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Abstract

The hydrothermal conversion of kaolinite and metakaolinite in a fluoride media was investigated in this study, with not promissory results, although traces of zeolitic products, such as faujasite (FAU), gismondine (GIS), chabazite (CHA), sodalite (SOD) and cancrinite (CAN) crystallized. The synthesis products are of interest as they can be used in several environmental applications.
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Sintesis de zeolitas a partir de caolinita y metacaolinita en medios fluorurados en condiciones hidrotermales
Resumen 

En el presente estudio se ha investigado la conversión hidrotermal de caolinita y metacaolinita en un medio fluorurado, con resultados no promisorios, aunque cristalizaron trazas de productos zeolíticos, como faujasita (FAU), gismondina (GIS), chabazita (CHA), sodalita (SOD) y cancrinita (CAN). Los productos de la síntesis son de interés ya que pueden ser utilizados en diversas aplicaciones medioambientales. 

Palabras clave: Conversión hidrotérmica, caolinita, metacaolinita, medios fluorurados, productos zeolíticos.
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 and Martens, 1987; Szoztak, 1998). The general method of zeolite production involves dissolving an aluminium source (metal or oxide) into an alkaline solution. Most zeolites probably could be obtained at temperatures <100 °C in alkaline solutions. This is generally the case for zeolites with low Si/Al ratios. However, in order to reduce reaction times (especially for zeolites with high Si/Al ratios) and to control crystallite sizes, morphologies and compositions, some syntheses are performed at temperatures >100 °C under autogeneous pressure in autoclaves. Typical precursor materials include: SiO2 and Al2O3 sources, mineralizer and structure directing agents (SDAs). The discovery of SDAs resulted in the preparation of nearly 100 different silicate frameworks (Ríos, 2008). Other synthetic variables including the source of the inorganic precursors, the mineralizing agent (OH- or F-) and the reactant concentrations have also resulted in new crystalline materials. 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 solubility in alkaline medium, to perform the synthesis in absence of alkaline cations, new possibilities to directly incorporate cations such as NH4+, divalents, 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 fluoride produces high silica zeolites with a smaller number of defects than in alkalin media and also one has the possibility of growing single crystals large enough for direct structure determination. The use of fluoride as a mineralizer in zeolite synthesis was developed by Flanigen (1973) and has resulted in zeolites being prepared with fewer defect sites and higher silica contents. In the synthesis of zeolites, fluoride ions are generally known to play a mineralizing role, as does OH– in alkaline synthesis conditions (Tavolaro et al., 1992; Rees and Chandrasekhar, 1993; Férona et al., 1994; Koller et al., 1999; Barret et al., 1998; Serrano et al., 2001; Kato et al., 2003). 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 et al., 1992; Kim et al., 2004). Additionally, several groups have reported a catalytic role of fluoride species for silicate hydrolysis and condensation (Schmidt-Winkel, et al., 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 et al., 1974; Boukadir et al., 2002; Klimkiewicz and Drąg, 2004; Baccouche et al., 1998; Cañizares et al., 2000; Boukadir et al., 2002). 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 significantly affected by acid or alkaline treatments, even under strong conditions (Lussier, 1991; Murat et al., 1992; Akolekar et al., 1997; Perissinotto et al., 1997; Chandrasekhar and Pramada, 1999; Demortier et al. 1999; Xu et al., 1999). Therefore, kaolinite is usually used after calcination at temperatures between 550-950 °C (Mackenzie, 1970) to obtain a more reactive phase (metakaolinite) under chemical treatments, with the loss of structural water and associated reorganization of the structure. Several authors have reported the synthesis of kaolinite- and metakaolinite-based zeolitic materials (e.g., Chorover et al., 2003; Zhao et al., 2004; Lin et al., 2004; Covarrubias et al., 2006; Ríos et al., 2009). Numerous investigations have been conducted on the stability of kaolinite in high pH conditions (e.g., Bauer and Berger, 1998; Bauer et al., 1998; Cama et 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.
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 μm), Al2SiO5(OH)4, was used as the starting material for zeolite synthesis. It is distributed under the name Supreme Powder supplied by ECC International. Metakaolinite (Al2Si2O7) was obtained from calcination of kaolinite. Other reagents used in the activation of the starting materials were: sodium fluoride, NaF (99%, Fluka), ammonium fluoride, NH4F (98+%, A.C.S., Aldrich Chemical Company, Inc.), tetrapropylammonium bromide, (CH3CH2CH2)4NBr (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 fluoride media was prepared by dissolving the activating agents (NaF or NH4F) in distilled water under stirring conditions in plastic reaction beakers (150-250 ml). The use of several 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 activating solutions and stirred until the reagents were dissolved and for the homogenization of the reaction mixture. When NH4F was used as mineralizer, TPAB was added to the reaction mixture to investigate the formation of silica-rich zeolites in slight acidic media. Then, the pH of the reaction gels was measured. The representative gel molar compositions are depicted in Table 1. The crystallization was carried out by hydrothermal synthesis under static conditions in 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 for product identification. Then, pH of the reaction mixtures was measured. 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. 
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FAU, faujasite; GIS, zeolite Na-P1; CHA, chabazite; SOD, sodalite; CAN, cancrinite; KAO, kaolinite; MTK, metakaolinite; SDA, structure directing agent; L/S, activating solution/raw material ratio.


