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Abstract

X-ray diffraction, scanning electron microscopy, Fourier transform infrared 
spectroscopy, 29Si and 27Al nuclear magnetic resonance and thermogravimetric 
analyses have been used to examine the synthesis of zeolite LTA and associated 
phases from metakaolinite. However, the synthesis product was controlled by 
the experimental method, taking into account that the classic hydrothermal 
transformation of the starting material produced a mixture of different 
zeolite-type structures, whereas the alkaline fusion approach promoted the 
crystallization of pure zeolite LTA. 

----- Keywords: synthesis, metakaolinite, zeolite LTA, hydrothermal, 
crystallization 

Resumen

La síntesis de zeolita LTA y fases asociadas a partir de metacaolinita se 
evaluaron mediante análisis de difracción de rayos X, microscopía electrónica 
de barrido, espectroscopia de infrarrojo por transformada de Fourier, 
resonancia magnética nuclear de 29Si y 27Al y análisis termogravimétrico. Sin 
embargo, el producto sintetizado fue controlado por el método experimental, 
teniendo en cuenta que la transformación hidrotérmica del material de 
partida por el método clásico produjo una mezcla de diferentes estructuras 

*	 Autor de correspondencia: teléfono: 57 + 7 + 634 34 57, fax: 57 + 7 + 634 34 57, correo electrónico: carios@uis.edu.co (C. Ríos)
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tipo zeolita, mientras que la aproximación por el método de fusión alcalina 
promovió la cristalización de zeolita LTA pura.

----- Palabras clave: síntesis, metacaolinita, zeolita LTA, hidrotérmico, 
cristalización

Introduction
The synthesis of crystalline aluminosilicate 
zeolites can be carried out from clay minerals, 
such as kaolinite [1, 2]. Previous work has shown 
that the improvement of the properties of kaolinite 
by chemical methods is difficult due to its low 
reactivity. This clay mineral is not significantly 
affected by acid or alkaline treatments, even under 
strong conditions [3-5]. Therefore, it is usually 
used after calcination at temperatures between 
550-950 °C [6] to obtain a more reactive phase 
(metakaolinite) under chemical treatments, with 
the loss of structural water with reorganization of 
the structure. Only a small part of AlO6 octahedra 
is maintained, while the rest are transformed 
into much more reactive tetra- and penta-
coordinated units [7]. The optimum conditions 
for obtaining a very reactive metakaolinite have 
been discussed by several authors who reported 
values between 600-800 °C [8-10]. Calcination 
at higher temperatures leads to the formation 
of mullite and cristobalite [7]. Several authors 
have reported the synthesis of metakaolinite-
based zeolitic materials, including the zeolite 
LTA [11-14]. In this work, we investigate the 
transformation of metakaolinite into zeolite 
LTA by two different methods: (1) conventional 
hydrothermal synthesis and (2) alkaline fusion 
followed by hydrothermal reaction. 

Experimental 
Reagents

Metakaolinite was obtained from calcination 
of kaolinite-rich clay (distributed under the 
name Supreme Powder and supplied by ECC 
International) and then used as starting material 
for zeolite synthesis. Other reagents used in the 
activation of kaolinite were: sodium hydroxide, 
NaOH, as pellets (99.99%, Aldrich Chemical 
Company, Inc.) or powder (96%, BDH Laboratory 

Supplies), precipitated SiO2 (BDH Laboratory 
Supplies), structure directing agents (SDAs) such as 
Tetrapropylammonium bromide (TPAB) (Aldrich 
Chemical Company, Inc.) and Triethylamine (TEA) 
(BDH Laboratory Supplies) and distilled water 
using standard purification methods.

