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In this work, the synthesis and kinetic study of hydrothermal formation of zeolite Na-A
from Thai kaolin of Lampang, Ranong, and Narathiwat provinces have been examined. The
factors affecting the synthesis such as source of kaolin samples, calcination of kaolin samples,
concentration of alkalinity, reaction temperature and time were investigated. The kaolin samples
were calcined at 600 “C to study the effect of kaolin source. The hydrothermal synthesis reactions
of the calcined samples were accomplished in NaOH solution of 10% w/v at the reaction
temperature of 100 °C. The products were characterized by x-ray diffraction (XRD), infrared
spectroscopy (IR), and scanning electron microscopy (SEM). The results of the experiments
showed that Lampang kaolin was not suitable for the synthesis of zeolite due to high quartz
concentration. On the other hand, Narathiwat, and Ranong kaolin samples gave satisfactory
synthesis results. To study the effect of calcination temperature, Narathiwat kaolin sample was
used as the starting material. The synthesis reactions were prepared by calcining the kaolin
samples at different temperatures of 500, 600, 700, 800, and 900 °C. The samples were treated
with 10% w/v NaOH concentration and the reaction temperature of 100 °C. The results showed
that the calcination of kaolin sample at 700 °C was the suitable condition for the synthesis of
zeolite Na-A. The kinetic experiments were performed by calcining Narathiwat kaolin samples at
700 °C and hydrothermal reacted with various NaOH concentrations of 10, 15, 20, and 25%w/v at
different temperatures of 70, 80, 90, and 100 °C. The analysis of the experimental results
indicated that the crystallization of zeolite depended on the concentration of NaOH solution and
reaction temperature. The rate of crystallinity increased with increasing NaOH concentration and
reaction temperature. However, higher concentration of NaOH and reaction temperature produced

lower percentage of zeolite crystallinity due to the stable phase of sodalite taking place.



Under suitable conditions, at NaOH concentration between 10, and 15% w/v and reaction
temperature of 70, and 80°C , the ranges of percentage of crystallinity of the solid product were
80-85%. The kinetic parameters were deduced from the experiments using Avrami equation. The
formation mechanisms of zeolite Na-A depended on the nature and condition of crystal growth.
The Avrami exponent which related to the crystallization process were about 3-6. The activation
energies of crystallization were 9.9-13.8 kcal/mol. The sodalite forming also accounted for the

apparently high activation energy. The activation energies for nucleation were about 12.7-16.7

kcal/mol.
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Chapter 1

Introduction

Zeolite Na-A has gained a spot light attention from the chemical industries due to
specialties in its properties. Since it is used as the main work horse in many applications, the
productions of this kind of zeolite are on the massive scale in many countries. In general, it can be
synthesized from kaolin. Therefore, the economical value of kaolin is elevated along with the
popularity of zeolite Na-A. There are many reports published internationally about the synthesis
zeolite Na-A due to high driving force from the industrial sector in the foreign countries
especially in USA, Europe, and Japan. In general, locally obtained raw materials means the
advantage in the reduction of operating budget thus improving the firm’s competitiveness. In
Thailand, historically, kaolin had found its main use in the production of ceramics.
Geographically, kaolin was found in several parts of Thailand such as Lampang, Narathiwat and
Ranong. The main question is weather Thai kaolin can be used as the raw material for the
synthesis of zeolite Na-A. This research was set to investigate the possibility of using Thai kaolin
as the starting material for the synthesis of zeolite Na-A. One can wish that the positive findings
from this work may provide some valuable information and slightly pave the way for Thailand’s
large-scale zeolite production industry. Along the way, the scientific study on the kinetic of the
crystallization process was also aimed.

This thesis is divided into four chapters: introduction, materials and methods, results and
discussion and conclusion. In this chapter, the introduction, some basic pieces of information on
zeolite Na-A and kaolin are described and the related literatures are reviewed to build the case for

research objectives.



1.1 Zeolite

Zeolites are crystalline aluminosilicates with uniform pores, channels and cavities. The
structure of zeolites contains aluminum, silicon, and oxygen in regular frameworks with cations
and water in the pores. The silicon and aluminum are tetrahedrally coordinated with each other
through shared oxygen atoms. Each AlO, tetrahedron in the framework bears a net negative
charge which is balanced by a cation. The structure formula of zeolite is based on the
crystallographic unit cell, the smallest unit of structure, represented as (King, R. B.1994, and
Bekkum, V. H.,1991).

M,, [(AlO,)(Si0,) ] - wH,0
where M is an alkali or alkaline earth cation, n is the valence of the cation, w is the number of
water molecules per unit cell, x and y are the total number of tetrahedra per unit cell, and the
ratio y/x usually has values of 1 to 5. In the case of the high silica zeolite, y/x can be raging from
10 to 100.

Zeolites have an open-structure framework consisting of many channels and
interconnected voids which are occupied by cations and water molecules. The cations can be
exchanged with other types of cations when aqueous passed through channels and voids. The ion
exchange characteristic of zeolite has been used in water softening and water treatment processes.
Na' ions in zeolite can be exchanged with Ca”’ ions, in hard water, hence softened the water. In
addition, other heavy metal cations such as Hg2+, Cd2+, and Ag+ can be also exchanged in the
same manner. Zeolite has a reversible dehydration property. When zeolite is heated, the adsorbed
water molecules will evaporate but the dehydrated structure will not be deformed or damaged.
After dehydration the voids and channels can be refilled with water molecules again (King, R.
B.1994, and Bekkum, V. H.,1991).

Each type of zeolite has specific uniform pore size, for instance, 3.5-4.5 A for zeolite
LTA, 4.5-6.0 A for ZSM-5 and 6.0-8.0 A for zeolite X, Y type. Therefore, zeolites are better
molecular sieve than other adsorbents such as activated carbon, activated alumina, or silica gel in

which pore sizes are not uniform and pore size distribution are broad (Bekkum, V. H.,1991).
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Figure 1.1 Primary building unit of zeolite structure.
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Figure 1.2 Secondary building unit (SBUs) of zeolite structure.



Zeolites primary structures are tetrahedra of SiO, and AlO, shown in figure 1.1. Each sub
unit contains the pores and cavities within the frameworks, which were called secondary building
units (SBUs) and illustrated in figure 1.2. The SBUs can be simple arrangements of tetrahedra
such as four, six, or eight-membered ring or more complex structure. Some simple zeolite SBUs

and their shorthand notations are given in table 1.1 (King, R. B 1994).

Table 1.1 Simple zeolite SBUs and their shorthand notations.

Number of linked tetrahedra SBU created Shorthand description1
4 4oxygen ring S4R
5 Soxygen ring S5R
6 6 oxygen ring S6R
8 8 oxygen ring S8R
8 4-4 oxygen rings D4R
12 6-6 oxygen rings D6R
16 8-8 oxygen rings D8R

'S= single, D = double, R = ring.

There are two kinds of zeolite, natural and synthetic zeolite. Natural zeolites are
processed from natural ore bodies. It is mainly found in the voids of basalt and volcanic rocks.
The natural zeolite structure has more acid resistant so it does not break down in mildly acid
environment. Therefore the natural zeolites are broadly used in the agricultural industry. Since
the discovery of molecular sieve and ion exchange properties, they have been used as molecular
sieve adsorbents in the natural gas industry, ammonia industry and water treatment. Natural
zeolites have also found applications in paper, cements and concrete industries, which represent
the major volume applications for natural zeolites. The examples of natural zeolites are

Chabazite, erionite, mordenite and gmelnite etc.




Synthetic zeolites are mainly manufactured from energy consuming chemical. Zeolites
can be synthesized from reactive starting materials such as freshly coprecipitated gels (sodium
silicate and sodium aluminate), or amorphous solids (kaolinite, perlite, halloysite, etc.) by
controlling the condition to form uniform growth of crystal such as (a) relatively high pH
introduced in the form of an alkali metal hydroxide or other strong base (b) low temperature
hydrothermal conditions with concurrent low autogeneous pressure at saturated water vapor or (c)
a high degree of super-saturation of the components of the gel leading to the nucleation of a
large number of crystals (Breck, D. W., 1974). The formation of zeolite can be influenced by
several factors such as (a) the nature of the reactants and their pretreatment (b) the process in
which the reactant mixture is made and pretreated and its overall chemical composition (c)
homogeneity or heterogeneity of the mixture (d) pH of the mixture (¢) low temperature aging of
gels (f) seeding (g) addition of special additive or (h) temperature and pressure (Barrer, R. M.,

1958). The examples of synthetic zeolites are zeolite A, X, Y, L, etc.

1.2 Zeolite Na-A structure
Zeolite Na-A is the simplest synthetic zeolite with a molecular ratio of one silicon to one
aluminium to one sodium cation. Zeolite Na-A exhibits the LTA (linde type A) structure. It has a

cubic structure as shown in figure 1.3 (Szostak, R. 1992, and Muller, J. C. M., 1998).

Figure 1.3 Framework of zeolite Linde Type A



The pseudo unit cell of zeolite Na-A consists of 12 SiO, and 12Al0, unit , with
enclosing a large cavity (o cage) with diameter 11.4 A and small cavity (B cage) with diameter
6.6 A, with a pore window opening of 4.1 A. The chemical composition of pseudo unit cell is
Na,,[Al,Si0,,0,.] *27H,0. It is 1/8 of the true unit cell.

Zeolite Na-A is constructed from structures of hydroxysodalite (SOD) sharing with
bridging oxygen ion between oxygen four atoms and SOD structure is constructed from sodalite
cage. The relatively simple structure of sodium zeolite LTA and the related hydroxysodalite

(SOD) are shown in figure 1.4. The lines represent Al-O-Si linkages (Walton, R. 1., 2001).

Zeolite A (LTA) Sodalite (SOD)

Sodalite cage

Figure 1.4 Representation of the structure of zeolite LTA and hydroxysodalite

1.3 Zeolite Na-A applications

The structure of zeolite consists of many channels, cavities and interconnected voids which
are occupied by cation and water molecule. Some properties of zeolite are very interesting such as
(a) high degree of hydration (b) low density and large void volume when dehydrated (c) stability
of crystal structure (d) cation exchange properties (e) uniform molecular sized channels (f) special
physical properties, i.e. high surface area, molecular sieve (g) adsorption for gas and vapor and
(h) catalytic properties. Due to its unique and special properties which are suitable for various

kinds of chemical reactions, zeolite has been widely used in many applications. Zeolite Na-A is of



much interest for various applications such as detergency, desiccant, adsorption and separation,

catalysis, and ion exchange (King, R. B.1994, and Bekkum, V. H., 1991).

1.3.1 Ion-exchange

Zeolite Na-A is produced in the largest—scale industrial of all synthetic zeolite for use in
the detergent industry. It is added to washing powders to exchange Ca’" and soften water. The
advantage of zeolite builders as a replacement for phosphate, hence reducing the release of
phosphate to the environment. Zeolite Na-A has a high selectivity for Ca’". The ion exchange
characteristic of zeolite Na-A are suitable for washing powder because of several properties such
as non interaction with other substances in washing powder, non poison to human, animal and
plant in the water and non pollutant. Industrial waste water containing heavy metals, and nuclear

effluents containing radioactive isotopes can also be cleaned up using the similar process.

1.3.2 Catalysis

Zeolite has the ability to act as catalysts for chemical reactions which take place within
the internal cavities of the material. Therefore the structure, shape, and chemical composition of
pores and cage are important. In 1980, applications of zeolite and molecular sieves showed a

growth in petroleum refining application. Also as catalytic support.

1.3.3 Adsorption and Separation

Zeolite has been used in adsorption and separation applications such as drying agent, gas
purification. Also it was applied to important separation processes like the separation of n-
paraffin from branched paraffin etc. Due to its high surface area and large pore, it is an ideal
material for various novel processes such as the formation of special molecules in the cages.

Advanced experiments have been performed using zeolite through out the world.

1.4 Kaolinite
Kaolin is a clay mineral consisted in the mineral kaolinite. The name kaolin comes from

the Chinese term “ kaoling” meaning high ridge. In 1867, Johnson and Blake were apparently the



first to use the name kaolinite for the mineral of kaolin. Ross and Kerr in 1931 described
that the kaolin minerals are not composed of a single mineral species.

Kaolin has long been mainly used in the ceramic industry, especially in fine porcelains
because it can be easily molded, has fine structure, and is white when fired. Kaolinite has a color
of white, pink or grey depended on their compositions. It is very soft with hardness of 2-2.5
(Grim, R. E. 1968, Velde, B. 1992).