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 PW1710 diffractometer operating in Bragg-Brentano geometry with Cu-Kα radiation (40 kV and 40 mA) and secondary monochromation. Data collection was carried out in the 2θ 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 JCPDS (Joint Committee on Powder Diffraction Standards) 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-1 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 μA, 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 (20ml/min) between 25-700oC at a rate of 20oC/min.

2. Results and discussion

2.1 X-ray diffraction analysis
Figure 1 illustrates the X-ray diffraction patterns for the results of hydrothermal synthesis from the natural clay in solutions of NaF (1.33M). Kaolinite (in red color) is the predominant mineral phase, which can be identified by its characteristic XRD peaks at 12.34° and 24.64° 2θ as reported by Zhao et al. (2004). However, minor impurities, such as illite, muscovite and halloysite, also occur. Metakaolinite (in red color) is characterized by the disappearance of all the XRD peaks of the natural clay, accompanied by the appearance of an amorphous aluminosilicate (see the broad hump at 2θ = 13-33°, having a maximum at 2θ = (22o), which according to Ríos (2008), persists between 600 and 950 oC. 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 zeolite Na-P1 (GIS), chabazite (CHA) and Linde Type Y (FAU), which increased in crystallinity with reaction time, although with a large amount of amorphous aluminosilicate material when metakaolinite was used. 
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Figure 1. 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 1.33M NaF solutions at 100oC for several reaction times. P, zeolite Na-P1 (GIS); R, chabazite (CHA), LTY, Linde Type Y (FAU). 

The XRD patterns in Figure 2 show a very slow dissolution of kaolinite and a formation of amorphous aluminosilicate material when low and high concentrations of the mineralizer (NH4F) 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.
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Figure 2. 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 NH4F solutions at 175oC for several reaction times. C, cancrinite (CAN); S, sodalite (SOD); LTA, Linde Type A (LTA); P, zeolite Na-P1 (GIS).

2.2 Fourier transformed infrared spectroscopy
Figure 3 illustrates the FT-IR spectra of the starting materials over the range 400–4000 cm−1. The bands at 3692 and 3619 cm−1 have been assigned to the stretching vibration of hydroxyl groups in the kaolinite structure (Liu et al., 2001; Saikia et al., 2003; Zhao et al., 2004; Alkan et al., 2005) which are not present in the metakaolinite spectrum. However, the bands at 3669 and 3652 cm cm−1 reported by Zhao et al. (2004) and Hoch and Bandara (2005) were not observed. According to Kristof et al. (1993), the band at 3692 cm−1 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−1 is related to the stretching vibration modes of inner hydroxyls and refer to OH groups located in the plane common to octahedral and tetrahedral sheets. The band at 1119 cm−1 is referred to Si-O stretching vibrations, while the bands at 1034 and 1012 cm−1 are caused by Si-O-Si and Si-O-Al lattice vibrations (van der Marel and Beutelspacher, 1976). The OH bending vibrations at 942 and 916 cm−1 can be referred to the surface OH bending and inner OH bending (Frost et 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−1) 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 and Bandara, 2005). 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 et al., 1997; Zhao et al., 2004; Covarruvias et al., 2006). The characteristic bands observed in the metakaolinite were 1049, 802, 642, 571 and 434 cm-1, with three broad bands centred at 1049, 802 and 434 cm-1. A significant shift of the Si-O vibration bands at 1034 and 1012 cm-1 in kaolinite to a higher frequency band at 1049 cm-1 in metakaolinite was observed, which has been assigned to amorphous SiO2, as reported by some authors (Sinha et al., 1995; Valcke et al., 1997; Qiu et al., 2004). The stretching vibration of Al (O,OH)6 octahedra in the kaolinite (Lambert et al., 1989) is observed at 539 cm−1, but is substituted by a peak at 582 cm−1 corresponding to the vibration band of AlO4 tetrahedron in metakaolinite; these peaks indicate the formation of the disordered metakaolinite phase. 
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Figure 3. FTIR spectra of the raw materials used in the synthesis of zeolites.

