM
images depict the effect of reaction time on zeolite synthesis, as shown in Figure 4.15.
Apparently no crystal formation was observed during the first 4 h. The XRD analysis also
showed amorphous phase. After 8h of synthesis time, SEM images start to show some
level of crystal formation; however, major portion of silica particles remained
amorphous. Between 12 to 16 hr the right size of clusters were observed with crystal size
in the range of 100-200 nm. Upon further heating for 20 to 24 h, the external surface of
the silica particle started to transform into zeolite and in 24 h the entire particle was
transformed into zeolite. The XRD analysis also confirmed the complete zeolite
transformation in Figures 4.9 and 4.10. The synthesis reaction after 20-24 h is not the
objective of this study as the outer crust of the silica particles is needed to remain intact,
so that the crystals may be used as part of large particle which is easy to handle in bulk
quantities. Therefore, a suitable reaction time of 12 h, and to be on the safe side 16 h is
more suitable for NaY zeolite synthesis.

Our results may be considered similar to the work of Ginter and coworkers
(Ginter et al. 1992a) who investigated the effects of ageing at room temperature on the
NaY zeolite and synthesis reaction at elevated temperature using powder X-ray
diffraction, 2°Si MAS NMR, FTIR, and Raman spectroscopy. They found that the room

temperature ageing of colloidal silica gels strongly affected the kinetics of NaY

crystallization at 100°C . They also discovered that the maximum crystallization activity

was achieved with ageing time of 12 h or less. On the other hand, without ageing, NaY
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Figure 4.15: SEM images for the effect of reaction time on the synthesis of
NaY zeolite using a SiO, / Al,O,ratio of 6.1 (a)-(f): 4h-24h
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crystallization was very slow, and barely yielded any noticeable amounts of NaY after

about 100 h reaction time at 100°C . This is contrary to our study where we were able to
achieve some level of crystallization without ageing at room temperature, which may be
due to the advantage of using the dry process. Ginter and coworkers (Ginter et al. 1992a)
also found that the crystal size was decreased with the ageing time. The time dependant
effects of ageing on the control crystal size may also be linked to earlier studies by
Freund (Freund 1976), and Zhdanov and Smulevich (Zhdanov and Samulevich 1980).
Their investigations showed that room temperature ageing of aluminosilicate NaA and
NaX gels resulted not only in acceleration of crystallization but also a decrease in the
crystal size, thus linking the ageing process directly to the number of nuclei formation. A
study carried out by Slangen and coworkers (Slangen et al. 1997b) sheds further light on
the ageing related zeolite A synthesis using microwave heating. They found that the

product from short ageing time of 5 min was amorphous after 5 min of microwave
heating at 100°C. On the other hand, the zeolite A was crystallized in 1 min at

120°C after an overnight ageing of synthesis mixture. The product crystal size was
decreased with ageing time, suggesting that the structured elements related to nucleation
process were being formed during the ageing process. Our study showed a high
crystallization activity after 1 h of ageing at room temperature, which may be mainly due

to the dry process itself. The effect of dry process can further by visualized that without

any ageing our process still yielded the NaY zeolite after 20 h of reaction at 100°C,

whereas, Ginter and coworkers (Ginter et al. 1992a) did not observed any appreciable

product even after 100 h of reaction at 100°C . Also the formation of structured elements,
which leads to nuclei formation, is faster that is why after 1 h of ageing the product is
synthesize upon heating. However, we did not observe any significant change or decrease
in crystal size with ageing, which may be due to the fact that our system was basically a
dry process. The time and distance required to assemble all the species prior to nucleation
was short because all activities were taking place within the silica particles. Therefore, no
significant effect on nucleation and later on size of crystals was observed. This further
suggests that these observations are closely connected to colloid, gel, or silica particles

(this study) rather than to the actual process of zeolite formation, meaning that they are
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related to particles and their aggregation rather than the chemistry taking place within
them to form the zeolite lattice.

Our study clearly indicated the dependency of zeolite synthesis on the duration of
reaction time. The apparent inactivity for crystal formation for the first 4 h indicated
some phenomena occurring beyond the sensitivity of SEM (Figure 4.15 (a)). This
phenomena may be related to the ageing that continued even when the reaction mixture
was exposed to high temperature or as explained earlier that the equilibration process
leading to the intermediate semi-ordered state had reached a thermodynamic pseudo-
equilibrium during the first 4 h of synthesis reaction at 100°C. This scenario may,

however, alter if there is a change in the reaction temperature.

4.4.3 Effect of Temperature on the crystallization and crystal size

So far, the synthesis reaction was carried out at 100°C in polypropylene bottles.
In order to observe the effects of synthesis temperature on the crystallization, several
temperatures were tested using polypropylene bottles in the range of 90-110°C keeping
other parameters constant such as, SiO,/Al,O, ratio at 6.1, NaOH 20wt%, ambient
temperature ageing for 1 h, and the synthesis time at 16 h. The synthesis above
110°C was not carried out due to the operating temperature limitation for polypropylene.
The SEM images in Figure 4.16(a) show that at 90°C most of the silica particles
remained amorphous. Only a part of the silica particles was transformed into zeolite, and
the cluster size was around1.5um . This also suggests that the lower temperature was not
suitable for zeolite conversion. This observation was further supported by longer
synthesis time at 90°C for 20 and 24 h but the results remained the same. The XRD
analysis in Figure 4.17 shows that a major portion remained as amorphous silica with
only few crystal peaks start to show up. On the other hand, when a synthesis temperature
of 110°C was applied, the silica particles were completely transformed into NaY zeolite,
as shown in Figure 4.18 by XRD pattern. However, the size of cluster and the crystal size
were quite large. The SEM images in Figure 4.16(b) shows that the clusters were in the

range of 2—5xm and the crystallite size was in the range of100 —300nm.
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(b) NaY zeolite cluster and its zoomed view for synthesis at 110°C

Figure 4.16: SEM images for the effect of reaction temperature in polypropylene
bottle on the synthesis of NaY zeolite using a SiO, / Al,O, ratio of 6.1, (a) 90°C (b)
110°C
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Figure 4.17: XRD pattern of NaY zeolite synthesis at 90°C using a
SiO, / Al,O, ratio of 6.1
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Figure 4.18: XRD pattern of NaY zeolite synthesis at 110°C using a
SiO, / AlL,O, ratio of 6.1
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The study by Fajula and coworkers (Fajula et al. 1987) supported our findings. They
synthesized zeolite omega (ZSM-4) at two different reaction temperature 0f100 —135°C .
A pure zeolite omega was synthesized in 1 day while operating at135°C . On the other
hand, it took 15 days to synthesize zeolite omega at100°C. They also observed that
during the reaction at 100°C the faujasite crystals were formed first and then
subsequently dissolved, and finally a pure zeolite omega was formed in 15 days. These
findings indicate high dependency of zeolite synthesis on temperature.

The increase in the cluster size with temperature in our study suggests that though
the nucleation was continued throughout the synthesis time, but the higher synthesis
temperature suppressed the nucleation rate and enhanced the crystal growth rate.
Apparently higher reaction temperatures favored the crystal growth rate as compared to

nucleation rate. For this reason larger crystals were observed at 110°C making the cluster

size around 2-5 micrometer. It was also observed that a higher synthesis temperature
caused a complete transformation of silica particles into zeolite in 16 h of synthesis.
Figure 4.18 depicts the XRD analysis of the NaY zeolite without any amorphous peak of
silica. This observation suggests that a shorter synthesis time could be achievable with
higher synthesis temperature.

4.4.4 Effect of type of reactor and temperature on the crystal synthesis time and

size

In order to optimize the operating conditions and to reduce the synthesis time, the
polypropylene bottles were replaced by a stainless steel tubular reactor (0.25 x12°). The
stainless steel has a higher thermal conductivity (k =16.3W/m-K) as compared to
polypropylene (k=0.12W/m-K). The replacement of polypropylene bottle by the
stainless steel tubular reactor provided the capacity of operating at higher temperature,
which was not possible with the polypropylene bottle due to its operating temperature
limitation of 120°C. In order to achieve rapid heat transfer to the centre of the tube
reactor, a diameter of 0.25 was chosen, which also provided ease in filling the tube with
silica particles for reaction, and later on removing the product and cleaning the tube. For

this study, a batch composition of 2.05Na,O: Al,O, :6.09Si0, :36.47H,0 was used. In
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the first set, the synthesis was carried out at 100 °C for2-16h. It was observed that the
crystals started to appear after 4 h of reaction. The SEM image in Figure 4.19 (a) shows
that after 8 h, the same level of synthesis was achieved which was observed in
polypropylene bottles after 16 h of reaction. After 12 h, the silica particles were
completely crystallized into zeolites in stainless steel tubular reactor, as shown in Figure
4.19 (b). These findings clearly indicate the advantage of using stainless steel tubular
reactor over the polypropylene bottles. This observation further supported the idea
(Jansen et al. 1992) that a rapid heat transfer also reduces the zeolite synthesis time while
carrying out synthesis on almost dry basis.

In order to observe the effect of temperature on the time of synthesis reaction, a
higher temperature of 125°C was used for 2-6 h. It was found that the crystals started to
appear after 2 h. Figure 4.20 (a) shows that after 5 h of synthesis time, the same level of
crystallization was achieved which was observed after 6 h of synthesis at 100°C . After 6
h, the entire silica particle was converted into zeolite, as shown in Figure 4.20 (b). These
findings clearly show that the higher synthesis temperature supported the reduction in
synthesis time. In order to observe further reduction in synthesis time, the synthesis was
carried out at 150°C for 2-4 h. It was observed, as shown in Figure 4.21 (a), that the NaY
zeolite crystals started to appear after 2 h of reaction, and the entire silica particle was
transformed to zeolite in 4 h. The SEM image in Figure 4.21 (b) depicts that the crystal
size was increased to 1-2 um and the cluster size was around 10-12 um, which holds true
for the reason given for synthesis at 110°C using polypropylene bottles. The difference
between the two observations is that at a synthesis reaction temperature of 150°C the
crystal and cluster size was increased around two fold. This observation led to the idea
that the higher synthesis temperature was suppressing the nucleation rate, and favoring
the crystal growth rate.

Another observation was also made; that for a certain synthesis reaction
temperature there was always a time period in the beginning of synthesis that did not
show any crystal formation when images were taken by SEM. However, this inactive

period was reduced to 4 h to 2 h.
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Figure 4.19: SEM images of NaY zeolite synthesized in stainless steel tubes at 100 °C :
(a) partial conversion of silica particle to NaY zeolite in 8h (b) complete conversion of
silica particle to NaY zeolite in 12 h

(a) (b)

Figure 4.20: SEM images of NaY zeolite synthesized in stainless steel tubes at 125
°C: (a) partial conversion of silica particle to NaY zeolite in 5 h (b) complete
conversion of silica particle to NaY zeolite in 6 h
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Figure 4.21: SEM images of NaY zeolite synthesized in stainless steel tubes at 150
°C: partial conversion of silica particle in 2 h (b) complete conversion of silica
particle in 4 h
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Cizmek and coworkers (Cizmek et al. 1997) examined the time and temperature effects
of gel ageing on the properties of silicalite-1 synthesized at170°C . They aged the gel at
ambient temperature for 0 to 192 h, and at different temperatures from 20—-80°C for 12-
24 h. They did not find any crystals in the aged gel prior to the final heating step. Li and
coworkers in a series of papers (Li et al. 1999; Li et al. 2000; Li et al. 2001) used a two-
stage-varying-temperature synthesis procedure to investigate the nucleation period in
colloidal TPA-silicalite synthesis. They applied single stage heating for the entire period
of synthesis for both lower and higher temperatures in the range of 60—100°C , and also
the combination of the two temperatures with the lower temperature was set for a definite
time. They found that for the single set of temperature at 60°C produced smaller size
crystals, about55nm, but the synthesis time was around 400 h. On the other extreme end
0f100°C, the crystal size was around 95nm for the synthesis time of 50 h. This indicated
that crystal number concentration was increased and the ultimate crystal size was
decreased for the lower temperature synthesis. They also observed an induction period,
which was larger (170 h) for lower temperature synthesis and smaller (<10 h) for higher
temperature synthesis during which only nucleation took place and no crystal was
observed. The authors pointed out two processes that could be taking place during
induction/ageing period before any crystal was observed: one was the depolymerization
of colloidal particle and the second was the formation of nuclei. These findings very
closely match with our results, the only difference being the process of hydrothermal
treatment. In our study, two phenomena are taking place simultaneously: ambient
temperature ageing followed by high temperature ageing for the initial few hours of
synthesis, and high temperature crystal growth. It can be seen that for lower temperature
of 100°C, the crystal size was <300nm. On the other hand at higher temperature of
150°C, the crystal size was increased to 1-2 pm meaning that the nucleation process was
being taken over by crystal growth. To further support our point of view, Cundy and
coworkers (Cundy et al. 2003) investigated the effects of room temperature ageing
followed by synthesis of colloidal silicalite at temperatures between 90°C and
175°C using both thermal and microwave heating. They found that the largest particle
sizes were seen for the shortest ageing time and fastest heating rate. As the ageing time

was increased or heating rate or final temperature was reduced, the particle size was
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decreased. They also found that even after ageing the reaction mixture sol for about 200
days, no crystalline material was detected by conventional XRD methods in samples
isolated from the unheated sol. They concluded that during ageing only proto-nuclei were
accumulated and remained dormant under prevailing conditions, maturing into viable
nuclei, and initiating crystal growth when exposed to crystallization temperature. These
proto-nuclei may be taken as islands of order, as described earlier. This order continues to
grow till reach the nucleation stage, which basically happens by the constant reversible T-
O-T bond making and bond breaking equilibration reactions. This process was continued
in our case during ageing and initial synthesis temperature when no crystals were
observed.

We were interested to know whether the above phenomena further continued
before 2 h or less, if the synthesis temperature was further increased. For this purpose, the
temperature for synthesis was increased to 170°C for 15 min to 1 h. It was observed that
the crystals started to appear in 15 min, but then started to disappear after 1 h of
synthesis, as shown in Figure 4.22. In order to understand more about the new occurring
of crystal disappearance either due to dissolution or due to some other reason, a further
higher synthesis temperature of 180°C was tried for 15 min to 1 h. It was observed that
crystals were formed during the first 15 min of synthesis, but they started to disappear
after 45 min of synthesis, and then they were converted to analcime after 1 h of synthesis.
The change in phase is depicted in Figure 4.23, and is also revealed in XRD result in
Figure 4.25. This change in phase is due to the fact that NaY zeolite is a metastable state
and is sensitive to synthesis temperature. A high synthesis temperature leads the NaY
zeolite crystals towards a more stable state, which is analcime in this study. A further
higher synthesis temperature of 200°C additionally supported the change in phase
phenomena. It can be seen in Figure 4.24 that the crystals appeared in 15 min and were
transformed into analcime in 45 min. These observations showed that higher synthesis
temperature accelerates the phase transformation of NaY zeolite. The metastability of
NaY zeolite may explained from Ostwald Law of Successive Transformations (also
called as Rule of Stages) which states that an unstable system does not directly

transforms into the most stable system.
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Figure 4.22: SEM images of NaY zeolite synthesized in stainless steel tubes at 170
°C for (a) crystals in 15 min (b) transformation/disappearance of crystalsin 1 h
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Figure 4.23: SEM images of NaY zeolite synthesized in stainless steel tubes at 180
°C for (a) crystals in 30 min (b) transformation to analcime zeolite in 1 h
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Figure 4.24: SEM images of NaY zeolite synthesized in stainless steel tubes at 200 °C
for (a) crystals in 15 min (b) transformation to analcime zeolite in 45 min
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Figure 4.25:XRD pattern of analcime zeolite formation at 200°C using a ratio of 6.1
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It initially undergoes a transient state whose formation from the original state is
accompanied by a smallest loss of free energy (Mullin 2001; Ostwald 1897). In case of
zeolite, a number of kinetic products may form from this transient state on the way to the
final thermodynamically stable product. The transient state may be called precursors
which are partially structured. These precursors or secondary amorphous phase (as
described earlier in chapter 2) are essential for zeolite formation. The target zeolite
product from these precursors may be a metastable product at certain reaction conditions
and may not be a true thermodynamically stable product. The zeolite metastability mostly
occurred in the phenomena of reaction over-run, in which the zeolite product is
decomposed into a more dense phase under certain operating conditions. Aluminous
zeolites such as A, X, or Y give way to sodalite, analcime, modenite, or cristobalite
(Fajula et al. 1987), while siliceous zeolites may end up with dense silica phase, or quartz
(Cundy and Cox 2005). Sometimes NaY zeolite may also decompose to zeolite P or
ZSM-4 (Dwyer and Chu 1979; Perrotta et al. 1978) depending upon the operating
conditions. For these reasons, temperatures beyond 170°C we ended up with more
thermodynamically stable product of analcime. These findings set a temperature
limitation to our method of dry synthesis. This study indicates that a rapid heat transfer
and higher temperature reduce the synthesis time, but an optimum temperature is always

needed in order to retain desired zeolite phase.