Synthesis of zeolite LTA

Zeolite synthesis was investigated by two routes: 
(1) conventional hydrothermal synthesis and (2) 
alkaline fusion prior to hydrothermal synthesis. 
During the first method (Table 1), a calculated 
amount of NaOH pellets was added to distilled 
water in reaction plastic beakers (150–250 ml) to 
prepare NaOH solutions, in which metakaolinite 
was added. To evaluate the influence of additives, 
we conducted hydrothermal treatments with 
aqueous NaOH and precipitated SiO2 to increase 
the Si/Al ratio. The addition of reagents was 
carried out under stirring conditions until they 
dissolved to homogenize the reaction gels. In the 
second method (Table 2), an alkaline fusion step 
was introduced prior to hydrothermal treatment. 
Metakaolinite was dry mixed with NaOH powder 
and the resultant mixture was fused at 600 °C for 
1 h. The fused product was ground in a mortar 
and then a calculated amount of this was added to 
distilled water under stirring conditions. 

Crystallization was carried out by hydrothermal 
synthesis under static conditions in PTFE vessels 
of 65 ml at 100°C and in teflon lined stainless steel 
autoclaves of 20 ml at 200°C for several reaction 
times. Once the activation time was reached, 
the reactors were removed from the oven and 
quenched in cold water to stop the reaction. After 
hydrothermal treatment, the reaction mixtures 
were filtered and washed with distilled water to 
remove excess alkali until the pH of the filtrate 
became neutral. Then, the samples were oven dried 
at 80°C overnight. Hydrogel pH was measured 
before and after hydrothermal treatment.
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Characterization techniques

XRD patterns of the untreated kaolinite and 
synthesis products were recorded using 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 performed by searching the ICDD powder 
diffraction file database, with the help of JCPDS 
files for inorganic compounds. The morphology 
of the solid phases were examined by scanning 
electron microscopy (ZEISS EVO50) under the 
following analytical conditions: I probe 1 nA, 
EHT = 20.00 kV, beam current 100 μA, Signal 
A = SE1, WD = 8.0 mm. Fourier transform 
infrared (FTIR) spectroscopy was carried out 
using a Mattson Genesis II FT-IR spectrometer 
in the 4000-400 cm-1 region. Nuclear magnetic 
resonance spectra for 29Si,27Al were recorded 
on a Varian UnityInova spectrometer under the 
following analytical conditions: MAS probe 7.5-
4.0 mm; frequency 59.6-78.1 MHz; spectral width 
29996-100000 Hz; acquisition time 30-10 ms; 
recycle time 120-0.5 s; number of repetitions 15-
2200; spinning rate 5040-14000 Hz; pulse angle 
π/2-π/10. The chemical shifts were referenced to 
tetramethylsilane (TMS) for 29Si and 1 M AlCl3 
aqueous solution for 27Al. Thermogravimetric 
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.

Results and discussion

Characterization of the unreacted and 
thermally treated kaolinite

XRD patterns of the untreated and thermally treated 
kaolinite are shown in figure 1. Metakaolinite 
is characterized by the disappearance of all the 
XRD peaks of kaolinite, accompanied by the 
appearance of an amorphous aluminosilicate 
(see the broad hump at 2θ = 13-33°). However, 
metakaolinite contains mullite as the main 
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crystalline phase at 1000 oC. Therefore, MTK600 
was used as starting material in zeolite synthesis. 
Similar results have reported by Mackenzie [6] 
for calcination at higher temperatures, which 
leads to the formation of mullite and cristobalite. 
After the decomposition of kaolinite, the higher-
order reflections of this mineral lost their 
intensity and merged into the XRD background, 
which led to the opinion that metakaolinite can 
be amorphous, although actually a conception 
of the short-range order crystalline structure of 
metakaolinite predominates [15]. 
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Figure 1 X-ray diffraction patterns of unreacted 
(background) and thermally treated kaolinite at 
different temperatures. Ili, illite; Kao, kaolinite; Ms, 
muscovite; Hal, halloysite; Mul, mullite

