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We here report the synthesis of nanocrystalline sodalite by a
solid–solid transformation from a solid gel mixture of Al2O3
pillared montmorillonite (Al2O3-PILM) and NaOH under an
ambient atmosphere at 80 °C. HR-TEM clearly shows both
the formation of sodalite nuclei by the solid–solid trans-
formation of the montmorillonite matrix and the crystal
growth of nanocrystalline sodalite through the rearrange-
ment of delocalized nuclei.

Zeolites including sodalites are synthesized from hydrogels of
amorphous aluminosilicate precursors under hydrothermal
conditions, although they also result from the crystalline
precursors.1–6 In this system, nucleation and subsequent crystal
growth take place through solution-mediated transport after an
induction period.2–5,7–10 On the other hand, it is also possible for
zeolites to be crystallized from an amorphous solid phase
through solid–solid transformation. However, the solid–solid
transformation mechanism is not well understood to date,
although incessant efforts have been directed at the exploitation
of zeolite synthesis by solid–solid transformations and the
elucidation of their mechanisms in heterogeneous systems.6,9–13

Here we report unequivocal evidence for delocalized nucleation
in a solid–solid transformation and confined crystal growth
through nucleus–nucleus rearrangement from a solid gel
mixture of Al2O3-PILM and NaOH. Furthermore, this non-
hydrothermal system results in a nanocrystalline sodalite with a
discrete particle size distribution.

Al2O3-PILM was prepared by a conventional ion exchange
reaction between the interlayer Na+ ions in montmorillonite
(Kunipia F, ((Na0.35K0.01Ca0.02)(Si3.89Al0.11)-
(Al1.60Mg0.32Fe0.08) O10(OH)2nH2O, cation exchange capacity
= 100 meq per 100 g) and Al-polyhydroxy cation
([Al13O4(OH)24(H2O)12]7+, Keggin-type ions). The intercalated
Al-polyhydroxy cations were converted to Al2O3 by heating at
400 °C for 4 h in air. For the synthesis of nanocrystalline
sodalite, a pillared clay gel prepared by the addition of 25 wt%
water was well mixed with solid NaOH with a typical mole ratio
of [OH2]/[Si] = 10. The resulting solid gel mixture was
thermally treated at 80 °C under ambient atmospheric condi-
tions. In order to investigate the transformation process from
Al2O3-PILM to sodalite at 80 °C, a part of the reaction product
was removed periodically from the reaction mixture, and used
for subsequent analyses.

Fig. 1 shows the evolution of XRD patterns of the sodalite
phase from the solid gel mixture of Al2O3-PILM and NaOH (s)
at 80 °C as a function of reaction time. The Al2O3-PILM
exhibits a series of (00l) diffraction patterns which confirm the
formation of a regular intercalation compound with a basal
spacing of 18.5 Å. After reaction for 30 min, the (00l)
diffraction lines of Al2O3-PILM shift to the higher 2q angles (d
= 12.8 and 6.4 Å), indicating the collapse of interlayer pillars.
At the same time, new diffraction peaks corresponding to the
sodalite phase appear. It is worthy of note here that the
crystalline sodalite phase is formed even within 30 min without
the formation of X-ray amorphous phases, which is fundamen-
tally different from the previous results reported in the
literature.5–10 Such a rapid formation of sodalite is surely due to

the homogeneous distribution of Si and Al as well as the well-
developed micropores of Al2O3-PILM (SBET = ~ 245 m2 g21).
The former enables the aluminosilicate network to be converted
into a sodalite framework through a solid–solid transformation,
while the latter allows the rapid diffusion of hydrated NaOH to
facilitate zeolite formation without any noticeable perturbation
of the pristine layer structure of montmorillonite. As the
reaction proceeds, the crystalline sodalite phase becomes
dominant at the expense of Al2O3-PILM, and single phase
sodalite is eventually formed after a reaction at 80 °C for 180
min. In contrast to the conventional solution-mediated transport
processes for crystal growth,9–10,14–15 the absence of a distinct
X-ray amorphous stage implies that the transformation does not
take place through long-range diffusion of dissolved aluminium
and silicon species but through a short-range molecular-level
rearrangement.

