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Ahstract

This paper studies the reactivity of
kaolinite and metakaolin in a fluori-
nated medium under hydrothermal
conditions. This path of conventional
zeolite synthesis did not yield promis-
ing results, although traces of different
zeotypes did crystallize, such as the
crystal structures Linde type Y (LTY),
zeolite Na-P1 (GIS), chabazite-ca
(CHA), sodalite (SOD), cancrinite
(CAN) and Linde type A (LTA). Other
zeolites reported in this study were
zeolite ZSM-5 (MFI type structure)
and zeolite ITQ (ISV type structure).
The non-reacting starting material
and the synthesized products where
characterized by x-ray diffraction,
scanning electron microscopy, infra-
red spectroscopy by Fourier transform
and thermogravimetric analysis. The
products of the synthesis are of interest
because they can be used in different
industrial applications.
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Hydrothermal conversion, kaolinite,
metakaolin, fluorinated media, zeolitic
products.

Resumen

El presente estudio reporta la reacti-
vidad de caolinita y metacaolinita en
un medio fluorurado bajo condiciones
hidrotermales. Esta ruta de sintesis
convencional de zeolitas no produjo
resultados promisorios, aunque cris-
talizaron trazas de diferentes zeotipos,
como las estructuras cristalinas linde
tipo Y (LTY), zeolita NaP1 (GIS),
chabazita (CHA), sodalita (SOD),
cancrinita (CAN) y linde tipo A (LTA).
Otras zeolitas reportadas en este
estudio son zeolita ZSM-5 (estructura
tipo MFI) y zeolita ITQ (estructura
tipo ISV). Los materiales de partida
sin reaccionar y los productos sinteti-
zados se caracterizaron por difraccién
de rayos X, microscopia electronica de
barrido, espectroscopia de infrarrojo
por transformada de Fourier y andlisis
termogravimétrico. Los productos de
la sintesis son de interés, ya que pue-
den utilizarse en diversas aplicaciones
industriales.

Palabras clave

Conversién hidrotérmica, caolinita,
metacaolinita, medios fluorurados,
productos zeoliticos.

Resumo

Este estudo relata a reatividade de
caulinita e metacaulinita em um meio
fluoretado em condicdes hidrotermais.
Essa rota de sintese convencional
de zeélitas ndo produziu resultados
promissores, embora os tracos de dife-
rentes zedtipos tenham se cristalizado,
como as estruturas cristalinas linde
tipo Y (LTY), zedlita Na-P1 (GIS),
chabazita (CHA), sodalita (SOD),
cancrinita (CAN) e linde tipo A (LTA).
Outras zedlitas relatadas neste estudo
sdo zeblita ZSM-5 (estrutura tipo MFI)
e zedlita ITQ (estrutura tipo ISV). Os
materiais de partida sem reagdo e os
produtos sintetizados caracterizaram-
se pela difragdo de raios X, microscopia
eletronica de varredura, espectroscopia
de infravermelho por transformada de
Fourier e andlise termogravimétrica.
Os produtos da sintese sdo de interesse
j& que podem ser utilizados em diver-
sas aplicagdes industriais.

Palavras chave
Conversiao hidrotérmica, caulinita,
metacaulinita, meios fluoretados,
produtos zeoliticos.
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Introduction

Since the pioneering work of Barrer in the 1950s the conditions for zeolite
synthesis have changed little. Zeolite synthesis has been extensively reviewed
in several books and literature on this subject is abundant (Breck, 1974; Barrer,
1982; Jacobs & Martens, 1987; Szoztak, 1998). The general method of zeolite
synthesis involves mixing together Si and Al species, metals cations, organics
molecules and water, which are then treated hydrothermally and the mixture
is then converted into a microporous crystalline aluminosilicate. Most zeolites
probably could be obtained at temperatures <100 °C in alkaline solutions.
This is generally the case of zeolites with low Si/Al ratios. However, in order
to reduce the reaction times (especially for zeolites with high Si/Al ratios) and to
control the crystallite sizes, morphologies and compositions, some syntheses are
performed at temperatures > 100 °C under autogeneous pressure in autoclaves.