The chemical formula of kaolinite is Al,0,.25i0,.2H,0 and the composition expressed
in oxides is 46.54% Si0,, 39.50% Al O,, 13.96% H,O. Kaolinite is a layer aluminosilicate with a
1:1 uncharged dioctahedral layered structure. Each layer consists of a sheet of SiO, tetrahedra
forming six-membered silicate rings connected via common oxygen atoms to a sheet of AlO,
octahedra building four membered aluminate rings as shown in figure 1.5 (Bongeard, D. 2000).

° 0
® OH

® Al
O Si

Figure 1.5 Crystal lattice of kaolinite

Kaolin has been found in many regions of the world. In Thailand, it is found mainly in
Lampang, Narathiwat, and Ranong provinces. In the past, kaolin has been mainly used in ceramic
industry. However, new applications of kaolin have been continuously discovered. Typical kaolin
contains trace amount of iron, titanium, calcium, magnesium, etc. which are originally present in
the natural kaolinite. Therefore zeolite prepared from natural kaolin is always contaminated with
these elements. These elements may have some influence on the zeolite properties such as
brightness, hardness, catalytic activity, electrical properties, etc. Nevertheless, kaolin is still a
popular choice to be used as starting material for synthesis of zeolite. Presently, many researchers

are working actively in various aspects on the synthesis of zeolite from kaolin.



1.5 Mechanism of Zeolite Crystallization

Hydrothermal synthesis of aluminosilicate zeolites involves a few basic steps by which a
mixture of Si and Al species, metal cations, organic molecules and water is converted by an
alkaline supersaturated solution into a microporous crystalline aluminosilicate (Feijen E.J.P, et al.,
1994). The formation process of zeolite is thermally activated and usually takes place at elevated
temperatures in order to achieve high yield of crystals in an acceptable period of time. On the
basis of the chemical phenomena occurring during zeolite genesis, the process can be divided into

three elementary steps: achievement of supersaturation, nucleation and crystal growth.

1.5.1 Achievement of supersaturation

During the induction period, the concentration of dissolved aluminosilicate species will
increase in time by dissolution process. This increasing concentration of solute will transform a
stable solution into a metastable solution and finally to a labile (transformable) one. This kind of

transformation is denoted by an arrow in the solubility-supersolubility diagram of figure 1.6.

metastable

Concentration of solution

stable

Temperature of solution
Figure 1.6 The solubility-supersaturation diagram. The arrow indicates the transformation of

stable solution into labile solution by the increasing of solution concentration.

In general, a solution for a given concentration and temperature can be in a stable,
metastable or labile regions. The stable and metastable regions are separated by a curve called the
normal solubility curve while the boundary between the metastable and labile region is not always

well-defined. The degree of supersaturation is depended on the ratio of the actual concentration to
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the normal equilibrium concentration. In the stable region no nucleation or crystal growth can
occur, while in the labile region nucleation as well as crystal growth are possible. In the

metastable area, only crystal growth can occur.

1.5.2 Nucleation

Primary nucleation from a supersaturated solution can be divided into homogeneous and
heterogeneous nucleation. The former occurs spontaneously, while the latter is induced by
impurities or foreign particles present in the solution. The heterogeneous nucleation might be
suppressed by filtration of the solutes. On the other hand, secondary nucleation is induced by
crystals and is connected to the process of seeding. During the induction period, different kinds of
embryos will form by chemical aggregations of precursor species and disappear again upon
depolymerization. As a result of such fluctuations, the embryo will grow in time, and form
eventually different kinds of nuclei, with dimension having the critical size on which crystal
growth can occur spontaneously. The rate of nucleation could be derived from crystal size
distribution measurement in the final crystallization product and size increment measurements of
the large crystals during the crystallization. As nucleation and crystal growth are assumed to
consume the same precursor species, the nucleation rate is expected to go through a maximum
and decline again after a certain period when the consumption of precursor species by crystal

growth limits the forming of new nuclei.

1.5.3 Crystal growth

After nucleation, crystal growth can start. The nuclei will grow by condensation of
precursor species towards full-grown crystals. Experimental crystallization curves, giving the
yield of crystalline material in time, usually exhibit a S-shape profile. The inflection points of
these curves separate the period of autocatalytic increase of crystalline mass from the stage of
delayed crystal growth. The autocatalytic nature of the first stage of the crystallization reflects the
self accelerating behavior of a crystallization process. Presently, it is believed that the zeolite
crystal growth occurs at the crystal plane-solution interface by the condensation of dissolved
secondary units onto the growing crystal plane. In general, temperature and time have a positive

influence on the zeolite formation process. Rising temperature will increase both the nucleation
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rate and the growth rate. The crystallinity of the samples normally increases in time. Since the

synthesis of zeolite is governed by the occurrence of the successive phase transformations, the

thermodynamically least favorable phase will crystallize first, and will be replaced in time by

more stable phases (Feijen E.J.P, et al., 1994). The next section describes a general theory of

crystallization known as Avrami theory.

1.6 Avrami Theory

A general theory of crystallization kinetics was developed by Avrami in 1940. The theory

describes that crystallization processes consist of nucleation and crystal growth.

1. Some nucleation and growth processes are:

Spontaneous nucleation: During cooling of molten material to a fixed temperature
nuclei appear randomly through out the volume.
Time dependence of nucleation: Nuclei can appear instantaneously on cooling or
during crystallization in the non-uniformed phase.
Nature of growth process: Growth can proceed in one, two or three dimensions
resulting in needles, discs or spheres. Growth stops when neighboring crystals
merge.
Time dependent of growth: Linear dimension of growing crystals increase in
proportional to time.
Density of the growing units: The transformed phase is not totally crystalline and
assume that the density of the growing crystals is constant.
The Avrami exponent and the rate constant can be determined from the Avarami
equation

n(l-w) = k' L (1.1
where, O is the conversion factor, ranging from 0 to 1, k = doi/dt is the rate constant
and the exponent n is the parameter which describes reaction mechanism .
The Avrami exponent value depends on the dimensionality of the growth process,
and on the kinetic order of nucleation. In general case, where three dimensional

growth is combined with the first order nucleation, the Avrami exponent n = 3+1 =4.
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The Avrami exponents for different nucleation and growth mechanisms are shown in table 1.2

Table 1.2 Exponents n of the Avrami equation for different nucleation and growth mechanism.

n Growth mechanism
3+1=4 3 dimension growth + random nucleation
3+0=3 3 dimension growth + instantaneous nucleation
2+1=3 Disc-like growth + random nucleation
2+0=2 Disc-like growth + instantaneous nucleation
1+1=2 Rod-like growth + random nucleation
1+0=1 Rod-like growth + instantaneous nucleation

To study the kinetic of crystal formation, the Avrami equation can provide a good
empirical fit of the kinetic curves. It can be used for the calculation of the rate constant and
Avrami exponent. If we consider Avrami equation as shown in equation (1.1). Taking logarithms
of equation (1.1), gives

In-ln(1-a0)) = nlnt+m0k ... (1.2).

Thus, a plot of In(-In (1-a)) versus Int, the slope of the regression lines, n, is related to
the mechanism of reaction.

The rate constant k can be expressed using Arrhenius equation as

k=Aexp(-E,RT) . (1.3),
where E_ represents the activation energy, A is a constant, R is gas constant and T is the

absolute temperature. Similarly the time used in the nucleation process can be expressed as

1t,=Bexp(-E/RT) . (1.4),
where t_ is called inductive period, E_ represents activation energy for nucleation, and B

1S a constant.
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1.7 Characterization techniques
In this study, various characterization techniques were used to analyze the properties of
kaolin and the synthetic products. In this section, a brief overview of the characterize techniques

is described.

1.7.1 Atomic Absorption Spectroscopy

Atomic Absorption Spectroscopy (AAS) is one of the analytical techniques that give
precision measurement result for the elemental concentration of the sample.

The atom is made up of a nucleus surrounded by electrons. Every element has a specific
number of electrons which are associated with the atomic nucleus in an orbital structure which is
unique to each element. The electrons occupy orbital positions in an orderly and predictable way.
The lowest, most stable electronic configuration of an atom, known as the “ground state”, is the
normal orbital configuration for an atom. If energy of the right magnitude is applied to an atom,
the energy will be absorbed by the atom, and an outer electron will be promoted to a less stable
configuration or “excite state”. As this state is unstable, the atom will immedietly and
spontaneously return to its ground state configuration. If light of just the right wavelength
impinges on a free, ground state atom, the atom may absorb the light as it enter an excited state in

a process known as atomic absorption as shown in figure 1.7.

Photon —_— —O0—
> I:>
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Ground state atom Excited state atom
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Lamp Monochromator Detector
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Figure 1.7 (a) An atom in the ground state is excited by a photon with the same energy as

the energy gap resulting in the final excited state. (b) A simplified diagram of AAS
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The quantity of interest in AAS is the amount of light at the resonance wavelength which
is absorbed as the light passes through a cloud of atoms. As the number of atoms in the light path
increases, the amount of light absorbed in a predictable way. By measuring the amount of light
absorbed, a quantitative determination of the amount of analyte element present can be made.

The atom cloud required for AAS is produced by supplying enough thermal energy to
the sample to dissociate the chemical compound into free atom. Aspirating a solution of the
sample into a flame aligned in the light beam serves this purpose. Under the proper flame
conditions, most of the atoms will remain in the ground state form and are capable of absorbing
light at the analytical wavelength from a source lamp. The ease and speed at which precise and
accurate determinations can be made with this technique have made AAS one of the most popular

methods for determination of metals.

1.7.2 X-ray Fluorescence

The X-ray fluorescence (XRF) is widely used to measure the elemental composition of
materials. Since this method is fast and non-destructive to the sample, it is the method of choice
for field applications and industrial production for control of materials. Depending on the
application, XRF can be performed by using not only X-rays but also other primary excitation
sources like alpha particles, protons or high energy electron beams.

When a primary X-ray excitation source from an X-ray tube or a radioactive source
strikes a sample, the X-ray can either be absorbed by the atom or scattered through the material.
The process in which an X-ray is absorbed by the atom by transferring all of its energy to an
innermost electron is called the photoelectric effect. During this process, if the primary X-ray had
sufficient energy, the electron is ejected from the inner shell, creating a vacancy. The vacancy
presents an unstable condition for the atom. As the atom returns to its stable condition, electron
from the outer shell is transferred to the inner shell and in the process give off a characteristic X-
ray whose energy is the difference between the two binding energies of the corresponding shells.
Because each element has a unique set of energy levels, each element produces X-rays at a unique
set of energies, allowing one to non-destructively measure the elemental composition of a sample.
The process of emissions of characteristic X-rays is called "X-ray Fluorescence," or XRF. The

process is illustrated in figure 1.8.
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(a) (b) (c)
Figure 1.8 The process of emission of characteristic X-ray: (a) a x-ray photon is absorbed by an
inner shell electron (b) the electron is ejected from the atom creating a vacancy (c) an

outer shell electron moves to the inner shell and emits the characteristic x-ray.

Analysis using X-ray fluorescence is called "X-ray Fluorescence Spectroscopy." In most
cases the innermost K and L shells are involved in XRF detection. A typical X-ray spectrum from
an irradiated sample will display multiple peaks of different intensities. The identification of atom
can be done by comparing the spectrum with the standard valued stored in the look-up table.

Also, the quantitative analysis can be done using the intensities of the peaks.

1.7.3 Powder X-ray Diffraction

X-rays are electromagnetic radiation of wavelength about 1 A ( 10" m), which is about
the same size as atomic distances in solid thus it can be used to probe the crystalline structure at
atomic level. X-ray diffraction has been used in two main areas, for the fingerprint
characterization of crystalline materials and the determination of their structure. Each crystalline
solid has its unique characteristic X-ray powder pattern which may be used as a "fingerprint" for
its identification. Once the material has been identified, X-ray crystallography may be used to
determine its structure, i.e. how the atoms pack together in the crystalline state and what the inter-
atomic distance and angle are. These unique properties made X-ray diffraction one of the most

important characterization tools used in solid state chemistry and material science.
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An important equation for X-ray diffraction is Bragg’s equation which shows a
relationship between X-ray wavelength (A) with lattice point distance (d) and the incident
diffraction angle (0).

nA = 2dsin® (1.5)

As illustrated in figure 1.9, different crystal plane in the crystal will diffract X-ray at
different angle according to the Bragg’s equation. Therefore, by rotate the sample plane with
respect to the incident X-ray, the diffracted angles can be recorded by a detector and the
diffraction pattern is obtained. The identification of the sample structure can be done by

comparing the spectrum with the pattern stored in the database.
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Figure 1.9 (a) Different crystal planes diffract X-ray at different angles (b) The diffraction

spectra may be depicted by a plot of intensity and diffracted angle

1.7.4 Fourier Transform Infrared spectroscopy

The region of the infrared spectrum which is of great interest to most of the chemists is
the wavelength range 2.5 to 15 um. In practice, units proportional to frequency, (wave number in
units of cm_l) rather than wavelength, are commonly used and the region 2 to 15 um corresponds

to approximately 4000 to 400 cm .
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The atoms in a molecule are constantly oscillating around average positions. Bond
lengths and bond angles are continuously changing due to this vibration. A molecule absorbs
infrared radiation when the vibration of the atoms in the molecule produces an oscillating electric
field with the same frequency as the frequency of incident IR radiation when they are in
resonance. Each molecule has its own characteristic spectrum. The bands that appear depend on
the types of bonds and the structure of the molecule.