Figure 2 illustrates the FT-IR spectra over 
the range 400–4000 cm−1, corresponding to 
the transformation of kaolinite-rich clay to 
metakaolinite. The bands at 3692 and 3619 
cm−1 are assigned to the stretching vibration of 
hydroxyl groups of kaolinite [16-19]. However, 
the bands at 3669 and 3652 cm cm−1 reported in a 
previous work [18] were not observed. 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 refers to OH groups located in the plane 

common to octahedral and tetrahedral sheets [20]. 
The band at 1119 cm−1 is referred to Si-O stretching 
vibrations, while the bands at 1034 and 1012 cm−1 
are rather caused by Si-O-Si and Si-O-Al lattice 
vibrations [21]. The OH bending vibrations at 
942 and 916 cm−1 are referred to the ‘surface OH 
bending’ and ‘inner OH bending’ [22]. Further, 
bands at 762, 696 and 539  cm−1 can be largely 
attributed to different Si-O and Al-O vibrations; 
the first two of them are attributed to the distortion 
of the tetrahedral and octahedral layers [23]. The 
transformation of kaolinite to metakaolinite is 
revealed by the disappearance of the characteristic 
bands of kaolinite. These changes are similar 
to those reported in other studies [24, 25]. The 
characteristic bands observed in 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 is attributed to amorphous SiO2 [26-28]. 
The stretching vibration of Al (O,OH)6 octahedra 
in kaolinite [7] is observed at 539 cm−1, but is 
substituted by a peak at 802 cm−1 corresponding 
to the vibration band of AlO4 tetrahedron in 
metakaolinite. The splitting of the 802 cm−1 band 
into two separate modes at 784 and 811 cm-1 with 
increasing temperature, which is attributed to the 
formation of mullite from Al–Si-spinel. 

The 29Si and 27Al NMR spectra of the untreated 
and treated kaolinite are given in figure 3. 
29Si NMR spectrum of kaolinite (figure 3a) 
displays two well resolved signals at -90.9 and 
-91.4 ppm attributed to the existence of two 
different but equally populated silicon sites. 
The observation of these different 29Si NMR 
signals for kaolinite was reported previously 
[29, 30]. Interlayer hydrogen bonding resulting 
in two different silicon environments is the 
main reason for the 29Si NMR signal splitting 
in kaolinite [31]. 29Si NMR spectrum of 
metakaolinite (figure 3b) displays a broad signal 
around -96.3 ppm attributed to Si linked to four 
other Si atoms in silica polymorphs [32], and 
the presence of amorphous silica [33]. Previous 
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studies have examined these signals in detail 
[34, 35]. When kaolinite is dehydroxylated, 
the Si atoms undergo a range of environments 
of different distortion and the broadness of 
the metakaolinite line is attributed to these 
variations in the Si-O-Si(Al) bond angles 
[36]. The 27Al NMR spectrum of kaolinite 
(figure 3a) consists of a single resonance at 
-3.4 ppm assigned to 6-coordinated Al. The 
dehydroxylation of kaolinite brings about 
major changes, especially in the octahedral 
Al–O layers which are most closely associated 
with the structural hydroxyl groups [36]. This is 
graphically illustrated by the change in the 27Al 
NMR spectrum from a sharp octahedral Al–O 
resonance in kaolinite to a spectrum containing 
broad overlapping resonances at -0.3, 23.4 and 
45.9 ppm (figure 3b) attributed to 6-, 5- and 
4-coordinated Al local environments [37]. 
The broader and asymmetrical peak shapes 
of metakaolinite show its disordered structure 
[16]. 
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Characterization of metakaolinite-based 
zeolites

X-ray diffraction analysis

Figure 4 shows the XRD patterns of metakaolinite 
and synthesis products after its hydrothermal 
reaction with alkaline solutions. The most 
important change observed is the appearance 
of the characteristic peaks of zeolite LTA, 
sodalite and cancrinite with traces of zeolite 
JBW and analcime. The as-synthesized zeolite 
LTA has several common peaks on its XRD 
pattern (figure4a). Figure 4b indicates that when 
precipitated SiO2 was used at low temperature 
and NaOH concentration, the synthesis product 
is characterized by peaks corresponding to 
zeolite LTA at shorter reaction time (24 h), which 
tend to be constant, and disappear with reaction 
time to produce an amorphous aluminosilicate 
material (96 h). On the other hand, the addition of 
precipitated SiO2 at high temperature and NaOH 
concentration (figure 4c) produced a mixture of 
zeolite LTA, sodalite, cancrinite, zeolite JBW 
and analcime, which show similar crystallinity 
during the monitoring time. As occurred with 
kaolinite, the use of SDAs produced a reduction 
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in the intensity of the peaks of zeolite LTA and 
associated phases (figures 4d and 4e). Figure 
4f shows the XRD patterns of the treated 