Typical precursor materials include: SiO, and AL O, sources, mineralizer
and structure directing agents (SDAs). The discovery of SDAs resulted in
the preparation of nearly 100 different silicate frameworks (Breck, 1974). The
mode of action of these SDAs has been widely investigated by Davies and Zones
(1997) and this has led to some empirical rules, without the absolute ability to
design new solids (Lobo, Zones & Davis, 1995). Kubota ¢z /. (1996) discussed
the properties of the organic cations that lead to the structure-direction of high
silica molecular sieves. Zeolites are prepared by hydrothermal crystallization
from alkaline reaction mixtures (Breck, 1974; Chezeau et «/., 1989; Szostak,
1998), where hydroxide ion (OH") acts as mineralizer. The fluoride ion (F) is a
unique mineralizer that has only recently been seriously examined for its use in
zeolite synthesis (Szostak, 1998).

Flanigen and Patton (1978) were the first to employ fluoride-containing
salts in the synthesis of silicalite-1 in 1978. The behavior of the F is very similar
to that of the OH™ as a mineralizing agent and a complexing ion and it will
also contribute to the formation of the molecular sieve structures (Tavolaro

Ing. Univ. Bogotd (Colombia), 17 (1): 183-203, enero-junio de 2013



186 Carlos Alberto Rios-Reyes, Craig Denver-Williams, Oscar Mauricio Castellanos

et al., 1992; Rees & Chandrasekhar, 1993; Férona et «/., 1994; Koller et 4l.,
1999; Barret ¢t @l., 1998; Serrano ¢t al., 2001; Kato ez al., 2003; Egeblad ez a/.,
2007). Corma (2004), using F~ as mineralizing agent allows one to carry out
the synthesis at lower pH than when using OH", and opens new possibilities,
such as the incorporation of elements in the framework which have low solubil-
ity in alkaline medium, in order to perform the synthesis in absence of alkaline
cations, new possibilities to directly incorporate cations such as NH, ¥, adequate
stability of many possible templates in this medium, expanding the number of
potential templates especially when working with concentrated gels. Finally,
the synthesis in the presence of F- produces high silica zeolites with a smaller
number of defects than in alkaline media and also one has the possibility of
growing single crystals large enough for direct structure determination. The
use of F as a mineralizer in zeolite synthesis was developed by Flanigenand
co-workers and has resulted in zeolites being prepared with fewer defect sites
and higher silica contents. Zeolite synthesis in fluoride-containing media has
been studied in connection with the possibility of giving larger zeolite crystals than
those without the fluoride species in the synthesis solution and to increase the
pH range over which zeolites may be synthesized (Tavolaro ez /., 1992; Kim
et al., 2004).

Additionally, several groups have reported a catalytic role of fluoride species
for silicate hydrolysis and condensation (Schmidt-Winkel ¢z /., 1999). Kim
et al. (2004) developed the synthesis of zeolite beta in fluoride media under
microwave irradiation as an efficient and fast route of synthesis. The synthesis of
crystalline aluminosilicate zeolites can be carried out from clay minerals (Breck,
1974; Barrer, Cole & Sticher, 1968; Boukadir, Bettahar & Derriche, 2002;
Klimkiewicz & Drag, 2004; Baccouche, Srasra & Maaoui, 1998; Cafizares ¢t a/.,
2000). Previous work has shown that the improvement of the properties of the
kaolinite by chemical methods is difficult due to its low reactivity. It is not sig-
nificantly affected by acid or alkaline treatments, even under strong conditions
(Lussier, 1991; Murat ez 2l., 1992; Akolekar, Chaffee & Howe, 1997; Perissinotto
et al., 1997, Chandrasekhar & Pramada, 1999; Demortier et 2/., 1999; Xu er
al., 1999). Therefore, kaolinite is usually used after calcination at temperatures
between 550-950 °C (Mackenzie, 1970) to obtain a more reactive phase (metaka-
olinite) under chemical treatments, with the loss of structural water. Several
authors have reported the synthesis of kaolinite- and the metakaolinite-based
zeolitic materials (e.g., Chorover ez 2/., 2003; Zhao et al., 2004; Lin ¢t al., 2004;
Covarrubias ef /., 2006; Rios, Wiliams & Fullen, 2009).
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Numerous investigations have been conducted on the stability of kaolinite in
high pH conditions (e.g., Bauer & Berger, 1998; Bauer, Welde & Berger, 1998;
Camaet al., 2000). Rees and Chandrasekhar (1993) have converted kaolinite and
metakaolinite into zeolites by hydrothermal reaction in fluoride media. When
a fluoride medium was used, kaolinite gave zeolite-GIS directly without any
intermediate metastable phase, whereas zeolite-FAU was the stable intermediate
from metakaolinite (Covarrubias et /., 2006).