445 Effect of NaOH concentration on zeolite synthesis

The addition of NaOH into the silica particles through incipient wetness is the
most important step to initiate the entire process of nucleation followed by crystal
growth. As mentioned earlier in chapter 2, all the dissolved species gather around Na*
cation after OH" participation in bond-breaking and bond-making of oligomers of silica,
which leads to a primary amorphous phase, then a secondary amorphous phase followed
by nucleation and crystal growth. A 20 wt% concentration of NaOH was generally used
for all the above-mentioned studies as this is the usual concentration that is reported in
literature.

Using the optimum SiO,/ Al,O, ratio and synthesis time, the effect of different

concentrations of NaOH on the zeolite synthesis was studied. For this purpose, the
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SiO, / ALO, ratio was kept constant at 6.1, and synthesis temperature and time were kept

at 100°C and 16 h, respectively. Initially, a 15 wt% (Na,O/Al,O3 = 1.53) of NaOH was
used through incipient wetness. After 16 h of reaction at 100°C, the results did not show
any appreciable crystal growth. Figure 4.26 shows the SEM images of the silica particles.
It can be seen that the major portion of silica particle remained amorphous while only a
small portion was crystallized. However, when the NaOH concentration was increased to
20 wt% (NayO/Al,O3 = 2.05), the amorphous silica particles were transformed into
crystals with cluster size in the range of 1-2 um and crystallite size in the cluster was in
the range of 100-200 nm, as shown in Figure 4.27. It can also be seen that the outer crust
of the silica particle was intact though the particle was cracked opened to reveal crystals
inside. Upon further increasing the NaOH concentration to 27 wt% (Na,O/Al,O3 = 2.76),
the silica particles were completely transformed into crystals. It should be noted that the
cluster size was reduced to 500 nm-1um and the crystallite size was in the range of 50-
100 nm, as shown in Figure 4.28 through SEM images. The reduction in size may be due
to higher nucleation rate as compared to crystal growth rate which was due to using
higher concentration NaOH. This argument was further strengthened by using a further
higher NaOH concentration of 32wt% (Na,O/Al,03 = 3.27). It can be distinctly seen in
Figure 4.29 that the cluster size was further reduced to less than 500 nm with the
crystallite size less than 50nm. The reduction in the crystal size with increase in NaOH
concentration is summarized in Figure 4.30. These observations indicate that using higher
concentration of NaOH could be helpful in reducing the crystal size. A further higher
concentration of NaOH was not tried due to the reason that higher concentration of
NaOH tends to dissolve the silica particles. In this study the concentration above 32 wt%
started to dissolve the silica particles which severely reduced the shape and pore volume
of the particles.
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Figure 4.26: SEM images of NaY zeolite synthesis using NaOH = 15% (Batch Comp:
1.53Na,0:Al,03:6.09Si0,:40.17H,0) (a) silica particle mostly amorphous (b) zoomed
view of silica particle with crystals
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Figure 4.27: SEM images of NaY zeolite synthesis using NaOH = 20% (Batch Comp:
2.05Na20:Al203:6.09Si02:36.47H20) (a) silica particle embedded with NaY zeolite

clusters (b) zoomed view of embedded cluster of NaY zeolite in silica particle
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Figure 4.28: SEM images of NaY zeolite synthesis using NaOH = 27% (Batch
Comp: 2.76Na20:Al203:6.09Si102:35.94H20) (a) silica particle with embedded

NaY zeolite clusters (b) zoomed view of NaY zeolite clusters
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Figure 4.29: SEM images of NaY zeolite synthesis using NaOH = 32% (Batch Comp:
3.27Na20:Al203:6.09Si02:34.2H20) (a) silica particle with embedded NaY zeolite

(b) zoomed view NaY zeolite crystals
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Figure 4.30: Effect of NaOH concentration on the crystal size of NaY zeolite
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Our argument is supported by the work of Fegan and Lowe (Fegan and Lowe
1986) who studied the behavior of silicalite synthesis system by changing NaOH
concentration. They conducted the study at 95°C using different alkalinity in the range
of mol 0.25 to mol 6.5. They found that 100% crystallinity was obtained in a shorter
period of time (from 8 to less than 4 days) as the alkalinity was increased from mol 2 to
5. This finding also supports our results as the conversion of silica particle increases by
increasing NaOH concentration. Their SEM results also showed that the size of the
zeolite crystal was decreased as the alkalinity was increased, which corresponds to our
findings. They also converged to the argument that increasing the alkalinity increased the
nucleation rate which formed smaller crystal size. However, they made another
observation that for a very high alkalinity mol 6.5, they were expecting further reduction
in crystal size but instead they found an increase in crystal size. They concluded that
further increasing the alkalinity caused a reduction or disappearance of solid gel phase
resulting in production fewer nuclei and hence larger crystals. The effect of very high
alkalinity to reduce the nucleation and increase the crystal size was not observed in our
study. This was because when the NaOH concentration higher than 32 wt% was applied
the silica particle completely dissolved and lost its shape and integrity.

The above findings of Fegan and Lowe (Fegan and Lowe 1986) were further
scrutinized by Cundy and Cox (Cundy and Cox 2005) who took their data and further
refined it. They obtained a relationship between nucleation and crystal growth by
increasing the alkalinity. According to this relationship, both nucleation and crystal
growth rates vary as a function of the alkalinity of the reaction mixture, and reached a
maximum value. However, the maxima for the crystal growth and nucleation did not
coincide. The crystal growth reached its maximum while alkalinity was still on the lower
side (i.e. mol=~15) and then continued to decrease with increasing alkalinity.
Nucleation, however, continued to increase till it reached its maximum at alkalinity
around mol =~ 4.5indicating that the nucleation was still taking place at a higher base
level. They rationalized this scenario that the nucleation was considered in terms of a
collision mechanism in which the soluble species were coming together and separating in

a dynamic way. In this perspective, the nucleation rate was proportional to the alkalinity
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and flux of the soluble species which was generated from the solid gel phase. Therefore
at low alkalinity, the deficit of OH~ may lead to reduced nucleation and growth, while at
maximum a balance may be maintained between the competing addition and dissolution
reactions. However, both nucleation and crystal growth start to fall down as the
dissolution of the reaction species reaches its limit at the highest value of alkalinity. For
this reason we observed that the silica particle was completely dissolved for NaOH

concentration greater than 32 wt%.

4.5 CONCLUSIONS

It can be seen that the reactant composition, especially, the SiO,/ Al,O, ratio plays a

vital role in synthesis reaction. A ratio higher than 6.6 does not lead to desired synthesis
reaction in a set interval of time. Conversion may start at much longer synthesis time.

This was the reason that with a SiO, / AL,O, ratio lower than 6.6 complete crystallization

occurred when synthesis time was increased from 16 h to 24 h. Therefore an optimum
batch composition was obtained as 3.27Na,O: Al,O, :6.09SiO, : 34.2H,0. Ageing for 1

h helps in internal rearrangement of precursors within the silica particles before the
reaction. However, a longer ageing time leads to little improvement in the synthesis
reaction. Increased synthesis temperature reduces the synthesis time but at the same time
the crystal size also increases. Use of a stainless steel tubular reactor reduces the
synthesis time even at a lower temperature of 100°C, as compared to polypropylene
bottles. Higher synthesis temperature in stainless steel tubular reactor not only reduces
the synthesis time but also affects the crystal size. Also, it may cause changes in the
phase composition from NaY zeolite to analcime when operating above 170°C. An
optimal synthesis temperature of 170°C may be suitable within 15 minute of reaction
time without transforming to an undesirable phase. The technique of solid phase
transformation may be more suitable for fast synthesis as compared with liquid phase
transformation. The various concentrations of NaOH can be helpful in controlling the
size of the crystals. For nano sized crystals smaller than 50nm, a concentration greater
than 30wt% of NaOH may be more suitable.
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CHAPTER 5: A NOVEL REACTOR SYSTEM FOR THE RAPID
PRODUCTION OF NaY ZEOLITE WITHIN PRESHAPED
SILICA PARTICLES

5.1 INTRODUCTION

The growing applications of synthetic zeolites make them an integral part of
today’s industrial world since its laboratory synthesis in 1942. The zeolites were
originally recognized as a new type of minerals in 1756 by a Swedish minerlogist A.
Cronstedt. He named this mineral “zeolite” (Greek word: meaning boiling stone) as it
seemed to boil at high temperature due to high water content (Othmer 1984). Since then,
many types were found naturally like, chabazite, erionite, faujasite, mordenite, etc.
(Serrano and Grieken 2001). It was found that the zeolites were composed of crystalline
aluminosilicates and possessed properties of adsorption, reaction, and ion-exchange.
Since 1942 many types of industrially important zeolites were commercially produced.
So far more than 150 synthetic zeolites have been reported. Currently, however, a few are
of commercial importance, like, type A, X, Y, Z, L, ZSM-5, etc. (Corma and
Wojciechowski 1985), but this number is growing fast as more avenues in industrial
applications are opening. In principle, zeolites are prepared from alumina silicate gels,
which in turn are prepared from aqueous solutions of sodium aluminate, sodium silicate,
and sodium hydroxide. The process employed is called hydrogel process.

One of the major applications of the zeolites is in the oil industry, especially in
the process of catalytic cracking, where Y zeolite is frequently used in fluid catalytic
cracking (FCC) process (Breck and Flanigen 1967; Breck 1974). Another potential area,
among several other applications, is the desulfurization of gasoline (Babich and Moulijn
2003; de Lasa et al. 2006; Gong et al. 2009; Hernandez-Maldonado et al. 2005;
Jayaraman et al. 2006; Jiao et al. 2006; King and Li 2006; Kong et al. 2006; Ma et al.
2002; Ma et al. 2005; Reut and Prakash 2006; Shan et al. 2002; Yang et al. 2003). The
large-scale production of zeolites currently uses batch process and the synthesis
procedure takes days to obtain a finished product. A general method to improve the

zeolite synthesis is to test the sensitivity of the reaction to different synthesis parameters
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and to optimize the procedure. As the operating conditions are varied the synthesis
reaction may appear to occur faster or slower as it progresses towards or away from the
optimum conditions depending upon the criteria applied and the starting point. A large
number of publications have been concentrated on developing such strategies. Several
researchers have devoted their efforts to improve the batch process and tried to make a
step towards continuous process (Rollmann and Valyocsik 1983). Many zeolite
synthesis operating variables have been identified and attempted to improve the quality
of zeolites and reduce the synthesis time. These parameters include; microwave heating
(Arafat et al. 1993; Cundy 1998; Jansen et al. 1992; Kim et al. 2000; Park et al. 2001;
Slangen et al. 1997), controlling nucleation and crystal growth rates (Cundy et al.
1995b; Cundy et al. 1995a); process variables such as: temperature, pressure,
concentration, composition, gravity, etc. (Wang and Jacobson 2001; Xu et al. 1997).

Among the several methods tried and tested for rapid production of zeolite, the
microwave dielectric heating technique has shown a significant improvement in a
variety of chemical syntheses (Elander et al. 2000; Gabriel et al. 1998; Loupy 2002;
Mingos and Baghurst 1991; Strauss 1999). A review has discussed the benefits of zeolite
synthesis using microwave technique (Cundy 1998). In conventional thermal heating,
the reaction is generally influenced by the rate of heat transfer through the walls of the
containing vessel, which results in a thermal gradient across the reaction volume. These
limitations are generally modified when a different form of energy is applied.
Microwaves are electromagnetic waves with wavelengths in the range of 1 mm to 1 m,
with frequencies between 300 GHz to 0.3 GHz, respectively. Figure 5.1 shows an
electromagnetic spectrum of all types of waves. Since the electromagnetic waves travel
at the speed of light, therefore, the transfer of energy from the source to the material to
be heated overcomes all the energy transport limitations offered by conventional thermal
heating (Schiffmann 2007).
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Figure 5.1: Electromagnetic Spectrum

The dielectrics or microwaves are not a form of heat but rather forms of energy
which is transformed into heat by interaction with materials (Schiffmann 2007). There
are many mechanisms to convert the energy into heat, but primarily important
mechanisms in dielectric heating phenomena are ionic conduction and dipolar rotation of
molecules. In ionic conduction, the ions, which are charged units, are accelerated by
electrical fields. In a basic solution, e.g. NaOH solution as in the case of zeolite
synthesis, the sodium and hydroxyl ions tend to move in opposite direction with respect
to their own polarity when exposed to electromagnetic field. In doing so, they tend to
collide with unionized water molecules, transferring kinetic energy and causing water
molecules to accelerate which in turn collide with other water molecules in a billiard ball
way, and when the polarity of the electromagnetic field changes, the ions accelerate in
the opposite direction. Since this phenomenon happens many million times per second,
therefore, a large number of collisions and transfer of energy take place. In short, the
electromagnetic energy is transformed into disordered Kinetic energy, which appears as
an increase in the heat of the system. On the other hand, the polar molecules in a
material, e.g. water in case of zeolite synthesis, tend to rotate as they have electrical
dipole movement. The electrical dipole movement in a polar molecule keeps it aligned in

an electromagnetic field. If the electromagnetic field oscillates, as in the case of
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electromagnetic wave, the molecules also start to rotate in order to keep themselves
aligned with the electromagnetic field. As the electromagnetic field alternates, the polar
molecules also reverse their direction. The rotating molecules collide, push or pull other
molecules through electrical and gravitational forces. This perturbation of molecules
help in distributing the energy to the other molecules and atoms in the material hence
causes increase in kinetic energy of material, which in turn increase the temperature of
the material. The microwave dielectric effect can be seen in a home microwave oven
(2.45 GHz) which operates more efficiently on liquid water as compared to fats, sugars,
or frozen water (Schiffmann 2007; Wikipedia 2010a).