Fourier transform infrared (FTIR) spectroscopy measures dominantly vibrations of
functional groups and highly polar bonds. Thus these chemical fingerprints are made up of the
vibrational features of all the samples components. FTIR spectrometer records the interaction of
IR radiation with experimental samples, measuring the frequencies at which the sample absorbs
the radiation and the intensities of the absorptions. Determining these frequencies allows
identification of the sample's chemical makeup, since chemical functional groups are known to
absorb light at specific frequencies. FTIR experiments generally can be classified into the
following two categories: (a) qualitative analysis, where the aim is to identify the sample and (b)
quantitative analysis, where the intensity of absorptions are related to the concentration of the

component.

1.7.5 Scanning Electron Microscopy

Scanning electron microscope (SEM) is a type of microscope that uses electrons rather
than light to form an image. There are many advantages to using the SEM instead of a light
microscope. The SEM has a large depth of field, which allows a large amount of the sample to
be in focus at one time. The SEM also produces images of high resolution, which means that
small spaced features can be examined at a high magnification. Preparation of the samples is
relatively easy since most SEM instruments only require the sample to be conductive. The
combination of higher magnification, larger depth of focus, greater resolution, and ease of sample
observation makes the SEM one of the most heavily used instruments in present-day research.

By using the wave-particle duality, SEM creates the magnified images by using electrons
instead of light waves. The SEM shows very detailed 3-dimensional images at much higher
magnifications than is possible with a light microscope. The images created without light waves

are rendered black and white. By the nature of electron beam, the vacuum is required during the
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operation, therefore the sample has to be prepared carefully to withstand the vacuum inside the
microscope. The samples must be conductive material in order to be able to interact with electron,
SEM samples are coated with a very thin layer of gold by a machine called a sputter coater. The
sample is placed inside the microscope's vacuum column through an air-tight door. A simplified

diagram of SEM is illustrated in figure 1.10.
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Figure 1.10 A simplified diagram of SEM

After the air is pumped out of the column, an electron gun emits a beam of high energy
electrons. This beam travels downward through a series of magnetic lenses designed to focus the
electrons to a very fine spot. Near the bottom, a set of scanning coils moves the focused beam
back and forth across the specimen, row by row. As the electron beam hits each spot on the
sample, secondary electrons and back scattered electrons are knocked loose from its surface. A
detector counts these electrons and sends the signals to an amplifier. The final image is built up
from the number of electrons emitted from each spot on the sample. By this way the morphology

of the sample can be seen directly from the micrograph.
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1.8 Literature reviews

Modification of clay minerals by converting them to zeolites was reported as early as 1935
according to Breck (Breck, D.W., 1974). Such studies are still relevant when zeolites with
specific properties are prepared for certain industrial applications (Barrer, R. M., 1978). The
kaolinite mineral with a Si/Al ratio of approximately 1 can be conveniently used as raw material
for the synthesis of silica zeolite. Synthesis of zeolite Na-A from kaolin was reported as early as
1964 (Ruiz, R., 1997). Later, various aspects of the synthesis have been reported from several
researchers.

Kerr, G. T. (1965) studied the factors affecting the formation of zeolite A, and found that
the rate of formation of zeolite A increased as the concentration of alkali in the aqueous phase
increased.

Madami, A. et al. (1990) studied the zeolite formation from alkali-leached kaolinite and
the influence of thermal preactivation and found that the synthesis of zeolite (Si/Al > 1) required
the previous polymerization of dissolved silica species, and amount of incorporated Si depended
on the temperature of pretreatment of kaolinite.

Rocha, J. et al. (1991) studied the synthesis of zeolite Na-A from metakaolinite and
found that the synthesis usually involved the treatment of clay with strong base such as NaOH at
elevated temperature. Upon treatment with strong base the aluminous matrix of metakaolinite
transformed very rapidly even at room temperature. They found that the aluminous matrix of
metakaolinite prepared by calcining kaolinite at 700 °C had higher reactivity of metakaolinite than
metakaolinite prepared at other calcination temperatures. The mechanism involved the slow
dissolution of metakaolinite in the alkali to a solution containing monomeric silicate ions with
reactive SiOH groups which condensed with aluminate ions to give a crystal of aluminosilicate.

Gualtieri, A. et al. (1997) studied the kinetics of formation of zeolite Na-A from natural
kaolinites activated at 800 "C with 4M NaOH concentration at reaction temperature 70-100 °C,
by time resolved synchrotron powder diffraction techniques. They found that the formation of
zeolite Na-A depended on the calcination of starting material but not the number of defects of the
starting material. Also, the n values obtained from Avrami method decreased when reaction

temperature increased and the range of n were between 5 and 7.
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Demortier, A. et al. (1999) studied the formation of intermediate compound during the
synthesis of zeolite Na-A from metakaolinite by infrared technique. IR spectra showed that
intermediate compound was synthesized and zeolite Na-A was formed only when metakaolinite
has been totally transformed.

Hu, H. C. et al. (1990) studied the kinetic of formation of zeolite from sodium metasilicate
and sodium aluminate. They found that the kinetic of nucleation and crystallization were
correlated to the initial concentration and temperature. The activation energies of the nucleation
and crystallization were 15.0 and 10.9 kcal/mol , respectively.

Walton R. I. et al. (2001) studied on the influence of the reaction condition of the
hydrothermal crystallization and the transformation of zeolite Na-A into sodalite by time resolved
in situ energy dispersive x-ray diffraction. They found that the crystallization of zeolite Na-A
depended on both NaOH concentration and reaction temperature. At the highest NaOH
concentrations and when the amount of water was low, zeolite Na-A was only present for a short
time and hydroxy sodalite was the sole product on continue heating. The n values obtained from
Avrami’s model increased when the NaOH concentration was increased and the range of n were
in between 2-5.

As mentioned earlier, the introduction and the literature reviews have been guided by the
principal that synthesis of zeolite Na-A from kaolin depends on calcination of starting material,
strong base concentration, temperature and duration of the synthesis. Generally, there are two
steps involving in the zeolite forming reaction from kaolin (1) thermal activation
(metakaolinisation) of the kaolin to get a dehydroxylated product called metakaolinite and (2)
hydrothermal reaction (zeolitisation) of metakaolin in alkaline medium [Chandrasekhar, S. 1999].

Kaolinite is one of the convenient starting materials for the synthesis of zeolite because
of its structure and chemical composition is suitable for the synthesis of zeolites [Rocha, J. 1991].
Kaolinite has been found in many parts of Thailand, especially in Lampang, Ranong and
Narathiwat provinces. However, there are some limited number of reports on the synthesis of
zeolite Na-A from Thai kaolin and the detail of kaolinite transformations to crystalline zeolite has
not been investigated. Furthermore, it is well-known that Thai kaolin is mainly used in ceramic

industry, thus it is useful to utilize Thai kaolin as a starting material to produce new materials
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which are expensive and applicable to many industrial organizations such as in environmental

sectors, detergent industry and catalyst industry.

1.9 Research objectives

The main objective of this study is to synthesize zeolite Na-A from locally available Thai
kaolin from Lampang, Ranong, and Narathiwat provinces. Several factors that influence the
synthesis were investigated such as metakaolinisation temperature, concentration of NaOH,
reaction temperatures and time. The most suitable synthesis condition was found and reported.
Also, the reaction kinetic of hydrothermal formation of zeolite Na-A was investigated using IR,
and XRD techniques. The results were modeled based on the Avrami’s method and the research

findings are summarized and concluded.



Chapter 11

Materials, Instrumentation, and Method

This chapter is divided into three main parts. In the first part, lists of materials, glassware
and apparatus are provided. In the second part, the characterization routines using analytical
instruments such as x-ray fluorescence (XRF), atomic absorption spectrometer (AAS), x-ray
diffractometer (XRD), Fourier transform infrared spectrometer (FTIR) and scanning electron
microscope (SEM) are described. The third part of the chapter describes about the experimental
methods. This part is divided into four topics. The first topic is the analysis of kaolin chemical
composition. The second topic is the procedure for the synthesis of zeolite Na-A. There are two
steps described in this topics. The first step is the thermal activation of kaolin to get a product
called metakaolinite. The second step is the hydrothermal reaction of metakaolinite in alkaline
medium. The third topic is kinetic study. Finally, the fourth topic describes the procedure to

demonstrate the ion exchange capability of the synthetic zeolite Na-A product.

2.1 Material Lists

2.1.1 Chemicals and Materials

(a) Washed clay, Thai kaolin samples of Lampang, Ranong, and Narathiwat, The Center
for Ceramic Industry Development

(b) Anhydrous Sodium hydroxide pellets (NaOH), Analytical reagent, Carlo Erba, Italy

(¢) Standard powder of Kaolin, MBH reference materials 1998-99, UK

(d) Standard reference material 600(Bauxite), National Institute of Standard
and Technology, USA

(e) Standard reference material 98b(Plastic clay), National Bureau of Standard, USA

(f) Standard reference material 679 (Brick clay), National Bureau of Standard, USA

(g) Standard reference material 2709(Soil), National Institute of Standard and

Technology, USA



(h) Silicon, Aluminium, Iron standard solution, 1000mg/l, Merck, Geramany
(i) CaCl,, Laboratory reagent APS Ajax, Finechem, Australia
(j) Anhydrous, fuse,Lithium tetraborate(Li,B,0,), Claisse, Canada

(k) Lithium bromide (LiBr), Analytical reagent, Claisse, Canada

2.1.2 Glasswares

(a) Condenser for reflux procedure

(b) Round bottom flask 250ml with two neck
(c) Watch glass

(d) Polyethylene pasteur pipettes

(e) Utility clamp

(f) Glass stirring rod

(g) Beakers 50ml, 100ml

(h) Volumetric flasks 100ml

(1) Mortar and pestle

(j) Platinum crucible and mold

2.1.3 Apparatuses

(a) Thermometer

(b) Heating mantle with stirrer (Horst)

(¢) Vacuum filtration apparatus

(d) Oven for drying sample (Binder, ED)

(e) Furnace chamber for kaolin calcination, (Honeywell, UDC 2000)

(f) Fusion machine for sample preparation XRF analysis, ( Claisse,Fluxer Bis)

(g) Desiccator

23
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2.2 Instrumentation

2.2.1 X-ray fluorescence spectrometer (XRF)

XRF is one of the techniques, widely used to determine elemental compositions of solid
samples especially in soil or powder samples. In this work, XRF (Phillip, MagiX Pro) was used to
measure the composition of kaolin samples and synthetic products. The samples were prepared
for the measurement by Borate-fusion technique as follow:

1. Mix 1g of the sample with 7 g of flux (Li,B,0,) in the platinum crucible.

2. Add LiBr about 0.03g to the mixed sample.

3. Transfer the platinum crucible to the fusion machine.

4. Program the fusion machine for power and fusion time according to the instruction.

5. Start the fusion machine to allow the the mixture to melt. After cooling, solidification

and casting, the flat lower surface of the disk can be used for XRF analysis.

The apparatus of fusion machine and disk of the sample as show in figure 2.1.

A B

Figure 2.1 A The apparatus of fusion machine and B sample disks.

The tube high voltage was 40 kV with the tube current of 30 mA. Each sample was
measured using standard procedure suggested by the instrument manufacturer. The measurement
time was about 5 min./sample. The results were reported in the form of oxide percentage
compared with standard powder of kaolin, MBH reference material 1998-99 and standard

reference materials.
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2.2.2 Atomic absorption spectrometer (AAS)

AAS is one of the techniques used for measurement of concentration of elements
containing in samples. This method can give high accuracy result for elemental concentrations.
The samples were digested by acid using microwave digestion which is similar to the suggested
sample digestion procedure using Mar 5 CEM microwave. In each measurement, 0.5 g of the
sample was put to the HP-500 Plus PFA vessels. The temperature was elevated and controlled by
the amount of microwave power provided to the reaction vessels. The process and heating

programs are shown in table 2.1.