metakaolinite following the fusion approach, 
which indicates that only zeolite LTA crystallized 
in spite of the hydrothermal reaction time. 
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Figure 4 X-ray diffraction patterns of the unreacted (background) metakaolinite and representative as-
synthesized products obtained via (a-e) hydrothermal reaction of metakaolinite in NaOH solutions with addition of 
organic templates or SiO2 and (f) alkaline fusion method
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Scanning electron microscopy

SEM images in figure 5 illustrate several aspects 
on the occurrence of representative as-synthesized 
products obtained using metakaolinite as a starting 
material, with cubic crystals of zeolite LTA as the 
main synthesis product. Lepispheric morphologies 
corresponding to sodalite and cancrinite grow at 
the surface of cubic crystals of zeolite LTA (figure 
5a), which sometimes display interpenetrating 
twinning, at 1.33M NaOH solutions at 100 oC for 
52 h. Some deformed pseudohexagonal platelets 
of the original kaolinite still remain after its 
activation. When metakaolinite was treated at 
low NaOH concentration and temperature with 
the addition of precipitated SiO2, amorphous 
spheroidal morphologies, from which relicts of 
unreacted metakaolinite (morphology showing 

distorted pseudohexagonal platelets) can be 
observed in a radial arrangement (figure 5b). At 
higher NaOH concentration and temperature, 
a co-crystallization of sodalite and cancrinite 
was followed by zeolite JBW formation (figure 
5c). A similar relationship, describing a phase 
transformation from zeolite LTA to zeolite JBW, 
has been described in a previous study [38]. 
However, in this study is suggested a phase 
transformation from metastable zeolite LTA 
to sodalite and cancrinite prior to zeolite JBW 
formation. Figure 5d shows the occurrence 
of zeolite LTA obtained by alkaline fusion 
of metakaolinite followed by hydrothermal 
reaction, displaying a cubic morphology with 
varying expression of facets and surface terraces, 
and occasionally intergrown twins with a particle 
size of 1 μm (average). 

1.33M NaOH solution with SiO -100ºC/96h2

1 m�

1.33M NaOH solution -100ºC/52h
1 m�

Alkaline-fusion method
1 m�

3.99M NaOH solution with SiO -200ºC/48h2

3 m�

Figure 5 SEM micrographs showing the occurrence of representative as-synthesized products obtained via 
(a-c) hydrothermal reaction of metakaolinite in NaOH solutions and (d) alkaline fusion method with NaOH as an 
activator agent
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Fourier transform infrared spectroscopy

Figure 6 illustrates the FT-IR spectra of the 
unreacted and reacted metakaolinite. The 
characteristic vibration bands of metakaolinite 
disappeared, accompanied by the appearance of 
new peaks revealing the occurrence of zeolite 
LTA. The band at 1047 cm-1 shifted to lower 
frequency bands (at 973-980 cm-1); the band at 
800 cm-1 disappeared in the synthesis products; 
the low intensity bands at 635 and 565 cm-1 shifted 
to higher (at 673-690 cm-1) and lower (at 530-538 
cm-1) frequency bands, respectively. The band 
at 424 cm-1 shifted to lower frequency bands (at 

411-417 cm-1). The typical bands of zeolite LTA 
are represented by asymmetric Al-O (973-980 cm-