The apparent advantage of microwave heating is the shortening of reaction time,
which is found in all the cases of zeolite synthesis using microwave technique. The
factors that reduced the synthesis time were analyzed by Cundy and coworkers (Cundy
1998; Cundy and Zhao 1998) in terms of thermal lag, induction period, and crystal
growth. They found that the major acceleration was caused in thermal lag and induction
period due to the rapid heating rate to the working temperature. However, under pseudo-
steady state, they did not find any significant difference in the linear crystal growth
between the two techniques of conventional thermal heating and microwave heating
(Cundy et al. 2003). Another advantage of microwave heating may be the selectivity of
the product, where the components of the system are sensitive to microwave energy or
heating rate. Such situation has been observed in case of heterogeneous reaction mixture
containing components of different dielectric properties, or difference in rates of
nucleation and growth of competing phases. One such effect was observed by Arafat and
coworkers (Arafat et al. 1993) who demonstrated the phase selectivity in zeolite Y
synthesis by suppressing the undesired side-products by using microwave heating.
Microwave heating may thus be considered an alternative to conventional thermal
heating methods in zeolite synthesis. It is, however, generally effective for solution
based system. For solution based systems, a significant reduction in synthesis time is
generally observed and also a possibility of phase purity. However, no evidence of a

thermal microwave effect is observed (Cundy and Cox 2005).
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Thermal radiation, on the other hand, may be a good substitute for conventional
thermal and microwave heating, especially when the zeolite synthesis system is based on
a dry synthesis process. The electromagnetic spectrum for the wavelength in the range of

0.14m —100xm is responsible for thermal radiation. This range includes visible light,

and some part of the infrared, ultraviolet, and X-ray radiation spectrum, as shown in
Figure 5.1 (Holman 1990). The thermal radiation is also electromagnetic radiation,
which is emitted from the surface of an object due to the temperature of the object. Any
object at a temperature above absolute zero emits thermal radiation. Thermal radiation is
generated when the heat from the movement of charged particles within atoms is
transformed into electromagnetic radiation. One good example is the radiation from sun,
which heats up the earth during the day, and at night the earth becomes a heat radiator
(Wikipedia 2010b). The advantage of thermal radiation over microwaves is that
whenever they come in contact with solid or liquid material, it is transmitted, reflected,
or absorbed. The absorbed energy of thermal radiation is directly converted into heat by
imparting kinetic energy to atoms and molecules of the material, which may provide a
clear advantage for the dry synthesis process, which is mainly composed of solid
material. Among thermal radiation, the infrared radiation is increasingly used in
industrial heating especially in drying of paints, food, etc. (Blanc et al. 1997; Dhib 2007,
Hashimoto and Kameoka 1999; Raghavan et al. 2005; Ricks 1998). In industry, drying
is considered to be the most common and most energy consuming operation with several
variants used in drying particulate solids, pastes, continuous sheets, slurries, or solutions.
Drying thus provides most diversified unit operations in chemical engineering. Use of IR
(infrared) radiation for drying is one of the increasingly popular but not yet common
drying methods. In the past the IR radiation was used incidentally in conjunction with
other types of heating/drying methods, but now it is primarily used as a source of
heating/drying (Williams-Gardner 1971). The literature is full of common applications
of IR heating/drying in the areas of dehydration of coated films, drying of paper and
board, paints, ink, adhesives, textiles etc. (Navarri et al. 1992; Therien et al. 1991,
Williams-Gardner 1971). IR drying/heating is also applied to other products like
foodstuff, wood or sand (Hallstro"m et al. 1988) but these applications are not common
as yet. Sandu (Sandu 1986) pointed out the advantages of IR radiation in the drying of
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food, the versatility of IR heating, simplicity of equipment needed, easy accommodation
of IR heating with convective, conductive, and microwave heating, fast transient
response, and also considerable energy savings.

In general the IR radiation is used in rapid heating or drying processes. So far we
have not come across any study in which IR radiation is used for zeolite synthesis
purposes. In this study, our objective is to produce NaY zeolite within the preshaped

silica particles (50u4m) using a dry process. The ultimate goal is to use the zeolite

embedded in silica particles for any industrial application. For this purpose we have
focused on FCC reaction and desulfurization of gasoline, where it can be directly used in
a fluidized bed system. Since our process is almost a dry process, we have chosen a
fluidized bed system in conjunction with IR radiation as the primary source of heat. In
order to facilitate the uniform temperature distribution within the fluidized bed, we have
further added perforated vibrated baffles. Our designed system is thus called vibrated
baffles fluidized bed (VBFB) reactor heated by IR radiation. In this study, we will
elaborate on the IR radiation and its use in zeolite synthesis, design of a novel vibrated
baffles fluidized bed reactor heated by IR radiation, and testing of the system for NaY

zeolite synthesis.

5.2 PRINCIPLE BEHIND INFRARED HEATING

The electromagnetic radiation does not require any medium for its transmission.
The wavelength of the radiation depends upon the nature and the temperature of heat
source. Every body, which is at a temperature above absolute zero emits thermal

radiation. IR radiation is generally classified as near/short IR (0.75-3.004m), medium
IR (3.00—-25xm), and far IR (25—-100xm) (Sandu 1986).

The incident thermal radiation upon a body may be absorbed and its energy
converted into heat, transmitted through the material, or reflected from the surface of the

material. The reflectivity ( p ), absorptivity (« ), and transmissivity (z ) are related as:

pra+r=1 (5.1)
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For monochromatic incident radiation the angle of incident is equal to angle of reflection
and the reflection of radiation is called “spectral”’. For polychromatic radiation the
incident beam is distributed uniformly in all directions after reflection and the reflection
is called “total or diffuse” (Holman 1990; Sandu 1986). The materials on which the
radiation impinges are classified according to their transmissivity. Those materials,
which do not allow transmission of radiation are called opaque and are characterized by
7=0. Most solids fall under this category. On the other hand, liquids and some solids
like rock salt, glass, or quartz have a defined transmissivity and are somewhat
transparent to radiation. The reflection from the surface of the material may be spectral
(also called regular) or diffuse depending upon the finish of the surface of the material.
The former case holds true in the case of highly polished surfaces or smooth surfaces
when the incident radiation angle is equal to the angle of reflection. The latter case
occurs when the roughness of the surface becomes larger than the wavelength of the
radiation and radiation is reflected diffusively in all directions (Ratti and Mujumdar
2007).

In general all of the incident radiation is absorbed by the solid body in a very
narrow layer near the surface of the body. This consideration becomes important in
modeling the heat transfer process as mathematically this concept transforms a term into
a boundary condition in energy balance. Thus an ideal body that absorbs all the incident
energy without reflecting or transmitting is called a black body for whicha =1. Thus,
the total amount of radiation emitted by a body per unit area and time is called total
emissive power (E) (Kreith 1973), and it depends upon the temperature and surface
condition of the body. This energy is emitted in all directions and at all wavelengths
from the surface of the body. The black body is an ideal case, which emits maximum
radiation per unit area in any direction. Therefore, the emissive power of a black body

(E,) depends only on its temperature. At the same time the emissivity (&) of a body

other than the black body is defined as the ratio of its total emissive power to that of a

black body at the same temperature (& = E/E,) (Ratti and Mujumdar 2007).
The monochromatic emissive power (E,), on the other hand, is the radiant

energy contained between wavelengths 4 and A+dA (Welty et al. 1984). Therefore,
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the monochromatic emissive power for a black body is expressed by Planck’s law of

radiation as:

22c°h A
exp (kj?rj -1

and the monochromatic emissivity of a body is defined as &, =E,/E, ,, where E,, is

By, = (5.2)

the monochromatic emissive power of black body at wavelength A at the same
temperature. The monochromatic absorptivity (¢, ) may be defined in the same way as
monochromatic emissivity. According to Kirchhoff’s rule, the monochromatic
absorptivity and emissivity of a body are equal (i.e.¢, =«;,) under thermodynamic
equilibrium which requires all the surfaces to be at the same temperature (Welty et al.
1984). The E,, in Eq. 5.2 has a maximum with respect to temperature and is related by
Wien’s displacement law:
Ao T = 2897.6,m.K (5.3)

Equation 5.2 may be integrated over the entire wavelengths to get the total emissive
power of a black body called the Stefan-Boltzmann law:

E, =[E,,di=0T" (5.4)
0

where, o =5.669x10"W /m*.K* is the Stefan-Boltzmann constant (Holman 1990).
The emissivity of a grey body, on the other hand, does not change over the entire
wavelength spectrum. Thus, the Kirchhoff’s law may be applied to a grey body
independent of its temperature.

The heat transfer by radiation between two black bodies, which are at different

temperatures may be obtained by using the Stefan-Boltzmann law as follows:
Q =AFo(T* -T/) (5.5)
where F;is the shape or view factor between surfaces i and j. The shape factor is

defined as the fraction of the energy leaving surface i which reaches surface j. The

view factors of most common geometries are available in literature (Holman 1990;

Siegel and Howell 2002). The shape factor for concentric cylinders of finite length
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shown in Figure 5.2 represents the infrared heating elements employed in our fluidized
bed. The shape factors and the areas of the radiation exchanged surfaces can be related
to each other by using the reciprocity theorem as follows:

AF, = AF; (5.6)
If the radiation energy exchange takes place between N bodies, then the shape factor
will follow the following relation:

N

Y R =1 (5.7)

j=1
It may be noted that very few bodies behave as black body, therefore, it is more realistic
to assume grey bodies. In this scenario, the total heat exchange between two grey bodies

may be obtained as follows (Holman 1990):

O-(Ti4 _Tj4)

Q =
(pi n 1 n Pj J
&R AFij ngj

Some of the thermal radiation that impinges on a body may be attenuated by scattering

(5.8)

inside the body during absorption. The scattering of the radiation inside the body may
undergo a change in direction of electromagnetic radiation which may cause a partial

loss or gain in energy (Siegel and Howell 2002). If 1, represents the spectral radiation

impinging normally on a layer of material where some of it is absorbed and a part is
scattered, then the intensity of the monochromatic radiation attenuated is obtained by the
following relationship:

1,(2) = u<0)exp{—ir<ﬂ<z*)dz*} (5.9)

which is called Bougher-Lambert law, where K, is the extinction coefficient, z the
distance, and 1,(0) is the radiation at the surface of the body. The extinction coefficient

in Eq. (5.9) depends upon temperature, pressure, composition, and the wavelength of the

incident radiation.
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Figure 5.2 Shape factor calculations for concentric cylinders with finite length (Siegel

and Howell 2002).
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Besides all the above theory behind IR heating, the knowledge about material

used for IR heating plays an important role for radiation heat exchange between the

bodies. The key properties are emissivity, absorptivity, reflectivity, and transmissivity.

The relative magnitude of «, p, and 7 depends upon material itself, its thickness and

surface finish, and also on the wavelength of the radiation. On the other hand, ¢ is only

the property of material. For non-conducting materials & shows directional properties

i.e. the emissivity of actual surfaces is not constant in all directions. Its magnitude

decreases as the direction of emission deviates from normal. However, the opposite is

true for metals (Ratti and Mujumdar 2007; Welty et al. 1984). For practical purposes,

only the average value of emissivity or absorptivity over the direction is used. The

radiation properties of metals and non-metals can be found in literature (Welty et al.

1984).
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A high reflectivity of material is required especially when it is used as the source
of radiation. The total reflectivity of polished pure gold at high temperature is around
0.98. That is why the IR radiation lamps are sometimes coated with gold to provide
intense and directional source of heat. On the other hand, the material to be heated by IR
radiation should have a low reflectivity in order to absorb most of the incident radiation.
This reduces the power requirement to heat it. Therefore, e.g., drying of paints or
coatings, a high absorptivity of material is needed. However, drying foodstuff containing
high moisture content requires a material with high transmissivity in order to avoid
extreme intense heating and thermal damage of the surface. The absorptivity and
transmissivity of moist materials is not readily available in literature; however, some
experimental data on radiation properties of agriculture and food products is reported
(Ginzburg 1969; Mohsenin 1984; Ratti and Mujumdar 2007).

53DESIGN OF NOVEL VIBRATED BAFFLES FLUIDIZED BED (VBFB)
REACTOR COUPLED WITH IR HEATERS

The idea of novel vibrated baffles fluidized bed (VBFB) reactor coupled with IR
heaters was aroused from the limitations of the available technology of using
microwaves as a source of fast heat transfer for the rapid production of zeolites.
Microwaves are efficient in solution-based systems due to their property of rotating
water molecules by change in polarity. For dry synthesis of zeolite, other than
conventional heating techniques, using IR radiation heating was found to be an efficient
way of heating solid particles for zeolite synthesis. This is primarily due to the reason
that the thermal radiation is directly converted into heat upon absorption in solid
material and is not dissipated into medium (i.e. air in our case) between the source and
the object. The IR heaters are generally used for heating buildings efficiently or drying
different chemicals such as dyes, paints etc. and foodstuff (Blanc et al. 1997; Dhib 2007;
Hashimoto and Kameoka 1999; Raghavan et al. 2005; Ricks 1998). This is the first time
that an attempt is made to use IR heating for the synthesis of zeolites.

In this study, our technique was based on using porous amorphous SiO, particles

with an average size of 50um, which is suitable for use in any fluidized bed system. The

silica particles were added with different quantities of AlL,O, in different stages in order
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to adjust SiO, / Al,O,to a desired ratio. Finally, a solution of NaOH was added to the

SiO, particles to fill their pores t0100% . The SiO, particles filled with NaOH solution

appeared dry as the surface of the particles was almost dry. This made the particles
fluidizable in a fluidized bed system.
The concept of this design was evolved from the idea of using the solution filled

SiO, particles in a fluidized bed system so that during heating a uniform temperature

may be achieved. A rapid heat transfer was ensured by using IR heaters in order to
obtain the desired reaction temperature of the particles in a very short time. The
combination of the two was pivotal in achieving a rapid and uniform heat transfer thus
making the synthesis time shorter. Since the particles were not completely dry, the use of
the vibrated baffles helped in fluidizing the particles. The heating was carried out with
the help of ring shaped IR heaters, which surrounded the fluidized bed in order to obtain
uniform heating. The air was used for fluidization of the particles in a closed loop
fashion. The recirculation of air was needed in order to maintain the vapours of the
reaction mixture within the system ensuring constant reaction conditions. Initially, this
design was based on a batch process, which may further be modified to a continuous

process. Figure 5.3 shows the schematic diagram of the VBFB reactor system.

5.3.1 Description of Vibrated Baffle Fluidized Bed (VBFB) Reactor System

Figure 5.3(c) depicts a detailed drawing of the VBFB reactor system, which was
fabricated at the University of Western Ontario Engineering Machine Services. The
reactor system is composed of stainless steel with a quartz window 5 cm in diameter and

a total height of 97 cm. The initial bed height for the SiO, particles is 10 cm. The heated

section is composed of quartz to visually observe the fluidized particles, to provide
minimum absorption or maximum transmittance to infrared radiation, and to withstand
fairly high reaction temperature within the reactor. The source of heat is ring-shaped
infrared emitters, which are four in number to cover the entire bed height for uniform
heating. The heaters are coated with pure gold on the one side for maximum reflection of

radiation in order to direct the IR radiation into the fluidized bed.
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Schematic Diagram of Vibrated Baffle Fluidized Bed (VBFB) Reactor
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Figure 5.3: Schematic of vibrated baffle fluidized bed (VBFB) reactor; (a) The fluidized
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A porous plate is provided at the bottom of the bed to provide uniform
distribution of air throughout the bed. A cone is designed and located in the wind box to
facilitate the uniform distribution of air. Several pressure taps are located in wind box,
fluidized bed, and the freeboard to study the pressure drop in different locations. This is

helpful in determining the minimum fluidization velocity (u,,), particle size, etc. A

deflection plate is located near the top of the freeboard in order to stop majority of fine
particles entrained in the gas leaving the fluidized bed. Further capturing of fine particles
is ensured by the micro filters located in the recycle line.

Since the reaction temperature is very important for the desired synthesis, a set of
thermocouples is provided at the base of the bed, top of the bed with adjustable height,
and one in the freeboard to measure the leaving gas stream temperature. The
thermocouple with adjustable height on the top of the bed is used to control the
temperature of the bed. The top thermocouples are inclined at an angle of 60° from
horizontal in order to reach the top of the bed. This was needed as it was difficult to drill
hole and make space for thermocouple in quartz tube. One of the thermocouples on the
top of the bed is connected to a PI controller. The PI controller is used to control the
temperature of the bed by turning on and off the IR emitters in order to achieve the
desired temperature in the bed.

The reactor is equipped with five perforated baffles, which are mounted on a
central shaft attached to a flywheel. The flywheel is drilled with holes in different
locations, which is used to change the amplitude of vibrations. The flywheel is connected
to a variable speed electrical motor to drive it at variable frequencies. Inter-baffle
distance is adjustable with the help of variable size sleeves in between the baffles. The
hot moist air leaving the bed is recycled by using a diaphragm blower, after passing
through micro filters, in order to preserve the reaction conditions inside the reactor. The
purpose of using diaphragm blower is to minimize the escape of fine particles from the
micro filter, and keep the blower operational under severe operating conditions.
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5.3.2 Internals of Vibrated Baffle Fluidized Bed (VBFB) Reactor System

The fluidized bed reactor system composed of several sections including the bed,
freeboard, windbox, perforated baffles, ring shaped infrared emitters, temperature and
pressure sensors, etc. The VBFB reactor system is designed for a maximum operating

temperature of 200°C .