Table2.1 Process and heating programs for acid digestion method: (a) Step 1: Add Hydrofluoric
acid (48%) 7 ml, Hydrochloric acid (37%) 3 ml, and Nitric acid (65%) 1 ml,

respectively and (b) Step2: Add Boric acid 4% 30 ml.

Max. Power | % power | Ramp time(min) | Pressure (psi) Temp.(OC) Hold(min)

Stepl: 600w 100 15 130 210 10

Step2: 600w 100 10 100 210 5

After acid digestion, the samples were transformed to clear solutions. Then the clear
solutions were diluted to a proper level covered by the calibration curves. The concentrations of
Si, Al, and Fe in the solutions were measured by a Perkin-Elmer, AAS, analyst 100 machine. The
calibration curve for each element was prepared from a series of 4 reference solutions. Si and Al
measurements were done using graphite furnace technique. Fe measurement was done using

flame technique. The results were reported in the form of weight percentage.

2.2.3 Powder X-ray diffractometer (XRD)
XRD is a popular technique used for the analysis of the structural properties and the
identifications of mineral in solid state and material science. A Bruker D5005 Powder X-ray

diffractometer with Ni-filtered Cu K, radiation was used to record all of the diffraction spectra.
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Prior to the measurement, each sample was prepared using a standard method for powder sample

preparation.

Sample preparation procedure for XRD

The apparatus set used for powder XRD sample preparation is illustrated in figure 2.2.

4.

5.

Figure 2.2 Apparatus set for powder XRD sample preparation ( A= spatula,

B= glass slide, C= sample holder)

Dry the sample in the oven at 100 °c.

Grind about 1 g of each solid sample to fine powder as homogeneous as possible,
then load into the Polymethyl metaacrylate (PMMA) sample holder.

Tap the powder gently and evenly to uniformly cover the holder cavity.

Gently press the powder sample into the cavity using a glass slide.

Gently lift off glass slide to reveal the sample surface.

Each diffraction spectrum was recorded with condition: 26 angle of between 5° and 50°.

Cu-target, 35 kV, 35 mA., and scan speed of 0.3 degree/ 0.02 second. Typically, the data was

expressed in the plot between intensity of diffraction peaks and 26 angle. The positions of

diffraction peaks were compared with a reference data base and the identifications of compounds

could be obtained. The percentage of crystallinity was obtained by the area of 12 strong

diffraction peaks of the sample compared to the pattern of standard zeolite which was set to be

100% (Hu, H. C., 1990)

Percent of crystallinity = Total area of 12 strong peaks of the sample x(100%)

Total area of 12 strong peaks of the standard



27

2.2.4 Fourier transform infrared spectroscopy (IR)

A Perkin-Elmer spectrum GX FTIR Spectrophotometer, infrared spectra were used to
take the mid IR spectra of samples (2000-370 cm') with the KBr pellet technique. The solid
sample and KBr pellet were dried at 120 °C for 1 h before to obtain spectra. Approximately 0.5
mg of each sample was mixed with 300 mg dried KBr powder and ground to very fine powder
with a mortar and pestle. The ground powder was pressed into a transparent disk using a
hydraulic pressing machine with an equivalent weight of about 10 tons for 1 minute. The spectra
were obtained using an average of 12 scans with 4 cm’’ resolution. To compare several spectra
together, the normalization was done using one fixed point at 1500 cm’. The percent of
crystallinity of each sample was determined by comparing the ratio of the areas under two pre-

selected absorbance bands of sample to the ratio from standard zeolite which was set to be 100%.

2.2.5 Scanning electron microscope (SEM)

Morphology of the solid sample could be seen through the use if SEM. Crystal shape and
size of the crystalline solid phase could be identified from the micrograph. The observation was
done using a JEOL scanning electron microscope model JSM6400. To prepare for the
observation, the solid sample was placed on a brass stub sample holder using double stick carbon
tape. Then, the sample was dried using infrared light for five minutes. After that, the sample was
coated with a layer of gold approximately 20-25 A thick using a Balzer sputtering coater. The

micrographs were recorded with 12kV, 8000x magnification.

2.3 Experimental methods

2.3.1 Kaolin preparation

Thai kaolin samples collected from three provinces were ground in a gate mortar and
sieved with mesh number 120, 125 micron aperture. Prior to the XRF analysis, the Loss on
Ignition (Lol) values of kaolin samples were determined. The kaolin samples were characterized
by XRF and AAS to find the composition prior to the calcination. The calcination temperatures
were carried out from 500°C to 900°C. Then the calcined kaolin samples were used as starting

materials for the synthesis of zeolite Na-A.
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Lol determination procedure

Place a crucible in the oven at a temperature of 105 °C and leave it for at least 2 hours.
Then place it in a desiccator and let it cool down to room temperature. Weight the empty crucible
(A). Weight at least 2 g of sample in the crucible and weigh again (B). Place the crucible
overnight in the oven at 105 °C. Transfer the crucible to the desiccator and allow to cool to room
temperature. Finally weigh the crucible again (C). The moisture content can be calculated using
equation :

After drying, place the crucible in the ignition oven and allow the sample to warm up
gradually to 900 °c. Ignite for at least four hours. Allow the oven to cool down to 100 ‘c. Then,
transfer the crucible to the desiccator and allow it to cool down to room temperature. Finally,

weigh the crucible again (D). Loss on ignition (LoI) could be calculated from

Lol = 100% (C-D)/(C-A).

2.3.2 The zolite Na-A synthesis method

1. Kaolin samples were calcined in the furnace chamber at different temperatures (500, 600,
700, 800, 900 °C) for 1 h. After the calcination process, kaolinite samples were transformed
to metakaolinite. The resulting metakaolinite samples from each temperature were used to in

the next zeolite Na-A synthesize step.

2. The procedure for hydrothermal reaction of metakaolinite in alkaline medium are described
as followings.
2.1 Metakaolinite samples were treated with different concentrations of NaOH solution

(10%, 15%, 20%, 25%, w/v) , Metakaolinite : NaOH solution = 1g: 5 ml.
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Figure 2.3 The apparatus for zeolite Na-A synthesis.

Zeolite Na-A was synthesized in a 250 ml glass round-bottom flask with two necks:
one neck fitted with a water-cooled reflux condenser and the another neck for
temperature measurement. The apparatus for zeolite synthesis is shown in figure 2.3
The stirred bath reactions were carried out at ambient pressure.

The reactions were carried out at various temperatures (70, 80, 90, 100 °0).

During hydrothermal treatment, samples were collected from the reaction vessel by
pipetting out 5 ml portions of reaction mixture at various periods as shown in the
table 2.1.

The solid phase samples were filled, washed with distilled water, and then dried at
120 °C for 5 hours.

The solid products were characterized by XRD, IR, and SEM techniques.



30

Temp.( OC) 70 80 90 100
[NaOH] w

10% 30 min 20 min 15 min 10 min

15% 15 min 15 min 10 min 10 min

20% 15 min 10 min 10 min 5 min

25% 10 min 10 min 5 min 5 min

Table2.2 Sampling periods for various experiments.

2.3.3 Kinetic study

The kinetic of reaction was investigated by using the data from XRD and IR. The

percentage of crystallinity of zeolite Na-A were determined from IR spectra and x-ray diffraction

patterns of solid phase samples at various times and at different experiment conditions. The

relationship between the percentage of crystallinity and time at different NaOH concentrations

and different temperatures provides the information on kinetic study. Rate of reaction were

extracted from slope of the plot between crystallinity and time. The rate constant (k) and the value

of Avrami exponent (n) which is related to mechanism of reaction were deduced from Avrami

equation. Finally, the apparent activation energies were obtained using Arrhenius plot.

2.3.4 Ion exchanger capability

In order to demonstrate the ion exchanged capability of the synthetic zeolite Na-A, the

following procedure steps were used.

1.
2.

Prepare CaCl, solution at various concentrations [600, 1000, 1400, 2000 mg/1].
Put 1 g of zeolite into 100 ml of each CaCl, solution.

Keep stirring the mixture solutions for three days.

Filter the solutions to remove solid phase.

Determine the concentration of Ca ions in each solution using AAS technique.

The ion exchange capability can be approximated from the AAS result.




Chapter 3

Results and Discussion

In this chapter, the experimental results are discussed. Firstly, the analytical result for
kaolin composition is shown. Secondly, the characterization results for kaolinite and
metakaolinite are compared. Thirdly, the result for the synthesis of zeolite Na-A is reported. The
effects of kaolin source, calcination, alkalinity concentration and reaction temperature are
discussed in this part. Fourthly, the kinetic study of the synthesis reaction is discussed. The
kinetic parameters based on Avrami model are reported in this part. Finally, the ion exchange

capability of the synthesis product is demonstrated.

3.1 Kaolin composition analysis

The chemical compositions of kaolin samples from Lampang, Ranong and Narathiwat
provinces were determined by XRF as given in the table 3.1. The main compositions of kaolinite
samples are oxides of Si and Al. The Si/Al ratio of Lampang kaolin is 2.81, compared to 1.15
and 1.13 for Ranong and Narathiwat samples. High Si/Al ratio is the signature of high SiO,
content as verified by XRD. Significantly, the kaolin from three provinces contains mineral
impurities of iron, titanium, calcium, magnesium, etc. Therefore zeolite prepared from these
kaolin samples are always contaminated with these elements [Chandrasekhar, P. N. 2001]. Those

impurities may also effect the crystallization mechanism.

Table 3.1 The chemical compositions, Lol and Si/Al ratios of kaolin samples from three
provinces determined by XRF

Chemical content Lampang Narathiwat Ranong
(% weight)
SiO, 67.08 46.72 45.63
Al O, 21.12 35.75 35.75
Fe,O, 0.79 0.70 0.77
TiO, 0.03 0.64 0.04
MnO, 0.10 0.01 0.01
Ca0O 0.18 0.03 0.02
MgO 0.08 0.05 0.04
K,0 2.87 0.43 0.99
Lol (%) 6.27 13.86 13.38
Si/Al ratio 2.81 1.15 1.13
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To confirm the XRF data, AAS was used to determine the concentration of Si, Al and Fe
contained in the kaolin samples. The AAS result is shown in table 3.2. The AAS data agrees well
with the XRF data ensuring the chemical compositions data. It has been shown in the literature
that kaolin material with a Si/Al ratio closed to unity is suitable for the synthesis of zeolite. At

this stage, it may be speculated that Lampang kaolin would not give a good synthesis result.

Table 3.2 The concentration of Si, Al, and Fe of kaolin samples from three provinces as

determined by AAS.
emental Content (Yoweight) Lampang Narathiwat Ranong
Si 32.11 22.02 21.9
Al 10.99 19.24 19.52
Fe 0.66 0.52 0.69
Si/Al ratio 2.92 1.14 1.12

3.2 Characterization of kaolin and metakaolinite
Prior to the zeolite synthesis, kaolin samples must be prepared by calcination process to
transform them to metakaolinite. In order to know the effect of calcination, one may analyze the
characteristics of the samples before and after the process. Therefore XRD and IR spectra were
recorded for comparison.
3.2.1 Kaolin characterization
The powder XRD spectra of kaolin samples from three provinces were recorded as
shown in figure 3.1. The identifications of different crystalline phases were realized by using
diffraction pattern files provided by Joint Committee on Powder Diffraction Standards (JCPDS).
All of the samples showed clear diffraction peaks exhibiting some degree of crystallinity.
Significantly, the major composition of Lampang kaolin is quartz mixed with a minority amount
of kaolin. On the other hand, the XRD characteristics of Narathiwat and Ranong kaolin samples
indicate the kaolin majority. Nevertheless, the precise ratios between quartz and kaolin phases in

the samples have not been determined.
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Figure 3.1 Powder XRD patterns of Lampang (a), Narathiwat (b), and Ranong (¢), kaolin

samples compared with the standard pattern from JCPDS database.
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IR spectra of natural kaolin samples were also recorded as shown in figure 3.2. In
general, an absorption bands is related to the vibration at a specific configuration of chemical
bonding. The interpretation of the spectra has been guided by the data published in literatures
(Madani, A. et al., 1990. Bougeard, D. et al., 2000). The identifications of IR absorption bands to
the related vibrations are shown in table 3.3. Since the major compositions of all samples are

oxides of Si and Al, therefore the IR spectra exhibit the similar series of absorption bands as

expected.
1550 _ (a) Narathiwat
140 |
120 |
00 ] (b) Ranong
] 80 |
Q
g ol
g (c) Lampang
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—
=
X
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Figure 3.2 IR transmission spectra of kaolin from three provinces:

(a) Narathiwat, (b) Ranong, (¢) Lampang

Table 3.3 Identifications of IR absorption bands to specific vibrations.