The FT-IR spectra over the range 400–4000 cm−1 corresponding to the transformation of kaolinite and metakaolinite in NaF solutions are illustrated in Figure 4. The characteristic peaks for the pre-existing starting materials did not disappear, although they weakened with longer reaction times.
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Figure 4. FTIR spectra of raw materials (in red color) and as-synthesized products obtained after their hydrothermal treatment in 1.33M NaF solutions at 100oC for several reaction times; kaolinite, upper part; metakaolinite, lower part.
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 Figures 5-7. As shown in Figure 5, only spheroidal and flower-like morphologies as well as the relict kaolinite flaky crystals are observed, but not the characteristic morphologies of zeolites Na-P1, Linde Type Y and chabazite. Figure 6 shows spheroidal morphologies and relict flaky crystals of the starting material, as well as a dodecahedral crystal, displaying a typical cubic symmetry and simple twinning, from which flaky aggregates grow. As shown in Figure 7, the transformation of kaolinite in NH4F solutions using SDA promoted the formation of sodalite and cancrinite. According to Kuperman et al. (1993), a fluoride-containing medium in the hydrothermal synthesis of zeolites promotes the formation of larger zeolite crystals than those without the use of fluoride species. Taking into account the XRD results and the morphology of the synthesis products observed in SEM, we propose that under the hydrothermal conditions in fluoride media, smaller zeolite crystals are produced in the presence of fluoride ions than those in the absence of fluoride ions as suggested by Kim et al. (2004). They consider that the addition of fluoride leads to the smaller particles of zeolite due to an increase of the nucleation rate followed by the shortening of the crystallization time.
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Figure 5. SEM images showing morphological aspects in as-synthesized products obtained after hydrothermal treatment of kaolinite (upper part) and metakaolinite (lower part) in 1.33M NaF solutions at 100oC for 840 h of reaction time.
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Figure 6. SEM images showing morphological aspects in as-synthesized products obtained after hydrothermal treatment of kaolinite in 1.33M NH4F solutions at 175oC for 216 h of reaction time.
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Figure 7. SEM images showing morphological aspects in as-synthesized products obtained after hydrothermal treatment of kaolinite in 3.99M NH4F solutions at 175oC for 216 h of reaction time.

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 (Ríos, 2008). Although the thermal transformation of kaolinite has been investigated for many years, 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 and its first derivative (DTG) curves on Figure 8 and can be summarized by a sequence of reactions. At < 100 oC, 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 et al., 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 and Murat, 1996). After dehydration, kaolinite goes through a pre-dehydroxylation state (Frost et al., 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 oC.
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Figure 8. TG/DTG curves between 25-700oC for kaolinite. 

The TGA and its first derivative (DTG) curves for representative synthesis products are illustrated in Figure 9. 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 oC. The position of these DTG peaks and the number of dehydration steps may be attributed to the different compensating cation-water binding energies, as well as to the different energy associated with the diffusion of the desorbed water through the porous structure of the zeolitic materials (Ríos, 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 et al., 2006). The peaks observed between 23-140 oC are due to the desorption of the occluded water in zeolitic materials (zone I). The presence of zeolitic water is revealed by the peak between 140-220 oC (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 et al. (1998). The framework containing Al species (zone IV). The dehydroxilation of the zeolitic material is registered between 600-700 oC (zone V). 
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Figure 9. TG/DTG curves between 25-700oC for the as-synthesized products obtained after hydrothermal treatment of (a) kaolinite and (b) metakaolinite in 1.33M NaF solutions at 100oC for 840 h of reaction time. 

3. Conclusions

This research shows the results of the hydrothermal transformation of kaolinite and metakaolinite in fluoride media, the influence of crystallization time and temperature and SDA addition on the formation process. Attempts to synthesise zeolitic materials from kaolinite and metakaolinite in fluorine solutions have so far not been successful, resulting in greater impurity and/or poorer crystallinity. The authors used fluoride media, taking into account that during the synthesis process the F ions allowed reducing of the level of Na and K ions to only those present in the starting materials. 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 appropriated as revealed by the occurrence of relitic phases of the raw materials along with a poorly crystallized mixture of several zeotypes. 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. 
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