5.3.2.1 The Bed

The bed section is composed of quartz tube with diameter of 5 cm and total height
of 15 cm. The quartz tube was manufactured and supplied by Pegasus Industrial
Specialties Inc. Ontario. The quartz tube was chosen for maximum transmission of IR
radiation and to withstand fairly high temperatures. The bed height of the silica particles
was kept around 10 cm. The additional height of the quartz tube provided a visual
observation for any rise in the bed height during fluidization. The fluidized bed was

designed based on the minimum fluidization velocity (u,) of 2.83 mm/s of the SiO,
particles with an average particle size of 50 zm. The calculations for u,, are shown in

Appendix A. The bed section contains five perforated baffles 2 cm apart covering the
entire height of the bed section. The reciprocating motion of the perforated baffles further
aids in fluidization. The diameter of the perforated disc was chosen as 4.8 cm in order to
allow free movement of the baffles inside the quartz tube. The size and number of holes
on each perforated disc were 3mm and 102, respectively. The calculations are shown in
Appendix A with the assumption that the open area on the perforated disc is about 40%
of the disc area. The addition of vibrated perforated baffles in the fluidized bed was to

facilitate the fluidization of the particles at u., in order to keep the size of freeboard

small and to minimize the escaping fine particles from the freeboard.

Since it was difficult to make connections for thermocouples and any other
accessories at the top and the bottom of the quartz tube, therefore, the bottom of the bed
was connected with a stainless steel section of 5 cm in diameter and 1.8 cm height. This
section was fitted with a commercially available stainless steel perforated porous plate of

0.2umin size and 5 cm in diameter in order to distribute air uniformly at u_,. The

porous plate was provided by Mott Corporation, USA. The bottom section of the bed also
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contains two K-type thermocouples to measure the temperature at the bottom of the bed.
The outside of the quartz tube is surrounded by four ring shaped IR emitters, each is 2 cm
apart. The ring shaped IR emitters are 80 mm in size with a heating capacity of 1500W
each (total 6000W for four heaters). The IR emitters are composed of quartz tube for
maximum transmission of IR radiation, and are coated with gold on one side for
directional radiation focused on the bed. The IR emitters were supplied by Heraeus
Noblelight LLC, USA.

5.3.2.2 The Freeboard

The freeboard is a 5 cm diameter stainless steel tube, with a total height of 61.8
cm. The freeboard contains connectors for temperature and pressure measurements at
different locations. It also contains a deflection plate of 4 cm in diameter located 12.7 cm
from the top of the freeboard. The calculations for the position of the deflection plate are
shown in Appendix A. A hole is drilled on the top of the freeboard to install the
reciprocating rod connected to the perforated baffles in the fluidized bed section. A guide
hole is also provided near the bottom of the freeboard in order to overcome any radial
displacement or vibrations produced by the reciprocating rod. The purpose of the
reciprocating rod is to induce vibrations in the fluidized bed with the help of five
perforated baffles mounted at the end of the rod. The frequency and the amplitude of the
vibrations are controlled by the speed of the motor and the flywheel with holes in
different positions on which the reciprocating rod is mounted. The position of hole on the
flywheel controls the amplitude of the vibrations in the range of 0.25-2.5 cm. The
frequency of the vibrations is controlled by adjusting the speed of the motor in the range
of 0.5-5 Hz (30-300 rpm on the scale of 1-10).

Two air outlet connections of 0.6 cm in size are provided on the top. The top of
the freeboard is also equipped with a pop-up safety valve set at 15 psig. Two connections
are made at the bottom of the freeboard to facilitate for retractable thermocouples. The
angle of each connection is 60° from horizontal in order to access the top of the bed. The
position of inclined thermocouples is set such that it does not hinder the reciprocating

motion of perforated baffles.
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5.3.2.3 The Windbox

The windbox is made of stainless steel with 5 cm in diameter and a total height of
13.9 cm. The windbox contains an air inlet of 0.6 cm at the centre of its bottom. A
deflection cone is placed inside the windbox for a uniform distribution of air before it
passes through the porous plate. The cone is located 7.3 cm from the bottom of the
windbox, with a length of 3 cm and a diameter on the wider side of 3 cm. The
calculations for the design of cone, its location in the windbox, and the height of the
windbox are shown in Appendix A.

5.4 EXPERIMENTAL

The chemicals used to conduct the parametric study for the synthesis of zeolite in
the fluidized system were the same as described in Chapter 3. The source of silica was
the porous amorphous silica (SiO,) gel particles (Sylopol 948) of 50um average size
supplied by W. R. Grace & Co. (Columbia, Maryland, USA). The source of alumina was
aluminum nitrate nonahydrate (AI(NO;),-9H,0) supplied by VWR, Canada. The
structure directing agent (SDA) was different concentrations of sodium hydroxide
(NaOH) solution supplied by Alphachem Canada, and distilled water (H,O) which also
adjusted the pH. Beside chemicals, two types of reactors were used: vibrated baffles
fluidized bed (VBFB) reactor, and stainless steel tubular reactor (12" x0.25") with
20.5mL in size. The stainless steel tubular reactor was used for comparison purpose.

The synthesis method was adapted from a method reported in literature (Murrell
et al. 1999), after several modifications in order to make it suitable to our operating
conditions and equipment.

The starting material was silica gel particles in which aluminum nitrate

nonahydrate was added in three steps to adjust the desired ratio of (SiO, /Al,O;). In the
first step, 100 g of silica gel particles (size50.m) were added with different quantities
and concentrations of AI(NO;),-9H,0 in water in the range from 187.4 - 197.3 g of

solution (17.9 - 24.1 wt%) through incipient wetness using a 600 ml Teflon container.

Then mixing was carried out at 500 rpm using a mixer equipped with a Rushton turbine

of 2" in diameter. The mixing was carried out for about 15 min until all the solution was
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adsorbed in the pores of silica particles through incipient wetness. The particles did not
form any paste during mixing and remained essentially in flowable powder form. After
mixing, a retention time of 1 hr was given at room temperature for complete penetration
of solution throughout the pores of silica particles. The water was then removed from the
pores of the silica particles by drying the particles at 120°C using a forced air convection
oven until constant weight was achieved. During the process of drying intermittent
mixing of particles was carried out in order to avoid formation of agglomerates. The

drying process allowed the removal of water from the pores and deposition of AlI(NO,),

inside the pores of silica particles. After drying, alumina was obtained by carrying out
calcination at 500°C for 2 hr with a heating rate of 4°C/min in a furnace, followed by a
decrease in temperature to 120°C with a cooling rate of 4°C/min . The calcination

process converted Al(NO,), to Al,O,. With this step, SiO, / Al,O, ratios obtained were

in the range from 14.9-20.1. In step two, about 97 g of silica gel particles were taken
from step 1 and different quantities and concentrations of AI(NG,);.9H,0 solution in
water were added in the range of 155.8-160.7 g (21.8-26.6 wt%), followed by mixing at
500 rpm for 15 min and subsequently, a retention time of 1 h at ambient temperature.
Drying was carried out at 120°C to a constant weight with intermittent mixing. Finally,
calcination was carried out at 300°C for 6 h with a heating rate of 4°C/min , followed by
a decrease in temperature to 120°C with a cooling rate of 2°C/min . In this

step SiO, / Al,O, ratio was in the range of 7.4-9.7. In the third step, 97 g of silica gel

particles obtained from step 2 were added with different volumes and concentrations of

AI(NG,);.9H,0 in water ranging from 116 g to 130 g (9-29.5 wt%), followed by mixing

at 500 rpm for 15 min, and a subsequent retention time of 1 h at ambient temperature.
Drying was carried out at 120°C to a constant weight with intermittent mixing.
Subsequently, the calcination was carried out at 300°C for 6 h with a heating rate
of 4°C/min , followed by a decrease in temperature to 120°C with a cooling rate of

2°C/min . With the third step, the SiO, / Al,O, ratio was finally adjusted to about 5.1-

6.2. During the three steps of adding Al,O, into SiO, particles the pore volume of SiO,
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particles was reduced from 1.56cm®/ g to about 0.64 —0.78cm®/ g, which was due to the
occupation of ALQO, in the meso-pores of silica particles.

Finally, in the fourth step, the addition of NaOH solution to the SiO, particles

obtained from third step was carried out. Since the material was to be used in the VBFB
reactor, therefore the amount of NaOH solution used was estimated to be in the range of
97-100% of the pore volume of the silica particles in order to carry out the synthesis
reaction. The particles did not form a paste, and apparently looked dry. To carry out the
fourth step, a 4-5 g of material obtained from the third step was added with 32 wt%
solution of NaOH using a 60 ml size of polypropylene bottle. Hand mixing with the help
of a small glass rod was carried out in the polypropylene bottle in order to adsorb NaOH
solution into the pores of precursor particles. The reaction was carried out in two types of
reactors in order to observe the effects of various parameters on the synthesis of zeolites.
The VBFB reactor and stainless steel tubular reactor served as the batch reactors for the
synthesis reaction. The stainless steel tubular reactor was sealed using Teflon tape before
the reaction. An ageing time of 1 h was allowed at ambient temperature before the

synthesis reaction. The molar compositions of the precursor were as:

Na,O :0.518 —0.711AL,0, : 3.211—3.629Si0, :10.444H,0

The synthesis reaction was carried out at 100°C using the forced air convection

oven by placing the sealed stainless steel tubular reactor for 24 h. In case of the VBFB
reactor, the material obtained from forth step was loaded in the reactor from the feed port.
It took about 155 g of material to fill the reactor. The recirculation of air was started with
a flow rate in the range of 400-800 cm®/min . The vibrated baffles were started and kept
in the range of 150 rpm with amplitude of 0.5 cm. The set point of temperature in the
bed was gradually increased to 100°C which started the IR heaters in on-off mode. The
synthesis was carried out between 5-20 min.

After the synthesis reaction, the set point for the VBFB reactor was reduced to
ambient temperature, and the products were removed from the reactor partly through
sample valve and the remaining amount by opening the reactor. Several samples of
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product were collected from different locations of the bed to verify the consistency of the
product composition. On the other hand, the stainless steel tube reactor was taken out of
the oven and allowed to cool to ambient temperature under natural convection. The
product from both reactors was washed with water, and filtered under vacuum using a

25um size of filter paper. The final product was deposited on the filter paper in the form

of a cake, which was then scrapped with the help of a spatula and was then dried in

forced air convection oven at 100°C .

5.4.1 Two-step method

A key modification made in the synthesis method as compared to our previous
syntheses in polypropylene bottles and stainless steel tubular reactor, was that the number
of stages was reduced from three to two for the gradual addition of AI(NO;),-9H,0O into
SiO, particles. This method was adopted, as it was necessary to load SiO, particles into

the VBFB reactor with pores filled approximately up to 100%. In our previous studies,
the pores were filled around 170 - 200%. The particles having more than 100% filled
pores were from slightly wet to dry but did not form any paste. However, the extra

moisture for the VBFB reactor was a hindrance in fluidization. At the same time the pore
volume of the SiO, particles was reduced from 1.56cm®/g to about 0.67cm®/g in three
stages of adding AI(NO,),-9H,0. The reduced pore volume of 0.67cm*®/g for the
SiO, particles filled with 100% NaOH solution did not initiate any reaction in stainless

steel tube reactors in 24 hours; however, the crystals were formed in the VBFB reactor.

Therefore, a two-stage preparation of SiO, particles was developed in order to adjust the
(SiO, / Al,O,) ratio and to acquire a larger pore volume.

The starting material was silica gel particles in which aluminum nitrate

nonahydrate was added in two steps to adjust the desired ratio of (SiO,/Al,O,). In the
first step, 75 g of silica gel particles (size 50um) were added with 147.89 g of
AI(NG,), -9H,0 solution in water (27.3 wt%) through incipient wetness using a 600 ml

Teflon container. Then mixing was carried out at 500 rpm using a mixer equipped with a

Rushton turbine of 2" in diameter. The mixing was carried out for about 15 min until all
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the solution was adsorbed in the pores of silica particles through incipient wetness. The
particles did not form any paste during mixing and remained essentially in flowable
powder form. After mixing, a retention time of 1 h was given at ambient temperature for
complete penetration of solution throughout the pores of silica particles. The water was
then removed from the pores of the silica particles by drying the particles at 120°C using
a forced air convection oven until no detectable change in the weight was observed.
During the process of drying an intermittent mixing of particles was carried out in order
to avoid any formation of agglomerates. The drying process allowed the removal of water

from the pores and deposition of AI(NO,), inside the pores of silica particles. After

drying, alumina was obtained by carrying out calcination in a furnace at 300°C for 6 hr
with a heating rate of 3°C/min which was preceded by increasing the furnace
temperature to 160°C for 3 hr with a heating rate of 3°C/min , followed by a decrease in
temperature from 300°Cto 170°C at a cooling rate of 1.5°C/min for 5 h. The
calcination process converted AI(NG,), into Al,O,. With this step, a SiO, / Al,O, ratio

of 13.17 was obtained. In step two, about 74 g of Silica gel particles were taken from step
1 and added with 120.87 g of AI(NO;),.9H,0 solution in water (32.85 wt%) were added,

followed by mixing at 500 rpm for 15 min and subsequently, a retention time of 1 hr at
ambient temperature. Drying was carried out at 120°C to a constant weight with
intermittent mixing. Finally, calcination was carried out at 300°C for 6 h with a heating
rate of 3°C/min which was preceded by increasing the furnace temperature to 160°C
for 3 hr with a heating rate of 3°C/min , followed by a decrease in temperature from
300°Cto 170°C at a cooling rate of 1.5°C/min for 5 h. With this step a
SiO, / Al,O, ratio of 6.2 was obtained.

During the two steps of adding Al,O, into SiO, particles the pore volume of

SiO, particles was reduced from 1.56cm®/g to about 0.85cm®/g . Finally, in the third
step, the addition of NaOH solution to the SiO, particles obtained from the second step

was carried out. Since the material was to be used in VBFB reactor, therefore the amount
of NaOH solution used was in the range of 97-100% of the pore volume of the silica

particles in order to carry out the synthesis reaction. The particles did not form a paste,
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and apparently looked dry. To carry out the third step, a 4-5 g of material obtained from
the second step was added with 32wt% solution of NaOH using a 60 ml size of
polypropylene bottle. Hand mixing with the help of a small glass rod was carried out in
the polypropylene bottle in order to adsorb NaOH solution into the pores of precursor
particles. The reaction was carried out in two types of reactors in order to observe the
effects of various parameters on the synthesis of zeolites. The VBFB reactor and stainless
steel tubular reactor served as the batch reactors for the synthesis reaction. The stainless
steel tubular reactor was sealed using Teflon tape before the reaction. An ageing time of 1
h was allowed at ambient temperature before the synthesis reaction. The molar

compositions of the precursor were as:

Na,O : 0.4609Al,0, : 2.858Si0, :10.444H,0

The synthesis reaction was carried out at 100°C using the forced air convection

oven by placing the sealed stainless steel tube for 24 h. In case of VBFB reactor, the
material obtained from third step was loaded in reactor from the feed port. It took about
155 g of material to fill the reactor. The recirculation of air was started at a flow rate in
the range of 400-800cm®/min . The vibrated baffles were started and kept in the range of
150 rpm with amplitude of 0.5 cm. The set point of temperature in the bed was gradually

increased to 100°C which started the IR heaters in an on-off mode. The VBFB reactor

was operated for 5-20 min. After the synthesis reaction, the set point for VBFB reactor
was reduced to ambient temperature, and the product was removed from the reactor. The
processing of the product after its removing from the reactor was the same as described

earlier.