Wave number (cm ) Vibrations
1115, 1030, 1007 Asymmetric Si-O stretching

912,936 O-H bending
789 Si translation

696, 755 Symmetric Si-O stretching
537 Coordinated Al octahedral
468 0-Si-0, O-AI-O bending, stretching
429 O-Al-O bending




Lampang kaolinite

Figure 3.3 SEM micrograph of the kaolin samples with 12kv and 8,000 magnification.
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All of the kaolin samples from three provinces were examined by SEM. The micrographs
are shown in figure 3.3. Each micrograph was taken at the electron energy of 12 kV with a
magnification of 8000 or an area coverage of about 12x10 um.

From the micrographs, at this scale, the structures of the kaolin samples appear to be
different. Lampang kaolin shows layer-structure with the period of about 0.3 pm per layer. There
are some small grains, ~ 0.5 pm size, dispersed over the layers. This may be the indication of the
mixing between kaolin and quartz in this sample. For the case of Ranong sample, some needle-
like structure with irregular orientation is observed. Shape and size of the needles appear to be
uniform about 30 um long and 2 pum thin. Different structure is observed for Narathiwat sample.
The sample has a layer-structure with uniform period of about 2 pm and the layers are well
oriented.

After the characterizations by XRF, AAS, XRD, IR and SEM, the kaolin samples were
calcined at 500, 600, 700, 800 and 900°C to investigate about the activation temperature. At high
enough temperature kaolin can be transformed into metakaolinite which is a suitable form for the

synthesis of zeolite Na-A.

3.2.2 Metakaolinite characterization

The x-ray diffraction patterns of kaolin samples after calcination at different
temperatures are shown in figure 3.4. In general, at the activation temperature of 500°C, no major
structural change has been observed. However, when activated at 600, 700, 800 and 900°C, the
crystalline kaolinite related peaks gradually disappeared and the amorphous phase appeared as
evidenced by the very broad diffraction hills. The result suggested the transformation of
crystalline phase of kaolinite in to the amorphous phase called metakaolinite. Nevertheless, the
Si0, related peaks remained apparently distinguishable in all of the samples suggesting the high
thermal stability of crystalline quartz phase. This implies some difficulties in the used of the high

quartz contained kaolin sample in the synthesis of zeolite.
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Figure 3.4 Powder XRD spectra for kaolin samples after calcination at 500, 600, 700, 800 and

900°C compared to the raw samples.
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From the XRD result, it could be expected that Lampang samples would give a lower zeolite
yield than the Ranong and Narathiwat samples because of the high concentration of quartz phase
which is very stable.

Not only the kaolinite structure is altered by the calcination but also some chemical
bondings as shown by IR measurement.

IR transmission spectra for kaolin samples after calcination at 500, 600, 700, 800 and
900°C were compared to the raw samples in figure 3.5. At the calcination temperature of 500°C,
the IR spectra of the samples were similar to the unheated samples. Referring to table 3.3, at the
calcination temperature rising from 600-900°C, the antisymetric Si-O stretching bands merged to
be a broad band and shifted to 1030-1090 cm . The OH bending bands were eliminated indicating
the complete dehydroxylation process. The coordination of Al changed from octahedral at 537
cm’ to the lower one at 803-810 cm . This was indentified as the Al-O bond in the Al O, part of
metakaolinite. In the case of Lampang kaolin, the absorption band at 536 cm ' which is related to
Al at octahedral sites was visible even after being calcined at 900 ‘C.

Generally, the calcination temperature is chosen in the range that enable the complete
transformation of crystalline kaolin into the amorphous phase of metakolinite. From
thermodynamics point of view, the higher calcination temperature, the better transformation can
occur. However, there should be some balance from the economic reason. Therefore, the
calcination temperature of 600°C was chosen for the following experiment since it is high enough

for the transformation and uses the lower amount of electrical power.
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39



40

3.3 The synthesis of zeolite Na-A

3.3.1 Effect of the kaolin source

To study the effect of kaolin source in the synthesis of zeolite Na-A, the calcination
temperature of 600°C for 1 h was selected since the amorphous kaolin can be obtained at this
temperature. The synthesis condition was 10% w/v of NaOH concentration, and the reaction
temperature of 100°C. To follow the reaction processes, the solid phases were regularly sampled
until 300 min of reaction time. XRD was used to measure the structural property of the collected
solid samples. The XRD patterns of the solid samples from three series are shown and compared
to the pattern of standard zeolite in figure 3.6

From the figure, the zeolite Na-A XRD peaks started to appear gradually. Similar results
were obtained for Narathiwat and Ranong samples. During the induction period, up to 30 min, no
crystalline products were formed or in the other word the amount of nucleated crystals were under
the detection limit. However, after 60 min, the characteristic peaks of zeolite Na-A started to
appear over the broad peak of amorphous metakaolinite phase, indicating the transformation
process. After 120 min, the XRD characteristic peaks of the samples were similar to the standard
zeolite Na-A product. At this stage, a high fraction of the metakaolinite has transformed into
zeolite Na-A.

Considering the Lampang product a different result was obtained. Only a limited amount
of the Lampang product showed the characteristic of zeolite Na-A even after 300 min, indicating
difficulties in the transformation. The characteristic peaks of quartz were visible all the time. This
demonstrated the rigidity of quartz phase against the transformation to the other phases.

The plots between the percentage of zeolite Na-A crystallinity obtained in the synthesis
of zeolite Na-A from different sources of kaolinite and reaction time are shown in figure 3.7. The
individual point is defined as the ratio of the total area of 12 strong XRD peaks of each sample to
the reference standard zeolite Na-A sample which is set to be 100% ( Hu, H. C. et al., 1990).
From the data, within the expectation, Lampang sample gave a small yield of only 28%, while

Narathiwat and Ranong samples gave satisfactory yields which are 77% and 73% respectively.
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Figure 3.6 Powder XRD patterns of solid phase samples obtained during the synthesis of zeolite

Na-A from Lampang, Ranong and Narathiwat samples.



42

100

90
B Narathiwat

¢ Ranong

A Lampan
60 — pang

50
40

% Crystallinity

»
»
>

10

0 50 100 150 200 250 300 350

Time (min)

Figure 3.7 Plot of XRD crystallinity of zeolite Na-A with time during the synthesis using kaolin

from Lampang, Ranong and Narathiwat

IR measurements were done for to verify the XRD result. IR absorption bands for standard zeolite
Na-A is shown in figure 3.8. Table 3.4 summarizes the IR absorption bands for zeolite Na-A and the

related vibrations (Rocha J. et al., 1991, Deortier, A et al., 1997)

62.0

T T T T T T T ™
2000.0 1800 1600 1400 1200 1000 800 600 370.0
cm-1

Figure 3.8 IR absorption bands of standard of zeolite Na-A.
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Table 3.4 IR Vibration bands of zeolite Na-A.

Absorption band (cm>l) Vibration
378 Opening of pore
465 Si-O, Four-coordinated Al-O bending
555 Double four member ring
1007 Assymmetric stretching Si-O, Al-O

Figure 3.9 shows the IR spectra of solid samples obtained at various times during the
synthesis of zeolite Na-A from kaolin compared with the standard zeolite Na-A. The broad band
of metakaolinite located at 800 cm assigned to the Al-O bonds in Al,O, was not observed. The
vibration band at 1090 cm for metakaolinite assigned to the stretching of Si-O bond in SiO, is
shifted to 1007 cm' after 60 min of reaction. At 120 minutes of reaction, several bands started to
appear. The band at 554 cm’ s closed to the value of cubic crystal band of zeolite Na-A. The
band at 467 cm  is related to SiO and four coordinated AlO bending. The band at 1007 cm’ is
identified as antisymmetric stretching of Si-O or AI-O bonds. The band at 387 em’ is related to
the opening of pores. This result verified the high degree crystallization of zeolite Na-A in
Ranong and Narathiwat samples. Different result was obtained in the synthesis from Lampang
kaolin. The band at 553 cm ' is related to double- four membering in zeolite Na-A, however the
band at 465 cm ' which related to Si-O and four coordinated Al-O bending in zeolite Na-A is not
visible. We may conclude that only small portions of the Lampang kaolin can be transformed to
zeolite Na-A. The plot of percentage of crystallinity with time is shown in figure 3.10. Each data
point represents the ratio of peak areas at 555 cm’ and 465 cm ' and the ratio is compared with
the standard zeolite Na-A The 72% and 70% of crystalinity were obtained from Narathiwat and

Ranong samples while only 24% was obtained for Lampang sample.
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Figure 3.9 IR transmission spectra of solid sample obtained form the synthesis of zeolite Na-A

from Thai kaolin at various times.



45

100

90 7| Mm@ Narathiwat

80 7 ¢ Ranong

70
A Lampang
60
50

40

% Crystallinity

30

20
10

0 50 100 150 200 250 300

Time(min)

Figure 3.10 IR result for percentage of crystallinity of solid samples obtained form the synthesis

of zeolite Na-A from Thai kaolin at various times.

Figures 3.11-3.13 show the SEM micrographs taken from the synthetic product from Lampang,
Ranong, and Narathiwat samples, respectively. Zeolite Na-A crystal has cubic shape, therefore the
good product should contain uniformly distributed cubic-shape crystals. In Lampang series, some
cubic-shape crystals size ~0.8 pm, were observed to mix with the other platelet phase. This is
consistent with XRD and IR that the majority quartz phase is contained in the Lampang samples. In the
other hand, with the same synthesis condition, the cubic-shape crystals of size 1.0-1.5 um were
observed to distribute uniformly over the space for Ranong and Narathiwat samples. It is quite clear
from the micrographs that the cubic crystals started to grow out of the metakaolinite structures. Even
though the starting materials had different out-looks but resulting in a similar form of cubic crystals.
This is the indication of high conversion ratio of metakaolinite to zeolite Na-A in Ranong and
Narathiwat samples.

Since, the Narathiwat sample gave the highest yeild, slightly over the Ranong samples, it was

selected to be the starting material for the next experiment.
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Figure 3.11 SEM micrographs of solid phases obtained in the synthesis of zeolite Na-A from
Lampang kaolin activated at 600 °C with 10% w/v NaOH and reaction

temperature 100 °C for various times.
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Figure 3.12 SEM micrographs of solid phases obtained in the synthesis of zeolite Na-A from
Ranong kaolin activated at 600 °C with 10% w/v NaOH and reaction temperature

100 °C for various times
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Figure 3.13 SEM micrographs of solid phases obtained in the synthesis of zeolite Na-A from
Narathiwat kaolin activated at 600 ‘C with 10% w/v NaOH and reaction

temperature 100 °C for various times.
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3.3.2 The effect of calcination temperature

To study closer on the effect of kaolin calcination temperature, Narathiwat kaolin was
selected to be the starting material. The samples were activated at the temperatures of 500, 600,
700, 800, and 900°C for 1 h and the calcined kaolin samples were used for synthesis zeolite Na-A
with the condition NaOH 10%, 100°C.

From the previous studies, if the calcination temperature is too low, kaolin can not be
transformed in to the amorphous form and resulting in no conversion into zeolite Na-A in the
synthesis. As shown in figure 3.14, at the calcination temperature of 500 °C and kaolin was in the
crystalline phase, even though some phase has occurred but no zeolite Na-A was observed by

XRD.
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Figure 3.14 XRD spectra of the synthetic products using Narathiwat kaolin calcine at 500°C

The SEM observation as confirmed the XRD finding. As shown by the micrograph in
figure 3.15, some round shapes buds have grown over the calcined kaolin structure but no cubic

shape crystal seen in the micrographs.



50

Figure 3.15 SEM micrographs of the synthetic products using Narathiwat kaolin calcine at 500°C
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Figure 3.16 Evolution of zeolite Na-A XRD peaks during the synthesis when using Narathiwat

kaolin activated at 600°C, 700°C, 800°C and 900°C.
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On the other hand, when calcined at higher activation temperature (600-900 OC), kaolin
can be transformed to metakaolinite, and the zeolite Na-A peaks can be synthesized. As shown in
figure 3.16, the XRD shows the evolution of zeolite peaks during the synthesis.

After the induction period, the zeolite peak appeared at around 90 min of reaction time.
The rate of growth tends to increase with the calcination temperature. At the activation
temperature of 900 °C, we observed that zeolite peak appeared at 60 min which is faster when

compared with 90 min. for the activation temperatures of 600-800 °C.
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Figure 3.17 Percentage of crystallinty for different calcination temperature deduced from XRD.