The rapid incorporation of Al into the silicate network
through the solid–solid transformation is reflected in the FT-IR
spectra (Fig. 2). A remarkable and gradual red shift of the Si–O
stretching vibration 1100 cm21 to 986 cm21 is observed along
with a weakening of the absorption bands at 3630 cm21 and 920
cm21, which are associated with the structural hydroxy groups
in the octahedral sheets of the clay layer. Other diagnostic
features of the sodalite formation are the appearance of a new
absorption peak at 430 cm21 due to the formation of a single
four-membered ring (S4R) of sodalite units, and a gradual
reduction of the intensity of the peak at 524 cm21 assigned to
the Si–O–Al bending vibration in clay.7,16

Sodalite formation through solid–solid transformation is
clearly confirmed by high resolution transmission electron
microscopy (HR-TEM). Fig. 3(a) shows the typical HR-TEM
images of a thin-sectioned Al2O3-PILM oriented with its ab
planes parallel to the optical axis of the microscope. The clay
layers are discernible as the solid dark lines while the pores
appear as a lighter contrast between layers. After reaction at 80

Fig. 1 Powder X-ray diffraction patterns of a) Al2O3-PILM and the reaction
products obtained by solid–solid transformation at 80 °C under an ambient
atmosphere for b) 30 min, c) 50 min, and d) 180 min. A small amount of
quartz initially present in the starting montmorillonite is always visible (2q
= 26.5°) throughout the reaction.
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°C for 30 min (Fig. 3(b)), a new lattice fringe appears randomly
in the crystalline region. The arrow highlights the highly
ordered lattice fringe of the sodalite nuclei, indicating that the
image of the partially transformed region is eventually trans-
formed into a well-developed lattice with respect to the reaction
time. Further inspection illustrates the course of the nucleation
and crystal growth mechanism in the heterogeneous system
(circled). Sodalite nuclei are randomly delocalized over the
entire region. The rearrangement of the delocalized sodalite
nuclei occurs successively and leads to the long-range lattice
fringes of sodalite. As the reaction proceeds, the long-range
lattice fringes become dominant instead of the dislocated lattice
phases. Fig. 3(c) shows a fully crystalline lattice fringe of
sodalite obtained after 180 min. HR-TEM images clearly
demonstrate that the formation of sodalite nuclei takes place
simultaneously from an aluminosilicate matrix by the localized
solid–solid transformation of the clay lattice, and that the rapid
crystal growth takes place through the rearrangement of sodalite

nuclei with a limited dimension to result in nanocrystalline
sodalite with a discrete particle size distribution.

A schematic illustration of the solid–solid transformation
process in this system is as follows (Fig. 3). The fast diffusion
of hydrated NaOH into two-dimensional clay layers results in
the formation of aluminosilicate species upon the collapse of the
Al2O3 pillars and the delocalized sodalite nucleation by the
solid–solid transformation. As the reaction proceeds, inter-
mediate particles of nanometre size are formed by the finely
cracked division of layered aluminosilicate particles. At the
same time, the crystallization of sodalite takes place mainly by
the rearrangement of sodalite nuclei present in the finely
cracked particles. Fig. 4 shows scanning electron micrographs
with transmission electron micrographs (inset) of sodalite
particles obtained from Al2O3-PILM. The spherical particles
composed of nanometre-sized sodalite crystals are very uniform
with lamellar character. The sodalite nanocrystals are readily
obtained by ultrasonication, and their homogeneous suspension
is quite stable (Fig. 4(b)).

In this study, it is clearly shown that sodalite crystallization
takes place by a solid–solid transformation. A solution-
mediated reaction could not be involved in both nucleation and
crystal growth of the nanocrystalline sodalite. In addition, our
solid–solid transformation route could be applied to the
preparation of nanocrystalline sodalite crystals with a discrete
particle size distribution.
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Fig. 2 IR spectra of a) Al2O3-PILM and the solid products obtained by
solid–solid transformation at 80 °C under an ambient atmosphere for b) 30
min, c) 50 min, d) 100 min, e) 180 min.

Fig. 3 TEM images of a) Al2O3-PILM and the solid products obtained at 80
°C for b) 30 min and c) 180 min, and a schematic representation of the
proposed sodalite growth mechanism by solid–solid transformation.

Fig. 4 SEM images of a) the spherical particles obtained from Al2O3-PILM
and b) sodalite nanocrystals dispersed by using ultrasonication. The insets
show the TEM images of the respective samples.
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