5.5 CHARACTERIZATION OF NaY ZEOLITE USING PXRD, XRF, EDX, SEM,
and BET

The product was analyzed by powder X-ray diffraction (PXRD), BET surface

area analyzer, scanning electromicroscopy (SEM), X-ray florescence (XRF)

spectrometer, and energy dispersion X-ray (EDX) analyzer. For determining the crystal
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structure, a Rigaku diffractometer equipped with CuKe radiations at 40 KV was used.
For surface area analysis, Micromeritics ASAP 2010 adsorption instrument equipped
with version 5.0 software was used. Prior to analysis, the sample of weight 0.095g was
outgassed in vacuum at 100°C for at least 16 h. Brunauer-Emmett-Teller (BET) surface
area was determined using nitrogen as the adsorbent. Pore volume distributions and total
pore volumes were calculated from the adsorption and desorption branches of the
isotherm using the Barett-Joyner-Halenda (BJH) model. Scanning electromicroscopy
(SEM) was carried out using Hitachi S-4500 scanning machine capable of producing a
spatial resolution of < 2 nm at a high electron beam voltage (> 15 kV). The Hitachi S-
4500 field emission SEM is fully equipped with an EDAXTM EDX system, which
provides EDX analyses in parallel with SEM images of the sample. The XRF analysis
was conducted on Phillips PW1400 XRF spectrometer using fusion technique to

determine the ratio of silica and alumina.

5.6 RESULTS AND DISCUSSION
5.6.1 Effect of Si/Al ratio on Synthesis using Three-Step Preparation Method
Initially the synthesis material was prepared by our regular method in which the

SiO, / AL,O, ratio was adjusted in three steps. The three-step procedure resulted in a

lower pore volume in the range of 0.64—0.78cm*®/g. We used this pore volume and
filled the pores of the silica particles by 32wt% NaOH solution up to 100% instead of
around 170% that we used in our previous studies. We selected two SiO, / Al,O, ratios
of 5.1 and 6.2 in order to observe any changes in the synthesis reaction. We did not use a
ratio lower than 5.1 as it may tend to form NaX instead of NaY zeolite, also a lower Si/Al
ratio is not preferred in industry. We also did not try to obtain higher SiO, / Al,O, ratio
than 6.2 as our previous studies and other studies have reflected that the synthesis time
increases with increasing SiO, / Al,O, ratio (Kacirek and Lechert 1975; Kacirek and
Lechert 1976).

Two types of reactors were simultaneously utilized i.e. the VBFB reactor and

stainless steel tubular reactor to synthesis zeolite with a SiO, / Al,O, ratio of 5.1. This

strategy was used to observe what type of product was obtained in two different reactors.
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Since the silica particles were only filled up to 100% with 32wt% NaOH solution in order
to maintain the flowability of the particles, it was found that the stainless steel tubular
reactor did not show any sign of crystal formation for duration of 24 hr and at a
temperature of 100°C using PXRD analysis; however, some crystal formation was
observed through SEM images which can be seen in Figure 5.4. Figure 5.4 (a) shows the
silica particles, which have retained their shape. The higher magnification is depicted in
Figure 5.4 (b), which shows the crystals were in the range of 100-200 nm. It is also noted
that the cluster size was in the range of 500 nm. One reason that may support this
observation could be the reduction in nucleation rate which may be due to the location

and occupation of SiO, and Al,O, in the framework of nuclei that led to the formation

of larger but fewer crystals. For this reason the crystals were larger than 50 nm. In our
previous study where the 32wt% NaOH solution filled the pores of the silica particles by
170%, we observed smaller crystals. The same reason may hold true for the smaller
cluster size as reduction in nucleation rate caused fewer and larger crystals. Generally the
crystals may grow in size in two ways i.e. by the addition of growth units and by
aggregation. There is abundant evidence in literature which indicates the aggregation of
crystals during their growth (Cundy et al. 1995a; Gonthier and Thompson 1994). This
phenomenon has been observed in our previous studies that larger crystals lead to smaller
clusters. It seems that the amount of NaOH solution was not enough to carry out an
observable synthesis reaction for the chosen reaction duration. Apparently the smaller
pore volume plays a role. Since the pores were filled up to 100% as compared to around
170% in previous studies, therefore a sufficient vapor pressure was not produced in order
to carry out the reaction in the tubular reactor, which was maintained at indigenous

pressure for the duration of 24 h.
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Figure 5.4: SEM images of NaY zeolites in stainless steel reactor with 100% pores filled

with 32 wt% NaOH solution: (a) silica particle in stainless steel tubular reactor with

SiO, / AL, O, ratio of 5.1 (b) zoomed view of silica particle.
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On the other hand, when the same reaction was conducted in the VBFB reactor
for 5 min at100°C, it produced crystals. The SEM images can be seen in Figure 5.5. A
marked difference is discernable when a comparison is made between Figure 5.4 and 5.5.
In the VBFB reactor, the silica particle has retained its shape and crystals are observed on
its surface, as shown in Figure 5.5 (a). However, the zoomed view clearly indicates that

the crystal size in Figure 5.5 (b) is in the range of 500 nm to1xm, which is very large as

compared to the 100-200 nm crystals in stainless steel tube reactor. The shape of the
crystals in the VBFB reactor was more cylindrical as compared to cubical shape observed
in stainless steel tube reactor. The large crystal size in the VBFB reactor clearly indicates
that there may be a change in the crystal growth rate. A linear growth rate has been
reported in many studies depending upon the synthesis conditions e.g. Si/ Al ratio,
temperature, ageing etc. (Cundy et al. 1995a; Gonthier and Thompson 1994; Grebner et
al. 1993; Kacirek and Lechert 1976; Wiersema and Thompson 1996; Zhdanov and
Samulevich 1980). One plausible reason could the acceleration of surface integration of
the crystals, which has caused a rapid growth in a short span of time i.e. 5 min. The
literature has shown that surface integration is a rate limiting step in view of other
parameters for crystal growth including crystal linear growth rate, formation of covalent
bond to form a polymeric structure piece by piece for T-O-T bonds, activation energy
(z 45—9OkJmoI’1) (Barrer 1982; Cournoyer et al. 1975; Cundy et al. 1993; Garside and
Shah 1980; Mostowicz and Sand 1982; Mullin 1993; Thompson 1998). The reduction in
nucleation rate is reasonable in the VBFB as fewer crystals were observed and at the
same time no clusters of crystals were found. Mostly single crystals were observed with
some inter growth in other crystals. In the literature, claims have been made for the
acceleration of surface integration but in the end mostly rejected (Cundy and Cox 2005).
Based on our observation we are not sure whether the surface integration was playing any
role or not. We were able to produce large single crystals in a very short reaction time of

5 min in the VBFB reactor using IR radiation as the heat source.
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(b)
Figure 5.5: SEM images of NaY zeolite using VBFB reactor with pores 100% filled with
32 wt% NaOH solution: (a) silica particle with SiO, / Al,O, ratio of 5.1 (b) a zoomed

view of crystals.
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Such large crystals were not observed in the stainless steel tubular reactor running for 24
hr in parallel to the VBFB reactor. In fact, in all our previous studies we did not find any
results similar to the VBFB reactor in 5 min of reaction time. The high rate of heat
transfer in the form of IR radiation was playing a role. The emitting radiation from the IR
heaters was directly absorbed by the silica particles, with the absorbtivity of
approximately 0.9. On the other hand, reaction with microwaves does accelerate the
synthesis time but microwaves do not directly transform into heat (Arafat et al. 1993,
Cundy and Zhao 1998; Jansen et al. 1992; Kim et al. 2000; Park et al. 2001; Slangen et
al. 1997). It rotates the polar solvent and water molecules, and the rotation causes heat to
generate. This rapidly generated heat causes synthesis reaction to speed up. One can
comment that there may be a lag in microwave heating as the heat reaches the desired
synthesis level in two steps. On the other hand, in the IR radiation the desired heat is
generated in one step. Though the lag may be extremely small but a clear difference was
observed in the VBFB reactor.

Both the stainless steel tubular reactor and VBFB reactor were further utilized for

the synthesis reaction by using SiO, / Al,O, ratio of 6.2. In stainless steel tube reactor no

change in morphology of crystals was observed using SEM images, and XRD results
again showed an amorphous phase. The reason may be due to the reduced nucleation rate
leading to the formation of fewer crystals. One observation was also made during the
preparation of precursors for the synthesis using especially the VBFB reactor. Generally
it was observed that when the NaOH was added to the silica particles before they were
charged to the reactors, there was a rise in temperature of silica particles. This rise in
temperature was attributed to the making of primary amorphous aluminosilicate phase
into a secondary amorphous phase through polymerization and depolymerization

reactions, and condensation reaction, i.e.

T-OH+O-T&T-0-T+OH"

T-OH+HO-T <T-0-T+H,0
where T=Si or Al
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This may have further caused the onset of the crystal growth process to an extremely
small extent at ambient temperature (Cundy and Cox 2005). The condensation reaction
was evident in the case of VBFB reactor as the dry silica particles appeared slightly wet
after 1 h of ageing at ambient temperature. Though this wetness did not affect the
flowability of the particles but it reflected the transformation of the phase from primary to
secondary amorphous phase, which remained amorphous to x-ray detection. Apparently
the preconditions were met for the synthesis but the insufficient quantity of NaOH
solution may have caused the final product to remain amorphous. The VBFB reactor also
depicted a similar scenario. It produced similar shape and size of crystals which were

observed in the study using SiO,/Al,O, ratio of 5.1, as shown is Figure 5.6. The
synthesized crystals with SiO,/Al,O, ratio of 6.2 are preferred as a higher

SiO, / Al O, ratio is looked more favorably in industry.

5.6.2 Synthesis of NaY Zeolite using Two-Step Preparation Method

From the results of experiments, based upon the three steps preparation method, it
was found that the pore size might be a cause of incomplete synthesis as the XRD results
were not conclusive; however, SEM images did show crystals. In order to further
investigate the issue, a two steps preparation method was designed, as discussed earlier,

in order to acquire a bigger pore volume of the silica particle in the range of
0.80—-0.84cm®/g. Since the results from the previous runs using SiO, / Al,O, ratio of

5.1 and 6.2 produced similar results, therefore, further tests were conducted using
SiO, / AL, O, ratio of 6.2.

The silica particles, which were obtained as a result of the two-step preparation
method, were filled with 32 wt% NaOH solution so that the pores of the silica particles
were filled up to 100% only. By doing this the flowability of the silica particles was also
maintained in order to fulfill the requirements of the VBFB reactor. The synthesis
reaction was simultaneously conducted in the stainless steel tubular reactor and the
VBFB reactor in order to observe any changes in the product as a result of using different
types of reactors. It was found that the stainless steel tubular reactor clearly showed the

formation of NaY zeolite crystals for the synthesis reaction at 100°C for the duration of
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24 hr. The XRD pattern is shown in Figure 5.7 (a) and (b), where a comparison is also
made with the commercial NaY zeolite. It can be seen in Figure 5.7 (a) that all the
required x-ray diffraction peaks were visible for our synthesized NaY zeolite. No
additional or missing peaks were detected indicating that the synthesized product was of
pure nature and no by-products were present. An overlapping pattern in Figure 5.7 (b)
further suggests that our synthesized zeolite was of similar quality as compared to the

commercial zeolite as there was no shift in the diffraction pattern. The results clearly

indicate that the increase in the pore volume from 0.64—0.78cm*®/g range to

0.82-0.84cm®/ g range made a difference in the synthesis reaction as we were able to

inject more amount of NaOH solution by 100% filling the pores of the silica particles
while maintaining the flowability of the silica particles. Apparently a minimum but
sufficient amount of NaOH was available to carry out the synthesis reaction to
completion within the time frame of 24 hr.

On the other hand, when the same material was injected in the VBFB reactor and
the synthesis reaction was carried out for 5 min under IR radiations, it did not produce
crystals that may be detected under XRD analysis. However, SEM images indicated that
some crystallization took place. Figure 5.8 depicts such scenario. The silica particle
mainly remained amorphous, as seen in Figure 5.8 (a), but at the same time single
crystals in the range of 300-600 nm were observed. The smaller crystal size, as seen in
zoomed view in Figure 5.8 (b), clearly indicates the effect of pore volume of the silica
particles. A larger pore volume may hold more quantity of NaOH solution resulting in a
higher rate of nucleation, which in turn is responsible for smaller crystals as compared to
our previous study. However, no agglomeration of the crystals was noted contrary to all
our previous studies. The formation of single crystals suggests that the nucleation rate
was not up to that level which may have triggered the formation of clusters of zeolites
with smaller crystallites. At the same time the formation of larger crystal size in a short
span of time of 5 minutes suggested that acceleration in surface integration might have
been a factor. The single crystal formation also suggests that though the nucleation rate
was not very high, but at the same time species for surface integration were available near

the surface and rapidly integrated with the surface under the influence of IR radiation.
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Figure 5.6: SEM images of NaY zeolite using VBFB reactor with pores 100% filled with
32 wt% NaOH solution: (a) silica particle with SiO, / Al,O, ratio of 6.2 (b) zoomed view

of crystals.
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Figure 5.7 (a): XRD patterns of NaY zeolite using stainless steel tube reactor (pattern in
red), and commercially available NaY zeolite (pattern in blue) obtained by STREM

chemicals.
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Figure 5.7 (b): A comparison of XRD patterns of NaY zeolite using stainless steel tubular

reactor (pattern in red), and commercially available NaY zeolite (pattern in blue)
obtained by STREM chemicals.
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Figure 5.8: SEM images of NaY zeolite using VBFB reactor with pores 100% filled with

32 wt% NaOH solution using two-step preparation method: (a) silica particle with

SiO, / Al O, ratio of 6.2 (b) zoomed view of crystals.
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5.6.3 Effect of Reaction Time on Synthesis

In order to visualize the effects of synthesis time on the product quality in the
VBFB reactor, we conducted synthesis reaction for duration in the range of 5-20 min.
The results of the synthesis reaction for 5 min are depicted in Figures 5.5, 5.6., and 5.8.
On the other hand, the results of the synthesis reaction of 20 min are shown in Figure
5.9. The chemical composition of the reactants was kept the same for Figures 5.5, and
5.9. It can be seen from both these figures that there is no apparent change in the size or
shape of the crystals. The SEM images in both Figures 5.5, and 5.9 show the crystals in

the size range of 500 nm to 1zm, and in both cases the zeolite is seen as single crystals.

It seems that the increase in the synthesis reaction time did not make any change
in the size or shape of the crystals. Apparently the reaction did not proceed further at the
prolonged reaction time. A comparison of the Figure 5.5 and 5.9 further suggested that
the reaction might have reached its completion by exhausting the available reacting
species. However, there may be a possibility that after reaching a certain size of the
crystal the further surface integration of species was slowed down due to their lack of
availability in the vicinity of the reaction site. In Figure 5.9 some smaller size single
crystals are also visible, which may further suggest that some islands of active species

were formed, in addition to growing large crystals.