The percentage of crytallinity for different calcination temperatures are shown in figure
3.17. In the beginning, the crystal in 900°C sample grew at the fastest rate until the reaction time
reached 120 min, the 800°C and 700°C samples cough up. At 300 min, crytallinity of 900°C
droped down below the level of 800°C and 700°C. While 600°C, the crystal grew at the slowest
rate but tended to catch up at the end. The calcination temperature of 700°C had the highest
crystallinity which reached 82% after 300 min. Therefore, the calcination temperature of kaolin

for the next experiment was selected to be 700°C.
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3.3.3 The transformation of metakaolinite into zeolite Na-A
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Figure 3.18 The evolution of IR spectra during the synthesis of zeolite Na-A from
metakaolinite: The positions of absorption bands are labeled. The bands evolution
directions are indicated by arrows, from metakaolinite to zeolite Na-A spectra. The

synthesis condition was 10% w/v NaOH, with 70°C reaction temperature.

In a similar manner to XRD measurement, the IR spectra can be used to obtain the
crystallinity of the product. As shown in figure 3.18, the directions of evolution of IR absorption
bands during the synthesis of zeolite A from metakaolinite are indicated by arrows. The IR
characteristic bands evolved from those of metakaolinite to the bands of zeolite Na-A, recalling
table 3.3 and 3.4. For comparison, all base line spectra were normalized with zero absorbance
taken at 1500 cm'and a maximum absorbance was set to be 1.0. From IR spectra, the intensity of
the band at 555 cm ' which is the characteristic of zeolite Na-A increased with increasing reaction
time. The broad vibration band at 1078 cm™ for metakaolinite, assigned to the stretching of Si-O
bond in SiO, shifted to 1002 cm and the band became narrow band. The broad band of
metakaolinite located at 810 cm assigned to the Al-O bonds in Al,O, was not observed in the
final product. From the IR result, the high intensities, zeolite Na-A characteristic, band at 555
cm’ was used to be the indication of zeolite formation. The zeolite Na-A crystal growth can be

visually observed through SEM micrographs as shown in figure 3.19.
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Figure 3.19 SEM micrographs of the solid phases obtained in the synthesis of zeolite Na-A from

Narathiwat metakaolinite activated at 700°C with 10% w/v NaOH and reaction
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The 70°C reaction temperature was select to allow more convenient observation of the
crystal growth. From the SEM micrographs, small round crystals of size ~0.2-0.5 um started to
appear on the metakolinite framework around 240 min. From XRD and IR data, these spheres are
related to the first stage of the crystal growth. Then small sphere grew larger in size to be about
0.8-1.0 um at 300 min. The number of crystal per area was also increased indicating the ongoing
nucleation. At 330 min, the crystals started to evolve from round shape toward the cubic shape.
The size of crystals were about 1.0-1.2 um. At 330 min half of the crystals had cubic shape. This
implied changing in the growth mechanism toward the preference of surface diffusion. At 480
min the crystal sizes were about 1.2-1.5 um. From this time, the size of crystal grew slower but
number of crystal per area still increased. However, the cubic crystals appeared to be very well
defined, sharpen edges. This was the indication for higher surface diffusion mechanism.
Therefore, the rate of crystallinity was more or less altered. This suggested that there were more

than one growth mechanisms involving in the experiment.

3.3.3 The effect of alkalinity concentration and reaction temperature

In this section, the effect of reaction temperature and NaOH concentration on the
synthesis of zeolite Na-A were investigated. Narathiwat kaolin activated at 700 °C was chosen to
be the starting material. The synthesis conditions were varied on NaOH concentrations 10%,
15%, 20%, 25% and reaction temperatures 70 °C, 80 °C, 90 °C, and 100 °C. XRD and IR were
used to determine the crystallinty at various times during the reaction.

The plots of the percentage of crystallinity of the solid products with reaction time from
various experiment conditions deduced from XRD technique are shown in figures 3.20-3.23.
Each figure represents the plots for one reaction temperature and various NaOH concentrations.
In general, the higher NaOH concentration, the faster the reaction. At the NaOH concentration
10% and 15%, the percentages of crystallinity were high in the range of 78-85% at all reaction
temperatures. On the other hand, at 20% and 25% NaOH, at 90°C and 100°C reaction
temperatures, the crystallinity percentages remarkably decreased to be in the range of 45-70%.
Therefore, it may be concluded that the suitable concentration of NaOH for the synthesis is about

10-15 %.
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The percentage of crystallinity of zeolite Na-A obtained from the reaction of
Narathiwat kaolin activated at 700 °C with NaOH concentrations of 10, 15, 20,

and 25% at the reaction temperature of 70 °C.
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The percentage of crystallinity of zeolite Na-A obtained from the reaction of
Narathiwat kaolin activated at 700 "C with NaOH concentration of 10, 15, 20,

and 25% at the reaction temperature of 80 °C .
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Figure 3.22 The percentage of crystallinity of zeolite Na-A obtained from the reaction of
Narathiwat kaolin activated at 700 °C,with NaOH concentrations of 10, 15, 20,

and 25% at the reaction temperature of 90 °C.
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Figure 3.23 The perentage of crystallinity of zeolite Na-A obtained from the reaction of
Narathiwat kaolin activated at 700 °C with NaOH concentration of 10, 15, 20,

and 25% at the reaction temperature of 100 °C.
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The reaction temperature has the similar effect on the synthesis. The plots of the
percentage of crystallinity of the solid products with reaction time deduced from XRD technique
when reaction temperature varied, are shown in figures 3.24-3.27. The data implied that, at the
beginning of reaction, the rate of reaction increased with increasing reaction temperature.

At the reaction temperature 70 °C and 80 "C for all NaOH concentrations the average
percentage of crystallinity of the solid products reached about 80%. For higher reaction
temperature of 90 "C and 100 "C at high NaOH concentrations (20% and 25%), the reaction
occurred faster at the beginning however the percentage of crystallinity decreased rapidly.
Therefore the suitable reaction temperature is about 70-80°C.

From the data discussed so far, we may summarize that rate of crystallinity depends on
the NaOH concentration and reaction temperature. The rate of crystallinity increases with
increasing of NaOH concentration and reaction temperature. However, the percentage of
crystallinity decreases at very high NaOH concentration and reaction temperature. The decreasing
was due to the competition from the growth of sodalite phase, which will be discussed later. In
summary, to obtain high yield, the synthesis condition must meet the requirements for NaOH

concentration and reaction temperature.
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Figure 3.24 The percentage of crystallinity of zeolite Na-A obtained from the reaction of
Narathiwat kaolinite activated at 700 °C with reaction temperatures of 70, 80, 90,

and 100 °C at 10 % w/v NaOH concentration.
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Figure 3.25 The percentage of crystallinity of zeolite Na-A obtained from the reaction of
Narathiwat kaolinite activated at 700 °C with reaction temperatures of 70, 80, 90,

and 100 °C at 15 % w/v NaOH concentration.
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Figure 3.26 The percentage of crystallinity of zeolite Na-A obtained from the reaction of
Narathiwat kaolinite activated at 700 °C with reaction temperatures of 70, 80, 90,

and 100 °C at 20 % w/v NaOH concentration.
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Figure 3.27 The percentage of crystallinity of zeolite Na-A obtained from the reaction of
Narathiwat kaolinite activated at 700 °C with reaction temperatures of 70, 80, 90,

and 100 °C at 25 % w/v NaOH concentration.

The IR measurement confirmed the XRD results. The data are shown in figure 3.28-3.31.
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Figure 3.28 The percentage of crystallinity of zeolite Na-A obtained from the reaction of
Narathiwat kaolinite activated at 700 °C with NaOH concentration of 10, 15, 20,

and 25 % w/v and reaction temperature 70°C.
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Figure 3.29 The percentage of crystallinity of zeolite Na-A obtained from the reaction of
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Narathiwat kaolinite activated at 700 °C with NaOH concentration of 10, 15, 20,

and 25 % w/v and reaction temperature 80°C.
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Figure 3.30 The percentage of crystallinity of zeolite Na-A obtained from the reaction of

Narathiwat kaolinite activated at 700 °C with NaOH concentration of 10, 15, 20,

and 25 % w/v and reaction temperature 90°C.
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Figure 3.31 The percentage of crystallinity of zeolite Na-A obtained from the reaction of
Narathiwat kaolinite activated at 700 °C with NaOH concentration of 10, 15, 20,

and 25 % w/v and reaction temperature 100°C.

From crystallinity data, it may be concluded that both of the NaOH concentration and
reaction temperature significantly influenced on the synthesis of zeolite Na-A from metakaolinite.
The rate of crystallization was found to increase with NaOH concentration and reaction
temperature. Simultaneously, the percentage of crystallinity of zeolite Na-A decreases at higher
NaOH concentration and reaction temperature. Therefore, the NaOH concentration and reaction
temperature are the important factors controlling the zeolite Na-A forming reaction.

XRD and IR technique were used to determine the percentage of crystallinity of zeolite
Na-A at different stages of reactions. In general, both techniques give similar results thus
confirming each other. To be precise, each technique has its own advantage and disadvantage
compared to the other. IR would give an inaccurate crystallinity value at temperature 90°C and
higher, due to the overlapping of absorption bands between zeolite Na-A and the other phase
which is sodalite. However, the inductive period of crystal formation could be detected earlier by

IR. For XRD technique, the crystallinity value could be measured at all range of temperatures
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because of the lower effect on peaks overlapping, but it also insensitive to the detection of

induction period.

From the crystalline curve of various experiment conditions, the percentage yields of

zeolite Na-A are shown in table 3.5 for XRD data and table 3.6 for FTIR data. The suitable

synthesis conditions were NaOH concentration of 10-15% and reaction temperature of 70-80°C

which gave about 79-85% yield. In table 3.6, some of the IR data can not be obtained due to high

intensity of sodalite absorption bands in those samples.

Table 3.5 The maximum yield of zeolite Na-A from various experiment conditions from XRD.

Temp. (OC)
[NaOH] 70°C 80 °C 90°C 100 °C
% w/v %yield | t(min) | %vyield | t(min) | %vield | t(min) | %yield | t(min)
10 % 83 690 84 390 81 270 76 165
15% 79 440 84 300 80 100 74 55
20% 80 190 85 140 72 60 61 30
25% 80 125 74 60 58 45 46 25
Table 3.6 The maximum yield of zeolite Na-A from various experiment conditions from IR.
Temp. (OC)
[NaOH] 70°C 80 'C 90 °C 100 'C
% W/V % yield t (min) % yield t (min) % yield t (min) % yield t (min)
10 % 80 600 81 360 78 285 75 165
15% 81 360 81 315 74 100 68 55
20% 85 190 84 140 73 60 45 25
25% 83 120 80 60 - - - -
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Significantly at the 25% NaOH concentration and reaction temperature of 100 0C, a new
phase, mixed with zeolite Na-A in the product, is observed. Figure 3.32 shows XRD pattern of
the product. From XRD, the new phase was identified to be hydroxy—sodalite (SOD) at 20 =14’
and 24.65 °. This caused the crystallization percentage of zeolite Na-A to decrease at higher

NaOH concentration.
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Figure 3.32 XRD pattern of the solid phase obtained in the synthesis of zeolite Na-A from
Narathiwat kaolin activated at 700 'C with 25 % w/v NaOH at reaction temperature

100 °C. The sodalite peaks are indicated by arrows.
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3.4 Kinetic study result

3.4.1 Determination of the Avrami exponent, n

By the technical limitation of IR, the data taken at high NaOH concentration will not be
precise due to overlapping of different bands. Therefore, XRD was chosen to follow the crystal
formation and find the kinetic parameters.

The kinetic analysis of zeolite formation was performed using Avrami method. In may
cases, the Avrami equation can provide a good empirical fit of the kinetic curves. It can be used

for the calculation of the rate constant and Avrami exponent. By using the equation (3.1)

In-ln(1-a0)) = nlnt +Ink ....(3.1).

o is the conversion factor representing the crystalline volume fraction developed at time t ranging
from 0 to 1. The plot of In(-In (1-a.)) versus In t, would give the slope of the regression lines equal
to the Avrami exponent n, which is related to the mechanism of reaction. Such plots are shown in

figure 3.33 which were taken from XRD .
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Figure 3.33 XRD results of the Plot for In(-In (1-a)) versus In t obtained in the synthesis of

zeolite Na-A from Narathiwat kaolin activated at 700 °C with 10 % w/v NaOH.
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From the plots, most of the data points tended to follow the Avrami model at the
beginning of the plot. The values of n depended on the nature and conditions of crystal growth.
Some deviations were seen late in the reaction with the lower slope value or indicated lower n
value. This deviation implied more than one mechanism of the crystal formation. = Avrami
equation essentially describes the solid state reactions, however the Avrami equation is not
always able to describe the rate process for several reasons such as solution-mediated processes
(Gualtieri, A. et al., 1997).