The aim of this work was to investigate and understand the reactivity of
kaolinite and metakaolinite in a fluoride media under hydrothermal conditions
synthesis.

1. Experimental

1.1. Materials

The silica and alumina sources used in the synthesis of zeolites were kaolinite and
metakaolinite. Well crystallized, fine grained kaolinite (< 2 um), AIZSiOS(OH) o
was used as the starting material for zeolite synthesis. It is distributed under the
name of Supreme Powder supplied by ECC International. The Metakaolinite
(ALSi,O,) was obtained from calcination of kaolinite. Other reagents used in the
activation of the starting materials were: sodium fluoride, NaF (99%, Fluka),
ammonium fluoride, NH F (98+%, ACS, Aldrich Chemical Company, Inc.),
tetrapropylammonium bromide, (CH,CH,CH,) NBr (98%, Aldrich Chemical
Company, Inc.) and distilled water using standard purification methods.

1.2. Synthesis of Zeotypes
Poor crystalline zeotypes have been synthesized after hydrothermal treatment of
kaolinite or metakaolinite in fluoride media. The conversion of these raw materials
into zeolitic materials was conducted by the conventional hydrothermal synthesis
method. The authors used fluoride media, taking into account that - during the
synthesis process- fluoride ions act similarly to hydroxyl ions without contribut-
ing directly to the pH of the system (Rees & Chandrasekhar, 1993; Houssin,
2003). The fluoride media was prepared by dissolving the activating agents
(NaF or NH,F) in distilled water, under stirring conditions in plastic reaction
beakers (150-250 ml), in order to obtain fluoride solutions 1.33 and 3.99 M.
The use of different mineralizers is justified by the fact that it is interesting to
compare their effect and efficiency in the synthesis process. Calculated amounts
of the raw materials were added to the fluoride solution and stirred until the
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reagents were dissolved and for the homogenization of the reaction mixture.
When NH_F was used as mineralizer, TPAB was added to the reaction mix-
ture to investigate the formation of silica-rich zeolites in slight acidic media.
The progressive addition of reagents was carried out under stirring conditions
until dissolve them in order to homogenize the reaction gels. The representative gel
molar compositions are depicted in Table 1. The reaction gels were divided in
three portions of approximately the same weight, which were transferred to the
autoclaves. The crystallization was carried out by hydrothermal synthesis under
static conditions in three PTFE (polytetrafluoroethylene = Teflon) bottles (Cowie
Technology Ltd) of 65 ml at 100 °C and in teflon lined stainless steel autoclaves
of 20 ml at 175 °C for several reaction times. The reactors were removed from
the oven at the scheduled times and were quenched in cold water. The pH was
measured before and after hydrothermal treatment. After hydrothermal treatment,
the reaction mixtures were filtered, washed with distilled water, and the products
were dried in an oven at 80°C. The dried samples were weighted and kept in
plastic bags for analysis.

1.3. Characterization

The starting materials and the synthesis products were characterized by several
instrumental analysis techniques. Powder X-ray diffraction (XRD) patterns were
obtained on a Philips PW 1710 diffractometer operating in Bragg-Brentano
geometry with Cu-Ko radiation (40 kV and 40 mA) and secondary mono-
chromation. Data collection was carried out in the 20 range 3-50°, with a step
size of 0.02°. Phase identification was made by searching the ICDD powder
diffraction file database, with the help of Joint Committee on Powder Dif-
fraction Standards (JCPDS) files for inorganic compounds. Fourier transform
infrared (FTIR) spectroscopy was carried out using a Mattson Genesis II FT-IR
spectrometer in the 4000-400 cm™ region.