5.6.4 Effect of Quantity of NaOH Solution in the Pores of Silica Particles

Two different amounts of NaOH solution were tried in our study. The solution
was added by filling the pores of the silica particles from 95% to 100%. The synthesis
material was prepared by using a two-step method in order to achieve pore volume in the
range of 0.82—-0.84cm®/g. The reaction was carried out in the stainless steel tubular
reactor and the VBFB reactor. The reaction with 95%-100% filled pore using the VBFB
did not show any crystal formation by using PXRD analysis. On the other hand the SEM
images showed the crystal formation for the 100% filled pore, as shown in Figures 5.5,
5.6, 5.8 and 5.9. However, the pores filled with 95% of NaOH solution did not show any
sign of crystal formation even on the SEM micrographs. This was a clear indication that

the amount of NaOH solution was very critical in order to start the formation of nuclei



189

and further crystal growth. However, when stainless steel tubular reactor was used to
carry out the synthesis using two quantities of NaOH solution i.e. 95-100% pores of
silica particles filled. The PXRD patterns in both cases showed very clear formation of
NaY zeolites, as depicted in Figure 5.7 (a) and (b), respectively. Both patterns were
compared with commercial NaY zeolite and did not indicate any by-product formation,
and also there was no sign of shift in the diffraction patterns that is shown in the
overlapping pattern in Figure 5.7 (b). These observations clearly indicate that the amount
of NaOH in filling the pores of silica particles is not very critical, which was observed in
the VBFB reactor. One plausible reason could be the length of synthesis time. The short
span of 5 min in the VBFB reactor did not allow any flexibility in quantity of NaOH
solution. However, the longer reaction time of 24 hr in stainless steel tubular reactor was

enough to allow synthesis reaction to proceed to completion.
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(b)
Figure 5.9: SEM images of NaY zeolite using VBFB reactor with pores 100% filled with

32 wt% NaOH solution for synthesis time of 20 min: (a) silica particle with

SiO, / AL,O, ratio of 5.1 (b) a zoomed view of crystals
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5.7 CONCLUSIONS
The effect of the SiO,/Al,O, ratio over the range of 5.1 to 6.2 was not

significant; therefore, the higher ratio of 6.2 was preferred. The novel VBFB reactor was
able to produce crystals in a short span of time of 5 min at a synthesis temperature of
100°C using two methods of preparation. However, the two-step preparation method
was found to be more effective for the VBFB reactor when using silica particles pores

100% filled with NaOH solution as it produced pore volume in the range of
0.82-0.84cm*/ g. With the two-step preparation method in the VBFB reactor the large

single crystals were obtained in the range of 300-600 nm. A smaller nucleation rate was
apparent which led to the production of large crystals. The synthesis of large size
crystals suggested a significant effect of the surface integration mechanism for the
crystal growth for a short span of time of 5 min. The stainless steel tubular reactor
produced pure NaY zeolite in 24 hr while filling the pores of silica particles between 95-

100% by using two-step preparation method.
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Appendix A

Design Equations for the Vibrated Baffle Fluidized Bed (VBFB) Reactor

Al Minimum Fluidization Velocity (u,)

(Bergougnou 2005; Briens 1999; Kunii and Levenspiel 1991; Kwauk 1992; Nedderman
1999)

Density of air:

p. =D =12929 273.13\ B-0.3783xe (A1)
T 760

Where,

T =Temperature, K
B = Barometric Pressure (mmHg)
e = vapour pressure of moisturein air (mmHg)

Considering conditions at room temperature (T =25°C)
- e=23.75mmHg

Assuming
B =760mmHg

Pair = D= 12929( 27313)|:760 —-0.3783x 23756j|

298.13 760
p, =1.1704kg/m’

kinematic viscosity of air

(ﬁ) =v,;, =-1.1555x107"*T* +9.5728 x10"'T* + 3.7604 x 10 °T —3.4484x10°° m*/s

o,
(A2)
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Taking T =298.13K

P
41, =1.5964x10°° x1.1704

1, =1.8685x107° kg/m.s

(ﬁ] = v, =1.5964x10"° m*/s

Bulk Density of particle = p,,, = 647.4kg/m®
Assuming £ =0.5

Approximate o,

Py = % ~1294.8kg/m?

Using Ergun Equation to calculate minimum fluidization velocity:

AP :150((1_5)2J{ ”gu’“fzj+1.75[(1_3‘9)j[p9u§“ ] (A3)
Hipeq € (¢d;) &g ¢d,
Also,
Wbed
AP:T:gHmf(l_gmf)(pp_pg) (A4)

combining equations A.3 and A.4

9 H A= )Py = Py) _ 1 A=2)" | Holn +175((1—g)j PyU
Hpeg & (¢dp)2 . & ¢dp

0, )(p, ~ ) = 150((1 &)

(1-¢)*

j /ug mf pg p/ug +175((1_35)j pgurif dE/ugng
(#d,)* | g, & gd, | douep,
(1 gmf)(pp pg) 150( 3 J

o0~ a9 ) a7 B
Hyg & y =

L.H.S. of above equation becomes Archimedes Number

Ar =

_ d3
P, (P, ﬂfg)g p (AS5)
g

(pgumfd J( ,ng J 175((1 g)j[pgumfdp]z[ ;ugz
dzpq & Hy )\ ddop,

|



Ar =

1.1704((1294.8 —1.1704)9.81(50 x10°)°)

(1.8685x10°°)?
Ar =5.3178

therefore:

Re,, =—C, +|C? +C, Ar |°

where,

(1_ Emt )

C, :42.86T ., C,=05714¢¢",

Assuming

£, ~05, p=1
then

C,=21.43

C, =0.071425
if Ar <1000

Re. =0.5 Ar(&)
C

1

Re,, =8.86x107
sin ce

Remf — pgumfdp
Hy

8.86x10°x1.8685x10°
T 1.1704x50x10°
u . =2.8257x10°m/s
or
Uy =0.28257cm/s =2.8257mm/s

mf
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(A.6)

(A7)
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A.2  Terminal Velocity of the smaller particles (size 27 um)

From equation A.5

_Ps(Py—py)9 05
Hq
1.1704(1294.8 —1.1704)9.81(27 x10°°)?
(1.8685x107°)?

Ar

Ar =

Ar =0.83737

C,Re’ = % Ar (A.8)

or

1/(2-b)
Re, = Utd—ppg = {ﬂ ﬂ} (A.9)

L, 3 a
first get Re

sin ce Ar <1000,
- from A7

Re. =0.5 Ar(&J
C

1

(1_‘9mf) 3
C,=4286——, C,=05714¢¢
1 ¢ 2 mf

assuming
e 05, g=1
then,

C,=21.43
C, =0.071425

Re,, =0.5x 0.83737(%j

21.43
Re, . =1.395x10°°

since Re < 2, therefore, it is in stokes regime
therefore,
a=24,b=1

from equation A.9
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37 24
Re, = 0.04652

[4 0.83737}1/(21)
Re, =| =x

1.8685x107°
27x107°x1.1704
u, =0.0275m/s
or
u, =27.5mm/s

u, = 0.04652 x

A.3  Pressure Drop (AP) across the Bed at Minimum Fluidization Velocity (uns)

From Equation A.3 or A.4, the general equation for pressure drop across the bed is:

AP Wi _ _ _ _ (1_5)2 HgUpg 1-e) Pgur?ﬁf
TR IV pg)‘lso( & J[(qzsdpf}m[ & )( ¢dpJ

or

W,
AP = ;ed =g Hmf (1_5mf)(pp _pg)

Taking u,, =v,, assuming ¢, =0.5

AP
H =g(l_gmf)(pp_pg)

mf
AP

=0.81(1—0.5)(1294.8 —1.1704)

mf

AP _ 6345.25 '2\'
m-.m

mf

if H,=10cm=0.1m
then

AP =634.525N /m’ or Pa
if H =15cm =0.15m
then

AP =951.78 N /m”or Pa
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A.4  Design of Windbox and Deflection Cone below the Perforated Distributor
Plate

Design of Deflection Cone Below Distributor

5.08 cm
Perforated Plate
"
A

© \
< =
v 3
X 10%,
O \\\
=
£
[S)
n
)

I A

A
Deflect
£
[S)
(o))
N
~
Y

A
£
© A
N ~
i 200/

/ \V//
\\ - \”/,’
)
./ 10° (Half angle)

Total air expansion of 20°

Air
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Given:
Total angle of the cone = 60°

Half angle of the cone = 30°
Length of the cone (@) =3.0cm

The angle at with the air moving up leaving the cone (point C) = 10°
Total angle at which the air enters the windbox (point E) = 20°

The half angle at which the air enters the windbox (point E) = 10°
Calculating all the lengths of the cone:

—_—

sin @ = C:D
BC
CD =sin30x3.0=0.5%3.0

CD=1.5cm

cos@ = 2
BC

BD =c0s30 x BC =0.866x3.0
BD =2.598 cm

To find length AB

R —

tanH:C:
AD

ﬂj _ CD _ 15
tan10 0.1763
AD=85cm

AB = AD - BD =8.5-2.598
AB =5.905 cm

taking 10% extra length

AB =6.5cm

Calculating the length DE

Assuming that the air stream will reach half of CD with a half angle of 10°



R —

tan @ = %/2
DE

DE - 15/2 _ 0.75
tan10 0.1763

DE =4.25cm
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A5

Diameter of top deflection disc =4 cm
Thickness of top deflection disc =2 mm

Location of Top Deflection Disc

12.5 cm (10% Extra)

11.34 cm

Top Deflection Disc

Deflection Disc

N\,

10
: 200
.90 i
\ oy
\
/C
2cm

Calculating distance of the disc from the top of the column

Air leaving the at an angle of 10° from point C

200
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e

tanazi
AB

" tan10  0.1763
AB =11.34 cm

B BC 2.0

taking 10% extra length
AB =125 cm

A.6  Design of Vibrated Baffle
Diameter of the Disc = 4.8 cm
Thickness of the Disc =2 mm

Diameter of the hole in the Disc =3 mm

Open Area on the perorated Disc = 40% of the diameter of the disc (Assumption)
area of the disc = %(4.8)2 =18.095cm?

area available for holes =18.095x 0.4 = 7.238cm’

Area of the hole = %(3/10)2 — 0.07068cm?

Number of holes needed = ﬂ =102.4
0.070685
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CHAPTER 6: APPLICATIONS OF LAB SYNTHESIZED NaY
ZEOLITE

6.1 INTRODUCTION

The zeolite was first discovered around 250 years ago as a natural occurring
mineral called stilbite (Bhatia 1990). Since then several natural occurring zeolites were
discovered like chabazite, erionite, faujasite, mordinite, etc., and found their applications
in areas of adsorption, ion-exchange, and reaction. The first industrially important zeolite
was synthesized in laboratory in 1942. Since then more than 150 types of zeolites have
been reported in literature. However, a lesser number of synthetic zeolites have been
adopted in major industrial applications such as, type A, X, Y, Z, L, ZSM-5, etc. (Corma
and Wojciechowski 1985). The petroleum industry has become one of the major
consumer of zeolites, especially in the process of catalytic cracking, where Y zeolite is
frequently used in fluid catalytic cracking (FCC) process (Breck 1974). The use of zeolite
containing catalyst in fluid catalytic cracking reaction started in mid-1960s by replacing
the acid leached clays and amorphous silica-alumina catalysts, which greatly increased
the conversion and gasoline yield and reduced the formation of coke and dry gas
formation. The first high-octane yielding FCC catalyst was commissioned in United
States in mid-1970. Since then more than one third of the gasoline sold in North America
and Europe originates in FCC units (Scherzer 1989). The process of fluid catalytic
cracking (FCC) involves a hot and almost carbon-free catalyst, which is intimately mixed
with a petroleum-derived feedstock. It is then transported through a turbulent reaction
zone with a reactant residence time of 1-4 s. The vapor products from the cracking
reaction are separated from the catalyst utilizing a variety of devices, then cooled and
fractionated in a distillation column. After the reaction the catalyst which is partially
deactivated by coke formed during the cracking reaction is regenerated by combustion in
a separate regenerator. The benefits of modern reaction systems are improved selectivity
towards desirable products. However, due to reduced reaction time and the elimination of

non-selective conversion, an increase in reaction severity is required in order to maintain
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adequate conversion. This can be achieved by increasing reaction temperature, catalyst-
to-oil ratio, or catalyst activity. The higher catalyst activity is achieved by increasing the
content of active ingredients in the catalyst. In general the commercial FCC catalysts are

manufactured using 1—2um zeolites dispersed on an amorphous silica—alumina matrix
forming an average of 60umparticles (Scherzer 1993). The zeolites are very active in

hydrocarbon conversion reactions as their pore dimensions make them selective where
the molecules are adsorbed or converted. Y-zeolite plays an important role among all the
components of FCC catalyst because of its activity as it provides the major part of the
surface area and the active sites (Pine et al. 1984; Scherzer 1989). Thus, it is a major
component in FCC catalyst which controls catalyst activity and selectivity (Arribas et al.
1987; Pine et al. 1984). Studies have indicated that having smaller crystallites Y zeolite
introduces less diffusion resistance and hence improves the catalytic activity for FCC
reaction (Camblor et al. 1989).

Another potential application of zeolites is the removal of sulfur compounds from
liquid hydrocarbons as they cause several problems such as catalyst poisoning, corrosion,
and toxic atmospheric emissions. Sulfur containing compounds released into atmosphere
after the combustion of transportation fuels are the major contributors in the formation of
smog, affecting the ozone layer, and acid rain. In the early 1990s, some regulations were
enforced to reduce the sulfur content in liquid fuels and are becoming more stringent with
time. According to new US Environmental Protection Agency (EPA 1999) regulations,
added to the Clean Air Act in 2004, the sulfur content in American gasoline has been
reduced from its average of 300 ppmw (parts per million by weight) to 30 ppmw in 2007,
and for the diesel fuel the limit is set at 15ppmw (EPA Tier 2; 2010) (Avidan et al. 2001;
Fredrick 2002; Hernandez-Maldonado, and Yang 2003a). The European Union
Directives approved regulations lowering gasoline sulfur content from 150 ppm to 50
ppm in 2005 with a mandatory 10 ppmw limit by 2009 (EUER 2010). The traditional
process to remove sulfur from gasoline and other hydrocarbons is hydrotreating or
hydrodesulfurization (HDS). The HDS process adequately desulfurizes aliphatic and
acyclic sulfur compounds but is not very efficient in removing thiophenes, and their

derivatives in order to meet the new specifications (Bianchini and Meli 1998).



210

Following the HDS process, the predominant remaining sulfur compounds are thiophene,
benzothiophene, dibenzothiophene.

In modern refineries, the major pool for gasoline comes from naphtha, which is
obtained through FCC process. The FCC naphtha contains olefinic compounds, which
are generated from cracking reactions. During hydrotreating, these olefinic compounds
are hydrogenated in parallel with the HDS reaction. Thus, the olefin saturation not only
reduces the octane rating of gasoline but also significantly increases the hydrogen
consumption (Furimsky 1998). High operational costs and the inherent chemical
limitations of the HDS process lead the petroleum industry to look for alternative ways
to desulfurize gasoline to meet the new environmental and regulatory challenges.
Recently, several processes have been introduced to effectively reduce the sulfur content
in gasoline without dropping the octane number and reduction in hydrogen consumption.
These methods are called non-HDS methods, which either do not involve the use of
hydrogen for the catalytic decomposition of organo-sulfur compounds or use hydrogen
in very limited quantities. Such methods involve following approaches that are
considered to be attractive for attaining high levels of sulfur removal by shifting the
boiling point of sulfur-containing compounds, separating by extraction or adsorption,
and decomposition via selective oxidation (Babich and Moulijn 2003). Under selective
adsorption one technique is commercially available which a propriety sorbent to reduce
sulfur. Another promising method is called extractive mass transfer but it is in
experimental state (Fredrick 2002).

In this study, attempts were made to observe the efficiency of our
synthesized zeolite as submicron-size (100-200 nm) NaY zeolite crystals inside the
micro/meso pores of amorphous silica using a dry process. Our synthesized zeolite was
used as a FCC catalyst, and also as an adsorbent for desulfurization of hydrocarbons.
We have also tried to focus on the impact of our technique on the desulfurization of
hydrocarbons in petroleum industry where our technique of sulfur removing may be
added as a finishing touch to the currently used hydrotreating or hydrodesulfurization
(HDS) process. With the addition of our technique the removal of thiophene and its
derivates may become much easier and more economical. The requirement of sulfur

content down to 30 ppmw for gasoline could easily be met. This will not only reduce the
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sulfur content in the exhaust gases of transportation vehicles but also help in reducing

the environmental pollution due to sulfur emission.

6.2 EXPERIMENTAL
6.2.1 Synthesis of NaY Zeolite

The chemicals that were used for this study were the same as described in Chapter
3, i.e. the source of silica was obtained by porous amorphous silica (SiO,) gel particles
(Sylopol 948) with 50um average size supplied by W.R. Grace and Co., USA. The
source of alumina was aluminum nitrate nonahydrate (AlI(NO,),-9H,0) supplied by

VWR, Canada. The control of pH was achieved by adding of sodium hydroxide
(NaOH) supplied by Alphachem Canada that also acted as a structure directing agent

(SDA), and distilled water (H,0) . Beside chemicals, two types of reactors were used:

polypropylene bottles of 60 ml in size, and stainless steel tube reactor (12" x 0.25") with
an internal volume of 20.5 mL.