In this work, it was assumed that the Avrami equation provides a simple means for rate
constant determination for the series of crystallization under varying conditions. The Avrami
coefficient, n, were deduced from the slope of plot of In(-In (1-ot)) versus In t. (o range within

0.1-0.7) and given in table 3.7 .

Table 3.7 The analytical result of the Avrami exponents for the growth of zeolite Na-A from

Narathiwat kaolin activated at 700 "C at various conditions.

Temperature ( °‘c ) [NaOH] 10% w/v [NaOH] 15% w/v [NaOH] 20% w/v
n R n R n R
70 4.2 0.980 5.6 0.977 6.0 0.985
80 3.8 0.973 4.2 0.981 6.0 0.997
90 3.0 0.975 32 0.991 5.9  0.999
100 2.7 0.985 3.0 0.994 5.2  0.964

From table 3.7, at constant NaOH concentration, n had a tendency to decrease if the reaction
temperature increased, possibly due to higher surface diffusion. At constant reaction temperature the n
value increased when the NaOH concentration was increased, possibly due to higher rate of nucleation.
The range of n values was found to be in between 3-6 which was similar to the values reported in the

literatures (Gualtieri, A. et al., 1997 and Walton, R. I. et al., 2001).
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Several researchers suggested various mechanisms to describe the varieties of the exponent n
values. Subotic (1989) proposed that n tended to be 3 when zeolite was mostly formed by the growth
of initial nuclei called homogeneous nuclei distributed through the liquid phase of the crystallizing
systems at the beginning of the crystallization process.

Zhdanov (1990 ) found that the exponent n often greater than 4 when the nucleation rate increases
during the autocatalytic stage of the crystallization process. Zhdanov explained the increase in the
particles production rate, during the crystallization process by introducing the possibility of the
formation of nuclei not only in the liquid phase but also quasi-crystalline phase (heterogeneous
nucleation) released from the dissolution of the pre-existing short range ordered Si-Al polyhedra
framework. The values of n depend on the ratio of the number of heterogeneous nuclei to the number

of homogeneous nuclei (Subotic, B., 1989).

3.4.2 Determination of rate constant, k

The rate constant, k, from the hydrothermal operating at 70-100 °C can be deduced from
the plot of conversion factor (o) and time as shown in figure 3.34. The values of k were obtained
from the slope of the plot (o range within 0.1-0.7) (Gualtieri, A. et al., 1997) The resulting values

of rate constant, k from various conditions of the experiment are reported in table 3.8.
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Figure 3.34 Plot of conversion factors and time for the hydrothermal experiment obtained from

Narathiwat activated at 700 'C with 10 % NaOH at different reaction temperatures.
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Table 3.8 The analytical result of the rate constant, k and fitting coefficient, R for the growth of

zeolite Na-A from Narathiwat kaolin activated at 700 "C at various conditions.

Temperature ‘C) [NaOH] 10% w/v [NaOH] 15% w/v [NaOH] 20% w/v
k R k R k R

70 0.0026 0.991 0.0054 0.986 0.0105 0.970

80 0.0049 0.983 0.0068 0.990 0.0190 0.995

90 0.0056 0.977 0.0181 0.964 0.0402 0.994

100 0.0091 0.994 0.0213 0.991 0.0496 0.975

From the values of the rate constants k obtained from the plot of conversion factor with
time by Avrami equation, at constant NaOH concentration, k had a tendency to increase if the
reaction temperature increased. At constant reaction temperature the k value increased when the
NaOH concentration was increased. Similar trends were reported in the literature (Gualtieri, A. et
al., 1997 and Walton, R. I. et al., 2001)

The rate constants k from various experiments were utilized in Arrhenius equation for the

calculation of the activation energy (E).

3.4.3 Determination of activation energy (E ) of zeolite Na-A crystallization

The activation energy, E_, from thermodynamic point of view, can be used to determine
the minimum energy needed for the crystallization. When comparing two processes, a lower
value of E, means it is easier for that process to occur. The activation energy could be varied
depended on the process and mechanism.

Breck and Flanigen (1968) obtained 11 kcal/mol for the activation energy of
crystallization of zeolite A. Zhdanov (1971) obtained 10.5 kcal/mol for the activation energy of
crystallization of zeolite A. Culfas and Sand (1973) synthesized zeolite A in the temperature
range 60-90 °C with the composition 2.5Na,0-1.75i0,-Al,0,-150H,0 and reported activation

energy of 19 kcal/mol for crystallization. Hu, H. C. et al., (1990) had the activation energy of
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crystallization value of 10.9 kcal/mol for zeolite Na-A prepared from an amorphous sodium
aluminosilicate gel. Guatieri, A. et al., (1997) synthesized zeolite Na-A from natural kaolinite
activated at 800 'C at temperature between 70-110 °C and obtained the activation energy of
crystallization to be 8.7 kcal/mol.

To find the activation energy, the rate constant, k are utilized in the Arrhenius equation as

shown in equation (3.2).
k = Aexp(-E/RT) ... (32)
Taking the logarithms gives
Ink = -E/RT +InA ....(3.3)
From the plot of the logarithm form In k versus 1/T, the calculation of the apparent

activation energy (E,) of the process can be obtained from the slope of the linear plot as shown in

figures 3.35.

-Ink

@ 10% NaOH

3 A W 15% NaOH
A 20% NaOH
2
T
0.00265 0.0027 0.00275 0.0028 0.00285 0.0029 0.00295

1/T (K)

Figure 3.35 The XRD measurement result of -Ink versus 1/T obtained in the synthesis of zeolite
Na-A from Narathiwat kaolin activated at 700 'C with 10, 15, and 20 % w/v NaOH

at different reaction temperatures.
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The resulting values of activation energy of crystallization Na-A from various conditions are reported

in table 3.9.

Table 3.9 The analytical result of the apparent activation energy (E,) and fitting coefficient (R)for

the growth of zeolite Na-A from Narathiwat kaolin activated at 700 °C at various

conditions.
[NaOH] % w/v
10 % 15 % 20 %
E, (kcal/mol) 9.9 13.0 13.8
R 0.985 0.955 0.987

It was expected that the value of E, at 20% NaOH concentration will be lower since the
apparent crystallization rate was faster. However, the value of E, obtained from the experiment
was higher than expected. Since there were many mechanisms involved in the crystal formation
therefore, it was not straight forward to compare the values of E_ from different conditions.

From the data, the apparent activation energies obtained from various conditions are
ranging from 9.9 to 13.8 kcal/mol which are in the range of the values reported in the literatures.
At the NaOH concentration 10%, the crystallization of zeolite Na-A was mostly complete and
high yield was obtained. This resulted in the lowest apparent E . At higher NaOH concentration,
the formation of zeolite was less favorable by the competition formation of sodalite which was
more stable at these conditions. Therefore the higher values of E, were obtained.

As stated earlier, more than one process involved in the formation of zeolite Na-A
crystals. Since the different process accounted for the nucleation of the crystals. Therefore, the
activation energy of the nucleation (E,) is different than the activation energy of crystallization

(E,). A similar method was used to determine E_ as discussed in the next section.

3.4.4 Activation energy, E_of nucleation zeolite Na-A
Similar to the activation energy of crystallization, E,, the activation energy of nucleation,
E , determines the energy needed for the nucleation process. At the same condition, the lower

value of E_ means the easier the nucleation can occur. However, the faster induction period does
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not necessary mean the lower activation energy for nucleation. The activation energy could be
also varied by many parameters such as the amount and type of impurities in the material, the
synthesis condition etc. The activation energy of nucleation can be expressed in the Arrhenius-

like form:
1t, = Bexp(-E/RT) ..... (3.9
Taking the logarithms gives
-Int, = -E/RT +InB ... (3.6)
This method to determine the activation energy of nucleation was successfully applied by

Joshi et al.(1990). The Arrhenius plot of logarithm of the induction periods (t,) and 1/T for the

calculation of activation energy, E_of nucleation zeolite Na-A is shown in figure 3.36.

Int
(o]

@ 10% NaOH
M 15% NaOH
A 20% NaOH

0.00265 0.0027 0.00275 0.0028 0.00285 0.0029 0.00295

1/T(K)

Figure 3.36 The plot of In (t) versus 1/T obtained in the synthesis of zeolite Na-A from
Narathiwat kaolin activated at 700 'C with 10, 15, and 20 % w/v NaOH at different

reaction temperatures.
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The resulting values of activation energy of nucleation are given in table 3.10.

Table 3.10 Activation energy of the nucleation process calculated from the induction periods.

[NaOH] 10% w/v [NaOH] 15% w/v [NaOH] 20% w/v
E, (kcal/mol) 12.7 16.4 16.7
R 0.980 0.983 0.994

Due to limitation in sampling time, the induction period could not be measured at high
precision, and only rough approximations can be made for the values of activation energy of
nucleation. The activation energies of nucleation of zeolite Na-A (E ), obtained from the
experiment are in the range of 12.7-16.7 kcal/mol which is not far from 15.0 kcal/mol obtained by
Hu and Lee (1990) and 16.2 kcal/mol obtained by Guatieri et al. (1997). The lower value of E_of
the reaction with NaOH 10% may imply that it was a suitable condition for the synthesis while
the higher values of E_ at higher NaOH concentrations were related to the disturbance from the

formation of sodalite and the faster consumption rate of secondary units as discussed earlier.

3.5 Ion exchange capability

Since the main feature of zeolite Na-A is the high selectivity of calcium ion exchange
which made it popular in the applications. Therefore, an experiment was performed to test the ion
exchange capacity of our synthetic product compared with resin which is one of the often used
absorbent and with standard zeolite Na-A. The synthetic zeolite was obtained from the synthesis
using Narathiwat kaolin activated at 700°C, 20%w/v NaOH and reaction temperature of 80°C.
The ion exchange capacity was determined by comparing the concentration of Ca’" left in the 100
ml of CaCl, solution with 1 g of the sample after allowing the process to continue for 3 days. The
higher adsorption the lower Ca’ left in the solution. The experiment was performed using Ca”’
concentration of 600, 1000, 1400 and 2000 ppm for the synthetic product and commercial resin
(Amberlite IRN 160, particle size < 0.3 mm), 1000 and 2000 ppm for standard zeolite due to the

limitation in the amount of material. The result is shown in table 3.11.
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Table 3.11 Calcium ion exchanger capacity of the synthesis product, resin and standard zeolite-

Na-A.
[Ca’] ppm Adsorption (ppm)
Product Resin Standard Zeolite Na-A
600 593 589 -
1000 796 789 805
1400 811 834 -
2000 902 816 993

From the result, the synthetic zeolite Na-A product from this work performed well

compared to commercial resin and standard zeolite. For 600 ppm solution, most of the Ca’ ions

were absorbed by the product and tend to reach some limit from 1000 ppm and higher

concentration. Similar trend was also observed when using resin as the adsorbent. At 2000 ppm, a

comparable adsorption capacity is obtained for the product and standard zeolite Na-A. Therefore,

it may be concluded that our synthetic product has the ion exchange capability not far from the

commercial standard zeolite Na-A.




Chapter IV

Conclusion

The formation of zeolite Na-A from natural kaolinites of Thailand collected from
Lampang, Ranong and Narathiwat provinces has been studied. There were several factors that
influenced on the formation of zeolite Na-A. It was confirmed that the composition of kaolin was
one of the most important factor for the synthesis. Narathiwat and Ranong kaolin can be used in
zeolite Na-A synthesis with good yields (>80%). On the other hand, the synthesis of zeolite Na-A
from Lampang kaolin, which contained high composition of quartz, did not give a satisfactory
result (~24%). The calcination of kaolin samples was the another important factor that influenced
on the zeolite Na-A synthesis. Kaolin samples can be transformed into the amorphous phase
called metakaolinite at the calcination temperature 600 ’Cor higher. Experimentally, the starting
material with amorphous form was suitable for the synthesis. It was observed that, the rate of
reaction increased along with increasing NaOH concentration and reaction temperature. At very
high NaOH concentration (25% w/v) and reaction temperature (100°C), the percentage of
crystallinity of zeolite Na-A decreased due to the competing formation of hydroxy-sodalite. The
best condition (80-85% of crystallinity) was found to be Narathiwat kaolin activated at 700 "C
with 10-15% w/v NaOH, and reaction temperature of 70-80 °C.