The morphology of the starting material and as-synthesized products was
studied with a ZEISS EVO50 scanning electron microscope, under the following
analytical conditions: I probe 1 nA, EHT = 20.00 kV, beam current 100 uA,
Signal A = SE1, WD = 8.0 mm. Thermogravimetric and differential thermal
analyses were performed on a Mettler Toledo TG 50 thermobalance. Samples
~15-20 mg were heated under nitrogen gas flow (20 ml/min) between 25-
700°C at a rate of 20 °C/min.
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2. Results

2.1. X-Ray Diffraction Analysis
In general, the characterization by X-ray diffraction analysis of the starting
materials and the as-synthesized products obtained after their activation in
fluoride media reveal that the diffractograms of different products depend on
the concentration of the solution used. From the diffractograms of the synthe-
sis products, we highlight the presence of different crystalline phases (in some
cases accompanied by an amorphous phase) having crystalline peaks, wider than
those corresponding to a single crystalline phase, which may be superimposed
to other. Therefore, it is evident the coexistence of crystalline regions, formed by
low crystalline zeolitic phases (crystals of small size and probably with structural
disorder), which results in relatively wide diffraction peaks, and amorphous re-
gions in some of the resultant products. This is one reason why it is preferable
to call these materials as semicrystalline materials. Based on the foregoing, due to
their low crystallinity and the width of the peaks, it is particularly difficult to define
what type of structure belongs to what the authors referred in the present study
as Zeolite ITQ, considering that a refinement was not conducted by the Rietveld
method of the structure of the phases present in the resultant products. The
XRD patterns of both starting materials and as-synthesized products obtained
after hydrothermal treatment of kaolinite and metakaolinite in fluoride me-
dia are described below. Figure 1 illustrates the XRD patterns for the results
of hydrothermal synthesis from the natural clay in solutions of NaF (1.33 M).
Kaolinite (in red color) is the predominant mineral phase, which can be
identified by its characteristic XRD peaks at 12.34° and 24.64° 20 as reported
by Zhao ez al. (2004). However, minor impurities, such as illite, muscovite and
halloysite, also occur. Metakaolinite (in red color) is characterized by the disap-
pearance of all the XRD peaks of the natural clay, accompanied by the appear-
ance of an amorphous aluminosilicate (see the broad hump at 26 = 13-33°,
having a maximum at 20 = ~22°), which according to Rios (2008), persists
between 600 and 950 °C. As can be seen also from the XRD patterns, a slow
dissolution of the starting materials, revealed by a progressive reduction of the
peak intensity, was accompanied by the appearance of very weak peaks of zeo-
lite Na-P1 (GIS), chabazite (CHA) and Linde Type Y (LTY), which increased
in crystallinity with reaction time, although with a large amount of amorphous
aluminosilicate material when metakaolinite was used. However, it is also noticed
the occurrence of Zeolite Socony Mobil-5 (ZSM-5), widely used in the petroleum

Ing. Univ. Bogotd (Colombia), 17 (1): 183-203, enero-junio de 2013



Reactivity Study of Kaolinite and Metakaolinite in Fluoride Media under Hydrothermal Conditions 191

industry as a heterogeneous catalyst for hydrocarbon isomerization reactions.
However, the synthesis conditions should be optimized in order to obtain highly
crystalline zeolites at several hydrothermal treatment time and temperature, and
varying molar quantities of water during the hydrothermal treatment step. The
adjustment of the starting material composition and synthesis parameters can
improve the quality and potential applications of zeolites.

Figure 1. The XRD patterns of the starting materials (in red color) and the as- synthesized products
obtained after hydrothermal treatment of (a) kaolinite and (b) metakaolinite in 1.33 M NaF
solutions at 100°C for several reaction times. Zeolite Na-P1 (GIS); Chabazite (CHA); Linde Type Y
(LTY); Zeolite Socony Mobil-5 (ZSM-5)
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a) b)

Source: Authors’ own presentation.

The XRD patterns in Figure 2 show a very slow dissolution of kaolinite and a
formation of amorphous aluminosilicate material when low and high concentra-
tions of the mineralizer (NH,F) were used, respectively, and higher temperatures
of crystallization. Figure 2a reveals that the synthesis products include zeolite
Na-P1 (GIS), cancrinite (CAN), sodalite (SOD) and Linde Type A (LTA). Figure
2b shows the formation of these zeotypes, although with weak peak intensity.
However, it is also noticed the occurrence of a zeolite ITQ (structure type ISV),
which has been recently obtained by researchers in Valencia (Spain), who suc-
ceeded, for the first time, the direct synthesis of zeolite ITQ-43 with mesopores
and micropores hierarchically connected, that allowed the reaction of molecules of
different sizes. Their results are a breakthrough of great significance in the field
of so-called “green chemistry”.