The synthesis method was adapted from a report in literature (Murrell et al.
1999), after several modifications, as reflected in experimental procedure, in order to
make it suitable to our operating conditions and equipment. The starting material was
silica gel particles in which aluminum nitrate nonahydrate was added in three steps to

adjust the desired ratio of (SiO, / Al,O;). In the first step, 100 g of silica gel particles
(size 50um) were added with 215 g of solution of AI(NO;),-9H,0O in water through

incipient wetness using a 600 ml Teflon container, which provided 16.4wt% of

AI(NG,), to silica particles. Then mixing was carried out at 500 rpm using a mixer

equipped with a Rushton turbine of 2" in diameter. The mixing was carried out for about
15 min until all the solution was adsorbed in the pores of silica particles through incipient
wetness. The particles did not form any paste during mixing and remained essentially in
flowable powder form. After mixing, a retention time of 1 h was given at ambient
temperature for complete penetration of solution throughout the pores of silica particles.

The water was then removed from the pores of the silica particles by drying the particles

at 120°C using a forced air convection oven until constant weight. During the process of
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drying an intermittent mixing of particles was carried out in order to avoid any formation
of agglomerates. The drying process allowed the removal of water from the pores and
deposition of AI(NO,), inside the pores of silica particles. After drying, alumina was
obtained by carrying out calcination at 500°C for 2 hr at a heating rate of 4°C/min in a
furnace, followed by a decrease in temperature to 120°C with a cooling rate of

4°C/min . The calcination process converted AI(NG,), toAlLO,. With this step,
SiO, / Al O, ratio obtained was 21. In step two, about 97 g of silica gel particles were
taken from step 1, and 241 g of AI(NG,);.9H,0 solution in water was added to the
particles, which provided 14.8 wt% of AI(NO;), to the silica particles. Then, the mixing

was carried out at 500 rpm for 15 min and subsequently, a retention time of 1 h at
ambient temperature. Drying was carried out at 120°C to a constant weight with
intermittent mixing. Finally, calcination was carried out at 300°C for 6 h with a heating
rate of 4°C/min , followed by a decrease in temperature to 120°C with a cooling rate of
2°C/min . In this step SiO, / Al,O, ratio obtained was as 9.6. In the third step, 97 g of
silica gel particles obtained from step 2 were finally added with 222 g of
AI(NG,);.9H,0 solution in water providing 15.9 wt% of AI(NG,), to silica particles,
followed by mixing at 500 rpm for 15 min, and a subsequent retention time of 1 h at
ambient temperature. Drying was carried out at 120°C to a constant weight with
intermittent mixing. Subsequently, the calcination was carried out at 300°C for 6 h with
a heating rate of4°C/min , followed by a decrease in temperature to 120°C with a
cooling rate of 2°C/min . In the third step, the SiO, / Al,O, ratio was finally adjusted to
about 6.1.

During the three steps of adding Al,O, to SiO, particles the pore volume of SiO,

particles was reduced from 1.56cm*®/g to about 0.67cm®/g, which was due to the
occupation of Al,O, in the meso-pores of silica particles. Finally, in the fourth step, the

addition of NaOH solution was carried out. The amount of NaOH solution used was in
excess in the range of 200% to that of the pore volume of the silica particles in order to
carry out the synthesis reaction. The particles did not form a paste in the presence of an

excess amount of solution; however, they looked apparently wet. To carry out the fourth
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step, 2 g of material obtained from the third step was added to 20wt% solution of NaOH
using a 60 ml size of polypropylene bottle. Hand mixing with the help of a small glass
rod was carried out in the polypropylene bottle in order to adsorb NaOH solution into the
pores of precursor particles. The polypropylene bottle and stainless steel tubular reactor
served as the batch reactors for the synthesis reaction. The polypropylene bottle and the
stainless steel tubular reactors were sealed using Teflon tape before the reaction. An
ageing time of 1 h was allowed at ambient temperature before the synthesis reaction. The

molar composition of the precursor was:

Na,O :0.49Al,0, : 2.98Si0, :18.77H,0

The synthesis reaction was carried at 100°C using the forced air convection oven
by placing the sealed polypropylene bottle/stainless steel tubular reactors for 16 h and 8
h, respectively. After the synthesis reaction, the reactors were taken out of the oven and
allowed to cool to room temperature under natural convection. Upon opening the
reactors, the product appeared damp. It was washed with water, and filtered under
vacuum using a 25um size of filter paper. The final product was deposited on the filter
paper in the form of a cake, which was then scraped with the help of a spatula and was

then dried in the forced air convection oven at100°C .

6.2.2 Preparation and Testing of Y zeolite for FCC Reaction

Though NaY zeolite prepared by our method has several potential applications,
its immediate use is in the FCC unit where the small crystal size (in submicrometer
range) offers reduced diffusion resistance and aids in increasing the reaction rate. The
product that we used for FCC reaction was synthesized in stainless steel tubular reactor,
which was maintained at 100°C for 8 h. In order to prepare and test our synthesized
NaY zeolite for FCC reaction, the ion exchange was carried out first to transform the
NaY zeolite into HY zeolite in order to make it suitable for FCC reaction.

The ion exchange was carried out using 1M NH,NO, solution which replaced

the Na® with NH, cation. First of all a 500 ml 1M NH,NO, solution was prepared and
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its stirring was carried out in Rotavap at 80°C for 1 h. Then 5 g of NaY zeolite was
added to it. The solution was maintained at 80°C under constant stirring for 6 h. After
this the zeolite was recovered through washing with water and filtration. The product
was further washed with ethanol and filtered. This process was repeated three times to
ensure removal of Na* cation. After this step the zeolite was air dried at 120°C with the
heating rate of 0.5-1.0 'C/min and staying at 120°C for 6 h for complete drying.
Finally, calcination in air was carried out at 400°C for 4-5 h. The calcination step

removed NH,and the resulting zeolite was HY zeolite.
Since our product was composed of 50xmamorphous silica particles embedded

with Y zeolite, therefore any further step was not required in order to make it suitable to
be fed to FCC reactor. The reactor used for testing our catalyst was the RISER simulator
(CREC-RISER simulator, The University of Western Ontario) using a model compound
of 1,3,5-tri-isopropylbenzene (1,3,5-TIPB). Figure 6.1 provides a schematic of the
RISER simulator. The reactor was loaded with 0.8 g of our synthesized catalyst. The
catalyst/feed ratio was 5 i.e. for 0.8 g of catalyst 0.16 g of feed was injected. The RISER
simulator was first purged with argon gas at the reaction temperature for 3 h followed by
the reaction, which was carried out at 530 °C and 450 °C, respectively. The reaction

time was kept at 5 s.
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6.2.3 Testing of As-synthesized NaY zeolite for Desulfurization of Hydrocarbons

Another potential application is in the area of desulfurization of hydrocarbons.
We used our product that was synthesized in the polypropylene bottles, which were
maintained at 100°C for 16 h. We used the as-synthesized NaY zeolites embedded in
50 mamorphous silica particles. The purpose of using the as-synthesized NaY zeolite
was to check its activity for the adsorption of sulfur compounds from hydrocarbons. In
HDS processes the removal of thiophene is more challenging. That is why in this study
we chose the removal of thiophene from hydrocarbons.

The preparation of NaY zeolite for desulfurization was carried out by drying the
zeolite at 120°C for 12 h in a forced aird convection oven. This allowed removal of any
traces of non-structural water from the pores of silica particles and the embedded NaY
zeolite. The product after the drying was immediately transferred to a desiccator to avoid
any moisture absorption. The absence of moisture absorption was checked by weighing
the product before and after putting in the desiccator. The desulfurization setup consisted
of a 250 ml standard flask. A rubber cork was placed on the mouth of the flask to
prevent the vapors from escaping during the adsorption process. Due to the high
volatility of the material, all the runs were carried out in a vacuum hood. The material
was prepared by dissolving different concentrations of thiophene, ranging from 500

ppmw to 1500 ppmw, in 50cm®of hydrocarbons including hexanes, p-xylene, and

toluene. For adsorption, different quantities ranging from 2-10 g and types of adsorbents

were used. The adsorbents selected were 50umamorphous silica particles, lab
synthesized NaY zeolite embedded in 50umamorphous silica particles, commercially

available NaX zeolite (Molsiv 13X 1/16" pellets), NaY zeolite (NaY-MHSZ-128 1/16"

pellets), and commercial NaY zeolite fine powder (1—2um). Also, for certain runs the
commercial pellets were reduced to 53 -125.m powder for a better comparison with lab

synthesized product. The size reduction of commercial pellets was carried out in a

grinder and the average size of 53—-125um was achieved through sieving.
The method of adsorption consisted of taking the desired quantity of thiophene

with the help of a precision pipette and added to 50cm®of hydrocarbon solution. The
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freshly dried adsorbent cooled to room temperature was added to the solution in desired
quantity. A magnetic stirrer was added to the flask containing all the ingredients, and
then the flask was plugged with rubber cork to avoid any escaping vapors. The
ingredients in the flask were constantly stirred magnetically throughout the adsorption
process. A small sample was withdrawn from the flask every 5 min, and the adsorption

process was carried out for a maximum time of 105 min at ambient temperature.

6.3 ANALYTICAL METHODS

The analysis of the product from the RISER simulator was carried out by a gas
Hewlett Packard 5890A Gas Chromatograph (GC). The flame ionization detector (FID)
and a HP-1 25m capillary column of cross-linked silicone were used to quantify the
reaction products.

The samples from desulfurization through adsorption process were analyzed in a
gas chromatograph (GC) in order to determine the thiophene concentration in
hydrocarbons. The gas chromatograph was equipped with a sulfur-specific flame
photometric detector (FPD). A Hewlett-Packard model HP-1 (cross-linked methyl

silicone) capillary column (50 m, 0.2mmID) was used. A sample of 24l was injected in
the GC apparatus using a 5uL needle injector. Table 6.1 describes the various parameters

that were used for the GC analysis.

6.4 RESULTS AND DISCUSSION
6.4.1 Analysis of FCC Reaction

The FCC reaction was carried out at two different operating temperatures in
order to investigate the conversion of the reactants. The reaction was carried out at 530
°C and 450 °C, respectively. The preliminary tests showed some promising results. The
reaction at 530 °C exhibited a 55-65% hydrocarbon conversion and the reaction at 450
°C showed a 30-48% conversion. In order to check the reproducibility of data, when the
entire procedure was repeated, the conversion at 530 °C was dropped to around 50%,
which indicated fairly reproducible results. Mahgoub and Al-Khattaf (Mahgoub and Al
Khattaf 2005) reported the conversion of 1,3,5-TIPB using FCC catalyst
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Table 6.1: Operating Parameters Used with Gas Chromatography (GC)

Parameter Value

Inlet

injection temperature 150°C

Pressure 25 psi

split ratio 50:1
Detector (FPD)

detector temperature 300°C

He flow rate 100 mL/min
Oven

initial temperature 45 C for 3 min

heating condition Ramp 15°C/min , up to 100°C, and then

held for 1 min
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containing dealuminated Y zeolite for the similar conditions at 450°C was less than

15%. The higher conversion in this study indicated a potential of our catalyst.

6.4.2 Desulfurization of hydrocarbons
In order to test the desulfurization of hydrocarbons using as-synthesized NaY
zeolite, different parameters were addressed. These parameters included

hydrocarbon :silica ratio, different concentrations of thiophene, mixture of

hydrocarbons, and different types of adsorbents.

6.4.2.1 Hydrocarbon to Silica ratio
When we started the testing of our zeolite we were not sure what

hydrocarbon:zeolite ratio would be optimum. For this purpose we worked with 2 g, 5¢,
and 10 g of 50umamorphous silica particles prior to NaY synthesis in 50cm?®of
hexanes. These quantities corresponded hydrocarbon:silica ratios of 25, 10, and 5,

respectively.  Figure 6.2 depicts our findings. It can be seen that the higher
hydrocarbon : silica ratio does not show any sign of adsorption, similar to the case of
using 2 g of silica for adsorption of thiophene in hexanes. However, a lower ratio of 5
showed better results and the silica particle were considerably more effective to bring
down the thiophene concentration from 500 ppmw to around 300 ppmw. Though these
figures were not encouraging from silica point of view, it provided a trend of

effectiveness of using lower hydrocarbon : silica ratio.

6.4.2.2 Role of Lab Synthesized NaY zeolite for Desulfurization of Hydrocarbons

From the trends of using different hydrocarbon:silica ratios, we selected a
hydrocarbon : zeolite ratio of 5 and used the same ratio throughout subsequent studies.
Figure 6.3 depicts the outcome of using 10 g of lab synthesized NaY zeolite embedded
in 50 mamorphous silica particles for the removal of 500 ppmw of thiophene from
50cm?of hexanes. It can be seen that the lab synthesized NaY zeolite was very effective

in removing thiophene from hexanes.
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It was found that the thiophene removal was very fast and within 5 min the
concentration of thiophene dropped down to less than 15 ppmw. In order to check the
reproducibility of data, three runs were carried out at the same operating conditions. It
can be seen in Figure 6.3 that all the runs produced the similar results. The fluctuations
in data could be attributed to sampling and analysis. The effective thiophene removal
was due to its ring structure as NaY zeolite had an affinity to adsorb cycloalkenes due to
having double bonds in the structure. Hexanes were either in normal or iso- forms did
not pose any competition with thiophene for adsorption. Probably the crystal size played
a role in removal of thiophene as the size of the crystal was in the range of
100 —200nm. The advantage of using submicron size crystals, which were synthesized
within the amorphous silica particles, was that the overall particle was large about

50umand at the same time submicron crystals were effective in removing thiophene.

This scenario suggested that using these crystals in fluidized bed system would be more
effective as compared to packed bed system where pressure drop is a concern with

smaller particle size.

6.4.2.3 Effects of Different Concentrations of Thiophene in Hexanes on Lab

Synthesized NaY Zeolite

The lab synthesized NaY zeolite was also tested for different concentrations of
thiophene ranging from 500 to 1500 ppmw in haxanes. Figure 6.4 depicts the outcome of
thiophene removal at different concentrations in hexanes. A similar trend was found that
within the first 5 min the adsorption of thiophene reached more than 90% of the total
adsorption in the entire run. The 1500 ppmw concentration of thiophene was dropped to
around 100 ppmw. Whereas, the 1000 ppmw concentration of thiophene touched the 50
ppmw mark upon its adsorption in the lab synthesized NaY zeolite. All the three runs
were repeated for reproducibility of data and conformed to the results.
These results also suggest that the thiophene removal was subjected to its initial
concentration in the hydrocarbon. The higher initial concentration reached the thiophene
saturation in zeolite early that is why the adsorption in the zeolite did not proceed below
100 ppmw. This phenomenon was reflected in other two runs using initial concentrations

of 1000 and 500 ppmw, respectively.
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The saturation point was not reached in first case until concentration dropped down to 50
ppmw. Similar trend was observed for initial concentration of 500 ppmw that the end
point reached below 15 ppmw. These results suggest a higher adsorption capacity for lab
synthesized NaY zeolite.