The kinetic data of the experiment extracted from Avrami and Arrhenius equations
showed that the n values (related to the reaction mechanism) were in the range of 3-6. The k
values increased with increased reaction temperature. The activation energies of crystallization
and nucleation obtained from the experiment were 9.9-13.8 kcal/mol and 12.7-16.7 kcal/mol
respectively. These analytical results compared well with the literatures. In conclusion, it was
demonstrated that Thai kaolin could be used in the synthesis of zeolite Na-A with satisfactory and
competitive results to the well-studied foreign materials.

There are some topics that may be interesting to be investigated furthermore such as the
effects of impurity to the crystal formation, the relation of the synthesis condition to the particle
size, the extraction of quartz from kaolin to increase yield, and the improvement of ion exchange

capability.
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LTA LINDE TYPE A Pm3m
Framework density: 12.9 T/1000 A3
Loop configuration ZAN
of T-atoms:
T

Coordination sequences:

Channels:

Type material:

Isotypic framework
structures:

References:

T(24) 4 9 17 28 42 60 81 105 132 162

<100> 8 4.1%***

Linde Type A {Naj3[Al;5Si;2045] * 27 H,Ol}g
cubic, Fm3c, a=24.6 A(.2)
(pseudocell, Pm3m, a'=12.3 A)

Alpha® SAPO-42(®)
Gallogermanate LTA® ZK-4®
Gallophosphate LTA® ZK-2110
LZ-215© ZK-2200
N-AD

(1) T.B.Reed and D. W. Breck, J. Am. Chem. Soc. 78, 5972 (1956).
(2) V. Gramlich and W. M. Mcier, Z. Kristallogr. 133, 134 (1971).
(3) R. L. Wadlinger, E. J. Rosinski and C. J. Plank, U.S. Patent 3,375,205 (1968).

(4) R. M. Barrer, J. W. Baynham, F. W. Bultitude and W. M. Meier, J. Chem. Soc. 1959, 195 (1959).

(5) A. Simmen, J. Patarin and Ch. Baerlocher, Proc. 9th IZC, Montreal, Butterworth-Heinemann (1993) p. 433.
(6) D. W. Breck and G. W. Skeels, US Patent 4,503,023 (1985).

(7) R. M. Barrer and P. J. Denny, J. Chem. Soc. 1961, 971 (1961).
(8) B.M. Lok, C. A. Messina, R. L. Patton, R. T. Gajek, T. F. Cannan and E. M. Flanigen, J. Am. Chem. Soc.

106, 6092 (1984).

(9) G.T. Kerr, Inorg. Chem. 5, 1537 (1966).
(19) G. H. Kuehl, Inorg. Chem. 10, 2488 (1971).

130 Zeolites 17:1-230, 1996
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24 T(m) LTA

l—”»

framework viewed along [100]

8-ring viewed along [100]

Zeolites 17:1-230, 1996 131
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SODALITE Im3m
Framework density: 17.2 T/1000 A3
Loop configuration
of T-atoms:
T

Coordination sequences: T(12) 4 10 20 34 52 74 100 130 164 202

Channeis: apertures formed by 6-rings only

Type material: Sodalite Nag[AlgSigO54] + 2 NaCl
cubic, P43n, a=8.9 A(.2)

Framework description: ABC sequence of 6-rings

Isotypic framework AlPO4-2064a Hauyn(14)

structures: Aluminate SOD() Helvin(10)

Basic sodalite(6) Hydroxo sodalite(15)
Berylloarsenate SOD(7) Nosean(16)
Beryllophosphate SOD(7) Silica sodalite(17)
Beryllosilicate SOD(®) TMA sodalite(18)
Bicchulite(¥) Tugtupite(19)
Danalite(10) Zincoarsenate SODZ0)
Gan - Zincophosphate SOD(20)
Gallosilicate SOD(12) plus other compositional
Genthelvite(13) variants

dplus numerous compositional variants(17)

188 Zeolites 17:1-230, 1996
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12 T(42m) SOD

framework viewed along [100]
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Appendix B

Simulated XRD powder patterns for zeolites
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LTA Hydrated Linde Type A

COMPOSITION:  Nagg(SigeAlggOss4)-216H20

CRYSTAL DATA: Fm3c (No. 226)
a=2461A b=2461A c=2461 A
a = 90° B = 90° v = 90°

REFERENCE: V. Gramlich and W. M. Meier,
- . Z. Kristallogr. 133, 134-149 (1971).

hi k20 d Mg ok il 20 - M ot iea i w20 d

2 0 O 7318 312306 6 1000 6 6 0 30.83 2900 12 23 8 6 6 4285 2110
2 .2 0 10T, -8 12 513 8 2 2 3083 2900 24 54 19 N6 0. 4285 1Y
2.2 2 A4, Y04 8 31.8 6 6 2 5L70 2823 24 02 10 6 2 4351 2.080
4 0 0 1440 6.153 6 0.5 8 4 0 3254 2752 24 93 8 8 4 4416 2051
4 2 0 1611 5503 24 203 8 4 2 3337 2685 48 3.0 12 0 0 44.16 2.051
4 2 2 1765 5.024 24 2.4 8 6 4 3418 2623 24 2I3 12 2 0 44.80 2.023
4 4 0 2041 4350 12 3.6 93 ¥ 34T 2580 48 9 12 2 2 4544 199
§ 3 1 2136 4100 48 21 R 4 4 3575 2512 24 4.7 12 4 0 46.69 1.946
4 4 2 2167 4102 24 228 8 6 0 3651 2461 24 04 8 8 6 47.30 1.922
6 0 0 21967 4102 6 10.6 10 0 0 3651 2461 6 4.1 10 8 0 4730 1.922
6 2 0 228 3.801 24 1.2 10 2 0 3726 2413 24 0.1 12 4 2 4730 1.922
6 2 2 2399 3710 24 443 6 6 6 38.00 2368 8 1.4 10 8 2 4791 1.899
4 4 4 2507 3.552 8 0.7 10 2 2 3800 2368 24 16 10 6 6 48.51 1.877
6 4 0 2611 3413 24 101 8 6 4 3943 "2.285 48 1.0 12 4 4 4911 1.855
6 4 2 2711 3289 48 410 10 4 0 3943 228 24 03 10 8 4 49.70 1.834
8 0 0 2003 3.076 6 0.4 10 4 2 40.14 2247 48 22 12 6 0 49.70 1.834
6 4 4 2994 2984 24 19.7 8 8 0 4151 2175 12 43

8 2 0 2994 2984 24 199 10 4 4 4219 2142 24 34
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LTA Dehydrated Linde Type A

COMPOSITION:  Nag) 7(SigeAlosO3s4)

CRYSTAL DATA: Fm3c (No. 226)
a=24555A b=24555A c=24555A

a = 90° B = 90° v = 90°
REFERENCE:  J. J. Pluth and J. V. Smith,
J. Am. Chem. Soc. 102, 4704-4708 (1980).

ok A W CIT N EE AR R s h k1 20 d
Do D) 7.20 12278 6 100.0 6 4 4 3001 2978 24 46 8 8 0 4161 2170
2 2 O 1019 8.681 12 49.0 & 2 0 3001 2978 24 6.4 10 4 4 4229 2137
2 2 2 1249 7.088 8 224 6 6 0 3090 2894 12 0.6 8 6 6 4295 2.106
4 2 0 16.14 5491 24 20.1 8 2 2 3090 2.894 24 1.2 10 6 0 4295 2.106
4 2 2 17869 5012 24 1.9 8 4 0 3262 2745 24 14 10 6 2 4361 2075
4 4 0 2046 4341 12 3.0 8 4 2 3345 2679 48 1.0 8 8 4 4426 2.046
5 84 21410 4051 48 0.8 6 6 4 3426 2618 24 84 12 0 0 4426 2.046
4 4 2 2172 4.093 24 8.4 8 4 4 3583 2506 24 0.8 12 2 0 4491 2.018
6 0 0 21.72 4093 6 1.3 10 0 0 3659 2455 6 3.0 12 4 0 46.80 1.941
6 2 0 229 3.882 24 0.1 6 6 6 3808 2363 8 1.3 8 8 6 4741 1.917
6 2 2 2404 3702 M 13.7 10 2 2 38.08 2363 24 0.2 100 8 0 4741 1917
4 4 4 2513 3544 8 0.3 8 6 4 3953 2280 48 0.2 10 8 2 48.02 1.894
6 4 0 2617 3405 24 0.6 10 4 0 3953 2280 ‘24 0.1 10 8 4 4982 1.830
6 4 2 2738 3.281 48 9.0 10 4 2 4023 2242 48 0.5
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Sodalite octahydrate

COMPOSITION:

CRYSTAL DATA:

REFERENCE:

o

20

14.15
20.07

24.65
28.53

NN =
S =
OHOOO ~
B
-]

6.257
4.424
3.957
3.612
3.128

M
12

24
24
12

Inl
51.8

153

3.6
100.0
19.6

580 Zeolites 16:323-802, 1996

Nag(SigAlgO24)-8H20

P43n (No. 218)
a=8.848 A b= 8.848 A c=8.848 A
= 90° B = 90° ~y = 90°

J. Felsche, S. Luger and Ch. Baerlocher,
Zeolites 6, 367-372 (1986).

h &k 1+ 20 d M La h & i 20 d M
2 1.9 81008 20mn A4 945 ey R S - e s 7
2 2 2 3533 2554 B TSY 4 2 0 45856 1978 24
3 2 1 38.05 2365 48 139 4 2 -1 4708 1931 48
4 0 0 40.79 2212 6 2.7 3 3 2 4824 1.886 24
3 3 0 4339 2.086 12 15.8
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Appendix C

XRD powder patterns of the synthesis products



Intensity (cps)

1500
1400

1300

| '
|

.
el Lw/wﬂum MMJ \-JMJ‘W Wuw“‘n\.www.WWw“\meW».wmwm 6.5h

| |

|

1200 | l
W»JMW dew’ IMMMJ [E—vj WMMWMM

1100

1000

mwww MMWWWWMMW 6.0 h
|
RN

I ‘ ”
i “WMWJ WJ“MM,JWMMW' . WMW' W ,wvw[wawmmwmwwJ\mww‘ww 55h

‘\ | h \ |
TTRALIP W P MWMW‘{ i W«Wﬂw WWI [TV Y SRR T T PN 45h

£

900

800

700

600

500

400

300

200

100

kb

0 L L L L IR B kel ‘ 4.0h
10 20 30 40 50

[é,]

2-Theta degree

Figure A1 XRD powder patterns of the solid phases obtained in the synthesis of Narathiwat
kaolin activated at 700°C with 15 % w/v NaOH concentration and reaction

temperature 70°C for various times
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Figure A2 XRD powder patterns of the solid phases obtained in the synthesis of Narathiwat
kaolin activated at 700°C with 20 % w/v NaOH concentration and reaction

temperature 70°C for various times
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Figure A4 XRD powder patterns of the solid phases obtained in the synthesis of Narathiwat
kaolin activated at 700°C with 10 % w/v NaOH concentration and reaction

temperature 80'C for various times
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Figure A7 XRD powder patterns of the solid phases obtained in the synthesis of Narathiwat
kaolin activated at 700°C with 25 % w/v NaOH concentration and reaction

temperature 80°C for various times
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Figure A8 XRD powder patterns of the solid phases obtained in the synthesis of Narathiwat
kaolin activated at 700°C with 10 % w/v NaOH concentration and reaction

temperature 90°C for various times
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Figure A9 XRD powder patterns of the solid phases obtained in the synthesis of Narathiwat

kaolin activated at 7OOOC with 15 % w/v NaOH concentration and reaction

temperature 90°C for various times
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kaolin activated at 700°C with 20 % w/v NaOH concentration and reaction

temperature 90°C for various times
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Figure A11 XRD powder patterns of the solid phases obtained in the synthesis of Narathiwat
kaolin activated at 700°C with 25 % w/v NaOH concentration and reaction

temperature 90°C for various times
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Figure A12 XRD powder patterns of the solid phases obtained in the synthesis of Narathiwat

kaolin activated at 7OOOC with 10 % w/v NaOH concentration and reaction

temperature 100°C for various times
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Figure A13 XRD powder patterns of the solid phases obtained in the synthesis of Narathiwat
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Figure A14 XRD powder patterns of the solid phases obtained in the synthesis of Narathiwat
kaolin activated at 700°C with 20 % w/v NaOH concentration and reaction

temperature 100°C for various times
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Figure A15 XRD powder patterns of the solid phases obtained in the synthesis of Narathiwat
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