According to Jiang et al. (2011), this new zeolite could be used in the pro-
cessing of crude oil into gasoline and diesel, removing sulfur compounds and
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nitrogen over, thereby producing cleaner fuels, however, it could also be applied
in order to transform natural gas into liquid fuels, to contribute to the produc-
tion of useful chemicals from biomass, including its potential applications in the
field of gas storage, electronics, medicine and perfumery. Therefore, as mentioned
before, the synthesis conditions should be optimized to obtain highly crystalline
zeolites at several experimental conditions than that used in this study.

Figure 2. The XRD patterns of the raw kaolinite (in red color) and the as-synthesized products
obtained after hydrothermal treatment in (a) 1.33M and (b) 3.99M NH F solutions at 175°C for
several reaction times. Cancrinite (CAN); Sodalite (SOD); Linde Type A (LTA); P, Zeolite Na-P1 (GIS);
Zeolite 1TQ (ITQ)
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2.2. Fourier Transformed Infrared Spectroscopy

Figure 3 illustrates the FT-IR spectra of the starting materials over the range
400-4000 cm™". The bands at 3692 and 3619 cm ™" have been assigned to the
stretching vibration of hydroxyl groups in the kaolinite structure (Liu ez a/.,
2001; Saikia et /., 2003; Zhao et /., 2004; Alkan et /., 2005), which are not
present in the metakaolinite spectrum. However, the bands at 3669 and 3652
cm cm™ ! reported by Zhao ez a/. (2004) and Hoch & Bandara (2005) were not
observed. According to Kristof ez @/. (1993), the band at 3692 cm™" represents
the stretching vibration modes of inner surface hydroxyls that are located at the
surface of octahedral sheets opposite to the tetrahedral oxygens of the adjacent
kaolinite layer, whereas the band at 3619 cm™" is related to the stretching vi-
bration modes of inner hydroxyls and refer to OH groups located in the plane
common to the octahedral and tetrahedral sheets.
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The band at 1119 cm™" is referred to Si-O stretching vibrations, while the
bands at 1034 and 1012 cm™" are caused by the Si-O-Si and Si-O-Al lattice
vibrations (van der Marel and Beutelspacher, 1976). The OH bending vibra-
tions at 942 and 916 cm ™' can be referred to the surface OH bending and inner
OH bending (Frost ez al., 2002). According to van der Marel and Beutelspacher
(1976), these bands are mainly caused by Al-OH groups. Further, bands in
low range of frequency (762, 696 and 539 cm™") can be largely attributed to
different Si-O and Al-O vibrations; the first two of them can be attributed to
the distortion of the tetrahedral and octahedral layers (Hoch & Bandara, 2005).

The bands at 468 and 433 cm™ can be attributed to bending vibrations of
Si-O and Al-O of the tetrahedra. The conversion of kaolinite to metakaolinite
is revealed by the disappearance of these characteristic bands. These changes
are similar to those reported in other studies (Akolekar, Chaffee & Howe, 1997,
Zhao et al., 2004; Covarruvias et /., 2006). The characteristic bands observed
in the metakaolinite were 1049, 806, 642, 571 and 428 cm™!, with three broad
bands centred at 1049, 806 and 428 cm™'. A significant shift of the Si-O vibra-
tion bands at 1034 and 1012 ¢cm™ in kaolinite to a higher frequency band at
1049 cm™ in metakaolinite was observed, which has been assigned to amorphous
SiO,, as reported by some authors (Sinha ez /., 1995; Valcke, Engels & Cremers,
1997; Qiu et al., 2004). The stretching vibration of Al (O,0H), octahedra in
the kaolinite (Lambert, Minman & Fripiat, 1989) is observed at 539 cm™!, but
is substituted by a peak at 571 cm™ corresponding to the vibration band of
AlO, tetrahedron in metakaolinite; these peaks indicate the formation of the
disordered metakaolinite phase.