6.4.2.4 Effects of using Different Adsorbents for the Removal of Thiophene from
Hexanes

A comparison was made using different types of adsorbents to observe their

effects on the removal of 500 ppmw of thiophene from 50cm®of hexanes. Figure 6.5
depicts the results of the comparison. The most inefficient adsorbent was found to be the

50 «mamorphous silica particles, which were unable to remove thiophene below 300

ppmw. However, one observation was also made that rate of removal of thiophene was
very fast in the first 5 min of adsorption process. This observation suggested that the

meso pores in the silica particle pose a minimal resistance for diffusing thiophene. On
the other hand when commercially available NaX zeolite (Molsiv 13X1/16") pellets

were used, it indicated a diffusion resistance as the removal of thiophene was gradual
with time. The thiophene removal rate was not as fast as amorphous silica particles, as
shown in Figure 6.5. This suggested a requirement of minimal diffusion resistance for
adsorption. In order to overcome the diffusion resistance, the pellets of commercial NaxX
zeolites were ground and the particles with an average size in the range of

53 -125u.m were selected. Figure 6.5 showed that the initial thiophene removal rate was

faster as compared to NaX pellets, and at the same it was similar to amorphous silica
particles. However, the overall thiophene removal by NaX zeolite remained similar in
both cases. This suggested that the NaX zeolite was not a suitable candidate for sulfur
removal because of its lower affinity for thiophene adsorption. However, the size
reduction was helpful in minimizing diffusion resistance for thiophene compound. A
comparison of NaX zeolite was made by Reut and Prakash (Reut and Prakash 2006) in
which NaX performed better than many other adsorbents, however, this preliminary

study suggested potential prospects for our lab synthesized zeolite.
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Commercially available NaY zeolite (MHSZ -1281/16") pellets were also tested

for thiophene removal. Though it was more efficient than NaX zeolite as it lowered
down the thiophene concentration to about 80 ppmw; it also posed the diffusion
resistance. That is why the slope of the curve was brought to zero in 45 min. This
suggested that commercial NaY was effective but it took a long time to reach its
saturation point. On the other hand when a commercially available NaY zeolite in fine
powder (supplied by Strem Chemicals) was used, it produced the similar results that
were obtained by lab synthesized NaY zeolite. The major difference between the two

was that the fine powder was pure zeolite with particle size of 1—2xm. Such a small

size is not feasible to be used in any type of adsorption bed either fixed bed or fluidized
bed. The size limitation was overcome in our lab synthesized NaY zeolite as the zeolite

carrier particle was 50m in size, which made it a suitable candidate for a fluidized bed

system. A comparison of the slopes of both NaY zeolites suggested that the lab
synthesized NaY zeolite was fully capable of behaving like pure zeolite and at the same
time its embedded arrangement in amorphous silica particles made it viable for industrial

use.

6.4.2.5 Effects of using Aromatic Mixtures on the thiophene Removal using Lab

Synthesized NaY Zeolite

Since the petroleum products contain different types of aromatic compounds, two
types of aromatic compounds were selected for this study to observe their effects on
thiophene removal capabilities of lab synthesized NaY zeolite. For this purpose two
solutions were prepared and calibrated for thiophene concentrations. The first solution
was a 10wt% p-xylene in hexanes and the second solution was 10wt% toluene in
hexanes. Figure 6.6 shows the effects of removal of 500 ppmw thiophene from these
solutions. It can be seen that the presence of p-xylene posed no competition with
thiophene for adsorption on the zeolite. For this reason the thiophene removal was swift

and more than 90% of thiophene was removed in first 5 min of adsorption process.
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On the other hand, when the mixture of 10 wt% toluene was subjected to
adsorption, a sort of competition started to come in place, which may be explained by

the 7 —complexationbond nature of NaY. Thus, toluene may have a higher tendency for
making 7 —complexation bond with zeolite (Takahashi et al. 2002). For this reason the
thiophene removal dropped in presence of toluene. In this case the first 5 min were still
important as the most of the adsorption took place during this time and afterwards it
leveled off. This scenario suggested that Na® cation was not capable to selectively
adsorbing the thiophene. The drop in adsorption capabilities could be revived by
replacing the Na® cation with other potential metals such as Cu*, Ag*,Co™,La"™etc.
(Hernandez-Maldonado and Yang 2003a; Hernandez-Maldonado and Yang 2003b;

Hernandez-Maldonado et al. 2005; Jayaraman et al. 2006; Li et al. 2006; Takahashi et
al. 2002; Yang et al. 2003).

6.5 CONCLUSIONS

Our lab synthesized NaY zeolite converted to HY zeolite after ion exchange and
used as a catalyst without any further processing resulted a higher conversion for FCC
reaction for the model compound 1,3,5-TIPB. The conversion obtained was in the range
of 55-65% at 530°C with a reproducibility error of 10%. The synthesis of NaY zeolite
within the amorphous silica particles of 50.m in size eliminated the step of loading the
zeolite in an inert matrix. A further study is thus suggested to explore the potential of our
synthesized catalyst. The preliminary results of as-synthesized NaY zeolite for thiophene
removal from hydrocarbons were very encouraging since the adsorption was achieved in
a short span of time of 5 min at ambient temperature. The lab synthesized zeolite was
found to be most effective as compared to other adsorbents i.e silica particles of size
50um, commercially available NaX and NaY zeolite pellets. The performance of
commercial NaY zeolite fine powder was compatible with our synthesized NaY zeolite.
However, the small size of crystals for commercial NaY zeolite made it unsuitable for
any direct application in industry. Whereas, our synthesized zeolite has a potential for

fluidized bed applications since the overall silica particle size is 50um which is

embedded with NaY zeolite. The thiophene reduction to a low concentration of 15
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ppmw was obtained successfully, while removing 500 ppmw of thiophene from hexanes

and mixture of p-xylene in hexanes. However, the thiophene removal from the mixture
of toluene in hexane was not up to the mark as the affinity of Na® was more for toluene
than thiophene, which was due to 7 —complexationbond nature of NaY zeolite. It is
therefore suggested to use other metals cations Cu*, Ag*,Co™?, La* etc. to replace Na*

for further studies. The lab synthesized NaY zeolite after some modifications may be

added to oil industry as a finishing step in desulfurization process.
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CHAPTER 7: CONCLUSIONS AND RECOMMENDATIONS

7.1  CONCLUSIONS
This Ph.D. dissertation is a research study based on an experimental work to

explore the synthesis of nano-sized NaY zeolite within 50m silica particles using a dry

synthesis process. The synthesis arrangement of NaY zeolite embedded in silica particles
was achieved by using three different types of reactors including polypropylene bottles,
stainless steel tubular reactors, and a novel vibrated baffles fluidized bed (VBFB) reactor
coupled with infrared (IR) radiation emitters as a source of thermal radiations for a fast
zeolite synthesis reaction rate. The product analysis was carried out using several
analytical methods including PXRD, BET, SEM, EDX, and XRF. A systematic
parametric study was conducted to observe the effects of several operating conditions on
the synthesis of the desired product. The shift from polypropylene bottles to stainless
steel tubular reactor concluded that a faster synthesis rate was possible in the stainless
steel reactors due to better heat transfer. This led to the idea of using IR radiations for a
faster synthesis rate due to the possibility of higher heat transfer rates by thermal
radiations. The synthesized product was further tested for its performance for fluid
catalytic cracking (FCC) process in riser simulator (CREC-RISER simulator, The
University of Western Ontario) using a model compound 1,3,5-tri-isopropylbenzene
(1,3,5-TIPB). The conversion was compared with other studies and found to be 100%
more under the similar operating conditions. Also, the as-synthesized product was tested
for the desulfurization of hydrocarbons using model compounds, i.e. thiophene in
hexanes and mixtures of hexanes with aromatic compounds such as p-xylene and toluene.
Our lab synthesized zeolite removed thiophene from 500ppmw to less than 15ppmw in 5
min in most of the cases.
The most relevant conclusions of this thesis work are as follows:

1. A thorough literature review revealed prevalence of heterogeneous transformation
mechanism over the homogeneous mechanism in zeolite synthesis. The solid-solid
transformation shifted the generally used solution based hydrothermal process towards

dry synthesis mechanism. The dry synthesis mechanism showed several advantages over
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the solution based hydrothermal process including the purity of the desired zeolite phase,
and a reduction in chemical waste generation. During the synthesis, the composition of
the starting gel and the final crystal remained the same. A reduction in the use of
expensive structure directing agents, and a better control of the desired phase of zeolite
were reported.

2. The promising findings from the literature review triggered the idea of using a
technique which was not only based on a dry synthesis method but also was able to
produce NaY zeolites within pre-shaped silica particles. The study revealed that such
synthesis can be obtained within 24 h of reaction time at a temperature of 100°C using
60mL polypropylene bottles as reactor. A pure NaY zeolite was obtained as revealed by
the PXRD results. The zeolite crystals were embedded inside the silica particles with the
cluster size of about 1-2 micrometer and crystal size was in the range of 100-200 nm. The
dry synthesis process did not produce any chemical waste as all the reactants were
completely utilized while reacting and transforming to zeolite product within the silica
particles.

3. The effects of different operating conditions were also tried on the synthesis of

NaY zeolite embedded in silica particles. The use of different SiO, / Al,O, ratios showed

that a ratio above 6.6 did not produce any considerable crystallization for a synthesis time
of 24 h. It was due to the reduction in the rate of nucleation which required the presence

of Al in the vicinity of Si species. The SiO,/Al,O, ratio of 6.1 was found to be

optimum for duration of 24 h. The ageing of 1 h before the synthesis reaction helped the
internal rearrangement of precursors within the silica particles, which caused the
formation of structured elements related to nucleation process. However, the increase in
ageing time did not make any improvement in synthesis process. The synthesis time
between 16-24 h at 100°C produced the desirable results using polypropylene bottles. A
reduction in synthesis time below 16 h using polypropylene bottles did not reveal the
desired product due to incomplete synthesis process. Increase in the synthesis
temperature reduced the synthesis time but at the same time increased the crystal size,

which was due to the increase in crystal growth rate. The 20.5 mL (12" X 0.25") stainless

steel tubular reactor produced the desired product in almost half the time required by the
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polypropylene bottles. The higher thermal conductivity of the stainless steel tubular
reactor as compared to polypropylene bottle played a role. This confirmed that a higher

rate of heat transfer was essential for reduction in synthesis time. The use of higher

temperature in the range of 100-170°C in the stainless steel tubular reactor effectively

reduced the synthesis time from 8 h to 15 min, but it caused an increase in crystal size
while operating at temperatures above 100°C as explained for the polypropylene bottles.

The synthesis temperature above 170 C showed a transformation from NaY zeolite to
analcime after 15 min of synthesis reaction. The transformation was due to the metastable
property of NaY zeolite which was triggered at higher temperatures and caused the NaY

zeolite to transform to a more stable phase which was analcime. Thus a maximum

synthesis temperature of 170°C was suggested for NaY zeolite in order to achieve
synthesis in 15 min. An NaOH concentration above 20 wt% affected the crystal size. The
higher NaOH concentration not only reduced the crystal size but also a reduction in the
cluster size was observed. A concentration more than 30 wt% was suitable for producing
crystals smaller than 50 nm in size, however, a concentration beyond 32 wt% was not
recommended as the dissolution of silica particles commenced and the particles lost their
shape and integrity.

4. The VBFB reactor required the pores of silica particles to be filled up to 100% in
order to achieve fluidization of the silica particles and to avoid any agglomeration of

silica particles. The change in NaY zeolite synthesis procedure from three-step to two-
step produced silica particle pore volume in the range of 0.82-0.84cm®/g, which

allowed accumulation of sufficient 32wt% NaOH solution inside the pores to carry out

the synthesis reaction. The effect of SiO,/Al,O, ratio in the range of 5.1 to 6.2 did not

show any significant change in crystal growth, therefore, the higher ratio of 6.2 was
preferred. The VBFB reactor produced crystals in the range of 300—600nmusing the
two-step zeolite synthesis procedure. The larger single crystals suggested a smaller
nucleation rate. However, acceleration in surface integration mechanism was apparent as
the single crystal grew at a very fast rate in the first 5 min of synthesis time. The use of
IR radiation as the source of thermal radiation produced significant results with the

synthesis of large single crystals, however, to acquire a better control on crystal size
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remained inconclusive. The stainless steel tubular reactor produced pure NaY zeolite in
24 hr while filling the pores of silica particles between 95-100% by using two-step
preparation method.

5. The applications of laboratory synthesized NaY zeolite produced promising
results. The testing of laboratory synthesized NaY zeolite was carried out in riser

simulator for FCC reaction using a model compound of 1,3,5-tri-isopropylbenzene (1,3,5-

TIPB) after a suitable ion-exchange of Na"with H*. The product from the riser
simulator for the reaction at 530 °C exhibited a 55-65% hydrocarbon conversion and the
reaction at 450 °C showed a 30-48% conversion. The conversion at 450 °C was found to
be 100% more than a study conducted under similar conditions. The reproduced results
indicated a reduction in conversion by 10%.

6. The desulfurization of thiophene from model compounds i.e hexanes, and mixture
of p-xylene and toluene in hexanes by using as-synthesized NaY zeolite at ambient
temperature showed interesting results. The optimum hydrocarbon:zeolite ratio was
determined to be 5. The adsorption of 500ppmw thiophene in 50mL of hexanes using 10
g of as-synthesized NaY zeolite brought down the thiophene concentration in hexanes to
below 15 ppmw in 5 min. Such finding was compared with other potential adsorbents

like, amorphous50umsilica particles, commercially available NaX and NaY zeolite

pellets of 1/16 in size, and a commercial pure NaY zeolite fine powder (1—2xm). It was

found that the performance of as-synthesized NaY zeolite for thiophene removal was
only matched with NaY zeolite fine powder. However, the small particle size of
commercial NaY zeolite fine powder made it unsuitable for any type of adsorbing system
whether a fixed bed or a fluidized bed. On the other hand the laboratory synthesized NaY
zeolite was found to be suitable for fluidized bed system. The other adsorbents could not
remove thiophene below 80 ppmw. The adsorption of 500 ppmw thiophene from model
compounds of 10wt%p-xylene in hexanes and 10wt%toluene in hexanes showed that
the presence of p-xylene did not pose any competition with thiophene. On the other hand,
toluene started to compete with thiophene for adsorption which was depicted in results as
removal of thiophene could not be dropped down below 300 ppmw. The affinity of

toluene for making = —complexation bond with zeolite made it difficult for thiophene to

be adsorbed on zeolite.
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7.2 RECOMMENDATIONS

Based on this research the following recommendations are made for future work:
1. One-step synthesis of NaY zeolite may further reduce the synthesis time. This
may be achieved by injecting the aluminum nitrate  nonahydrate

(AI(NG;), -9H,0) solution under saturated or super-saturated condition into silica
particles. This may allow the desired SiO,/ Al,O, ratio in one step.

2. During the preparation steps of NaY zeolite for large quantities in the range of
100 g or more, it was observed that in the final step, the addition of NaOH solution was
difficult even in gradual form. That is why the addition of NaOH was carried out in steps
using a smaller quantity of silica particles in the range of 5 g at a time. The dropwise
addition of NaOH in 5 g of silica particles did not cause any agglomeration. However, the
addition of NaOH in larger quantities of silica particle caused partial agglomeration and
loss of fluidization. Thus, it is recommended that the system may be devised to overcome
this challenge.

3. During the experiments using VBFB reactor it was observed that some
condensate was accumulated in the freeboard section of the fluidized bed system. The
condensation of the vapors may be avoided by insulating the freeboard and by providing
heating coils to maintain a constant temperature as observed in the fluidized bed section.
A constant temperature throughout fluidized bed system may avoid any condensation.

4. The synthesis in VBFB reactor produced large single crystals in the range of
300 —-600nmwhich indicated a fast reaction coupled with accelerated surface integration
mechanism. In order to achieve synthesis of smaller crystals in the range of
50—-100mnor less, a control on the crystal size in VBFB reactor may be needed.

5. The tests on riser simulator for FCC reaction indicated promising results due to
higher conversion rates. A detailed investigation is suggested to explore the full potential
of laboratory synthesized NaY zeolite when used as a catalyst after suitable ion-
exchange, and dealumination if required. A comprehensive product selectivity
investigation is recommended.

6. The as-synthesized NaY zeolite performed very well for the removal of thiophene

from hydrocarbons through adsorption. In order to improve the adsorption capabilities of
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the zeolite, the Na’cation may be ion-exchanged with other metal cations such as
Cu*,Ag*,Co*", La*etc. This way a better adsorbent may emerge which can handle a

variety of complex aromatic compounds.

7. The present study tested the working of as-synthesized NaY zeolite for
desulfurization of hydrocarbons. It did not cover the regeneration of the zeolite. In order
to fully evaluate the potentials of the zeolite, a further study including the regeneration of
the spent adsorbent is needed.

8. Since the as-synthesized zeolite was composed of 50umsilica particle embedded
with NaY zeolite, its size made it suitable for fluidized bed system. It is therefore
suggested that a fluidized bed system may be used for further unlocking the potentials of

laboratory synthesized NaY zeolite as an effective adsorbent.
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