1) and symmetric Al-O (673-690 cm-1) stretches, 
and double rings (530-538 cm-1). The activation 
of metakaolinite resulted in a shift to lower 
wavenumbers, revealing more Al substitution in 
tetrahedral sites. The alkaline fusion approach 
produced zeolite LTA, which shows a well-defined 
FT-IR spectra, with sharp peaks centred at 549-551 
and 463-464 cm-1, which reveals a pure synthesis 
product with higher crystallinity. On the other 
hand, this can also be attributed to the occurrence of 
better defined structures (zeolite LTA) containing 
more Al in tetrahedral coordination.
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Figure 6 FT-IR spectra of the unreacted (background) metakaolinite and representative as-synthesized products 
obtained after its alkaline activation using NaOH activator agent
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29Si and 27Al nuclear magnetic resonance 

Figure 7 shows the 29Si and 27Al NMR spectra 
of the metakaolinite and representative synthesis 
products. 29Si NMR spectrum of metakaolinite 
(figure7a) shows a broad single resonance 
centred at -96.3 ppm, attributed to a range of Q4 
environments. Figure 7b shows a sharp 29Si signal 
at -89.5 ppm, which is characteristic of Q4(4Al) 
sites in zeolite LTA, similar to what is reported 
in previous studies [24]. A weak signal at -85.9 
ppm is attributed to the contribution of Q4(4Al) 
sites of sodalite and cancrinite. 29Si NMR points 
out the change of the silica morphology from 
amorphous SiO2 in metakaolinite to crystalline 
SiO2 in metakaolinite-based aluminosilicates, with 
the total dissolution of the starting metakaolinite to 
form zeolite-type structures and the incorporation 
of Al. 27Al NMR spectrum of metakaolinite (figure 
7b) shows two resonances at -0.3 and 23.4 ppm can 
be attributed to 6- and 5-coordinated Al. Figure 7b 
shows a single resonance at 58.2 ppm, attributed to 
tetrahedral Al in the synthesis product.
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Figure 7 29Si and 27Al NMR spectra of the (a) 
metakaolinite and (b) representative synthesis 
products obtained after hydrothermal reaction of 
metakaolinite with NaOH activator agent

Thermogravimetric analyses

DTG curves of the metakaolinite-based zeolitic 
materials are shown in figure 8. The as-synthesized 
products generally show two dehydration steps. 
The peaks observed between 39-52 oC correspond 

to surface water in zeolitic materials; the peaks 
observed between 100-162 oC indicate zeolitic 
water, although in some cases in this temperature 
range up to two peaks occur, which can be explained 
by the heterogeneous nature of the as-synthesized 
products. The synthetic zeolitic products obtained 
after hydrothermal transformation of metakaolinite 
in solutions of 1.33M NaOH at 100 °C for 52 h 
shows the highest weight loss (19.48%).
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Figure 8 TG/DTG curves between 25 and 700 ºC of 
representative synthesis products obtained after alkaline 
activation of metakaolinite using NaOH as activator agent

Conclusions
Zeolite LTA was successfully synthesized after 
alkaline hydrothermal treatment of metakaolinite. 
However, the synthesis product was controlled 
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by the experimental method, taking into account 
that the classic hydrothermal transformation of 
metakaolinite produced a mixture of different 
zeolite-type structures, whereas the alkaline fusion 
approach promoted the crystallization of pure 
zeolite LTA. The addition of precipitated SiO2 
at low NaOH concentrations and temperature 
produced only zeolite LTA, although with a 
constant low grade of crystallinity and the presence 
of an amorphous aluminosilicate phase at longer 
reaction times. However, using this silica source at 
high NaOH concentrations and temperature, several 
crystallinity phases (zeolite LTA, sodalite, cancrinite, 
zeolite JBW and analcime) were obtained. The use 
of SDAs produced a reduction in the intensity of 
the peaks of zeolite LTA and associated phases. The 
alkaline activation of metakaolinite following the 
fusion approach favoured the crystallization of pure 
zeolite LTA stable for 96 h of monitoring time. This 
synthesis product is characterized by a high grade 
of crystallinity and uniform crystal size distribution 
(1.0 μm).
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