The FT-IR spectra over the range 400-4000 cm™" corresponding to the
transformation of kaolinite and metakaolinite in NaF solutions are illustrated
in Figure 4. The results obtained show that the starting materials showed no
efficiency in relation to the reactivity under the experimental conditions to which
they were subjected during their activation in the fluoride media, as demon-
strated by the non-modification of the vibration bands characteristic of kaolinite
and metakaolinite, which suffered no change in intensity or were displaced to
other frequencies in contrast to what is reported in previous studies. The char-
acteristic peaks of the pre-existing starting materials did not disappear, although

they tend to weak with longer reaction times.
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Figure 3. The FTIR spectra of the raw materials used in the synthesis of zeolites
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Figure 4. FTIR spectra of raw materials (in red color) and as-synthesized products obtained after
hydrothermal treatment of (a) kaolinite and (a) metakaolinite in 1.33 M NaF solutions at 100 °C for

several reaction times
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2.3. Scanning Electron Microscopy

SEM micrographs of representative synthesis products obtained after hydrothermal
reaction of the starting materials in fluoride media are illustrated in Figure 5. Only
spheroidal and flower-like morphologies as well as the relict kaolinite (Figure 5a)
or metakaolinite (Figure 5b) flaky crystals are observed, but not the characteristic
morphologies of zeolites Na-P1, Linde Type Y and chabazite. Figure Sc¢ shows
spheroidal morphologies and relict flaky crystals of the starting material, as well
as dodecahedral crystals of faujasite, displaying a typical cubic (octahedral) sym-
metry and simple twinning, from which flaky aggregates grow. As shown in
Figure 5d, the transformation of kaolinite in NH_F solutions using SDA promoted
the formation of sodalite and cancrinite. According to Kuperman ez 2/. (1993), a
fluoride-containing medium in the hydrothermal synthesis of zeolites favored the
formation of larger zeolite crystals than those without the use of fluoride species.

Figure 5. SEM images showing morphological aspects in as-synthesized products obtained after
hydrothermal treatment of the starting materials in fluoride media

9 d)

(0) kaolinite; (b) metakaolinite in 1.33 M NaF solutions at 100 °C for 840 h of reaction time; (c) kaolinite in 1.33 M NH,F
solutions at 175°C for 216 h of reaction time; (d) kaolinite in 3.99 M NH,F solutions at 175 °C for 216 h of reaction time.
Source: Authors’ own presentation.
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2.4. Thermogravimetric Analysis

It is well known that the improvement of the properties of kaolinite by chemical
methods is difficult due to its low reactivity (Rios, 2008). Although the thermal
transformation of kaolinite has been investigated for many years, a controversy
about the process of dehydroxylation (elimination of the OH groups from the
kaolinite structure) remains. The thermal decomposition of kaolinite is illustrated
in the TGA (TG and DTG) curves on Figure 6 and can be summarized by a
sequence of reactions. At < 100°C, low temperature release of absorbed water
in pores, on the surfaces, etc (water desorption), which depends on the nature of
the kaolinite and the degree of disorder of stacking (Frost ¢z /., 2003). Between
~100-400°C, a weight loss that can be correlated with a pre-dehydration process
takes place as a result of the reorganization in the octahedral layer, first occurring
at the OH of the surface (Balek & Murat, 1996). After dehydration, kaolinite
goes through a pre-dehydroxylation state (Frost ez #/., 2003). According to Kakali
et al. (2001), between ~400-650 °C, the kaolinite dehydroxylation occurs, with
the transformation to a non-crystalline phase, metakaolinite. On the other hand,
Frost et al. (2003) considered that this process occurred between 450-550°C.

Figure 6. T6/DTG curves between 25-700 °C for kaolinite
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The TGA (TG and DTG) curves for representative synthesis products are
illustrated in Figure 7. These curves in the presence of fluoride ions exhibit
several peaks, which could be generally correlated with different dehydration
steps: 23-140, 140-220 and 400-600 °C. The position of these DTG peaks and
the number of dehydration steps may be attributed to the different compensat-
ing cation-water binding energies, as well as to the different energy associated
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with the diffusion of the desorbed water through the porous structure of the
zeolitic materials (Rios, 2008). Their weight loss percentages reflect the water
loss from the zeolite structure, and the amount of desorbed water is related with
the number of compensation cations in the zeolite framework (Covarrubias ez a/.,
20006). Notice that a significant mass loss occurs before 300 °C, which can be
attributed to the moisture that is present in the mixtures.

The thermograms of the mixtures containing traces of zeotypes reveal that
the water of hydration evolved from all mineral phases. The peaks observed
between 23-140°Care due to desorption of the occluded water in zeolitic materials
(zone I). The presence of zeolitic water is revealed by the peak between 140-
220°C (zone II). The peak in the zone III may be considered to be correlated with
charge compensation between zeolite cations and fluoride ions, and incorporation
of fluoride ions located in small cages within the zeolite framework as suggested
by Camblor, Corma, and Valencia (1998). The framework containing Al species
(zone IV). The dehydroxilation of the zeolitic material is registered between 600-
700°C (zone V). However, it is dificult to distinguish between zeolite phases
that belong to a complex mixture based on TGA data only.

Figure 7. T6/DTG curves between 25-700 °C for the as-synthesized products obtained after
hydrothermal treatment of (a) kaolinite and (b) metakaolinite in 1.33M NaF solutions at 100 °C
for 840 h of reaction time
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3. Discussion

The reactivity of kaolinite and metakaolinite in fluoride media under hydrothermal
conditions is discussed here and can be divided into a number of steps: dissolution
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of the starting materials in fluoride media releasing Si (preparation of the reac-
tion gel) and hydrothermal reaction at several reaction temperature and time.
It is suggested in this study that due to the affinity of silicon for fluoride, and the
ability of silicon to expand its coordination number that the Si-F linkage should
be formed. However, why was this mechanism non operable under the experi-
mental conditions used in this study? The chemistry of evolution of the system is
very complex due to several factors.

According to Zones ¢t al. (2005), one of the most exciting developments in
zeolite synthesis has been the discovery in recent years by researchers in Valencia
(Spain), who have prepared very open-framework all-silica materials in highly
concentrated fluoride reactions. Most conventional high silica zeolite syntheses
would occur at H O/SiO, levels of 20 or greater and pH = 10-12, rather than
the near-neutral HF conditions. It is very important to understand how H,O/SiO,
affects the product selectivity and what the behavior of fluoride anion might be
in both this context and in the presence of different SDAs (Zones ¢t 4/., 2005).

Does the silica serve as a reservoir from which to transport highly fluorinated
silicate species to sites in solution (modest as the quantity may be) for nucleation
in the presence of the SDA to occur? If this is a viable transport mechanism, it
must operate at low concentrations because nucleation induction periods can be
quite long in this fluoride medium. But surely if there is more than one species
an equilibrium among them will be influenced by overall reaction concentration
(Zones et al., 2005). The gel chemistry is completely different here, providing a
further opportunity to prepare new zeolites, but the pH of fluoride-containing
gels should be neutral-to-acidic, which was not obtained in the experiments
(pH = 10.4-12.2) probably because the experimental conditions were not ap-
propriated, as revealed by the occurrence of relitic phases of the raw materials
along with a poorly crystallized mixture of several zeotypes.

The fact that the kaolinite and metakaolinite show a poor reactivity in fluoride
media under the experimental conditions used in this study, explain why only
traces of zeolites were obtained or did not grow, suggesting that the interaction
between the ions in solution due to pH conditions is a key factor for inhibiting
the synthesis process. Therefore, there were centres for the growth and anchorage
of nuclei in zeolite formation. For a better understanding of the gel chemistry
for the successful synthesis, additional experiments should be carried out under
optimum reaction conditions, including the use of appropriate gel molar com-
positions and the ageing before the hydrothermal synthesis as key steps for
the successful synthesis, taking into account that there are several controlling
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parameters in the success to nucleate and grow zeolite phases. They strongly
affect either the nucleation and growth processes.

Conclusions

This work shows that the attempts to synthesise zeolitic materials from kaolinite
and metakaolinite in fluorine media have so far not been successful, resulting
in greater impurity and/or poorer crystallinity. It should be noted that different
experimental conditions (time and temperature of reaction and SDA addition) on
the formation process were tested, without being in a methodical search of the
optimal experimental conditions. The pH of fluoride-containing gels obtained
in the experiments (pH = 10.4-12.2) strongly affected the synthesis process.
At higher mineralizer concentration, the addition of SDA and increasing the
crystallization temperature promoted the formation of an amorphous product.
Therefore, the results have been disappointing, in respect to those obtained by
other authors. However, this preliminary study will certainly motivate further
refinement of the synthesis method through advanced research.
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