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Interest in the synthesis and applications of zeolite
nanocrystals has grown continuously since colloidal suspen-
sions of zeolite particles were first reported in the early
1970s.1 The successful synthesis of zeolite nanocrystals has
enabled more advanced studies of the mechanisms of zeolite
nucleation and crystal growth. Moreover, the improved
performance achieved by using zeolites in the form of
nanocrystals has affected their traditional application in areas
such as catalysis, ion exchange, adsorption, and separation.1-4

Perhaps more importantly, nanocrystals have allowed zeolites
to find new applications such as as low-k dielectrics in
microelectronics,5,6 in chemical sensing,7,8 and as nanostruc-
tured membranes in fuel cells.9

Synthesis of colloidal zeolite nanocrystals generally re-
quires the use of a large amount of organic structure directing
agent (SDA) to control the process of zeolite crystallization.
In the absence of SDA, controlled synthesis of zeolite
nanocrystals becomes far more difficult. More recently,
workers have developed SDA-free synthesis of zeolite
nanocrystals through the use of space-confining additives
such as carbon black,10 starch,11 gelling polymer,12,13and even
carbon nanotubes;14 however, the rational control of the

zeolite nanocrystals with a narrow size distribution still
remains challenging.1

Here we report our findings that colloidal hydroxy-sodalite
nanocrystals, free from SDA, can be obtained by the
transformation of silicalite nanocrystals. We have used
silicalite nanocrystals as the silica source for this process
because the synthesis of silicalite is well-established15,16and
because silicalite nanoparticles made with tetrapropylam-
monium hydroxide (TPAOH) as a template have a high
resistance against dissolution in alkaline solution. Indeed,
this has led to their application in corrosion-resistant coat-
ings.17 After the incorporation of sodium and aluminum and
the transformation of the silicalite crystal structure, the
resulting hydroxy-sodalite nanocrystals possess sizes and
morphologies similar to those of the original nanocrystals.

Sodalite has a framework structure consisting of a six-
membered ring aperture with a pore size of 2.8 Å. In
particular, the sodalite whose framework charges are bal-
anced with hydroxide anions is termed hydroxy-sodalite.
Because of its small pore size and high ion exchange
capacity, sodalite is very attractive as a functional material
for a wide range of applications such as optical materials,18-20

waste management,21,22 hydrogen storage,23 and hydrogen
separation.24,25 Microsized sodalite crystals can be easily
grown with different precursor materials; for example,
polycrystalline sodalite particles (500 nm) were produced
by solid-solid-phase transformation of pillared clay.26-28 To
date, sols of colloidal hydroxy-sodalite nanocrystals have
only been synthesized by homogeneous nucleation in the
presence of tetramethylammonium hydroxide.29 To the best
of our knowledge, we have synthesized colloidal, SDA-free
hydroxy-sodalite nanocrystals for the first time.

To begin the process, colloidal silicalite nanocrystals were
prepared by hydrothermal treatment of a clear solution of
tetraethyl orthosilicate and TPAOH.30 The resulting colloidal
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silicalite suspension was directly dried at 90-100 °C (see
Supporting Information), and these dried nanocrystals were
then added into an alkaline solution with a molar composition
of 6.07:1:66 Na2O/Al2O3/H2O, which was formed by dis-
solving sodium hydroxide and sodium aluminate in water.
Aging and hydrothermal treatment of this suspension resulted
in the conversion of the silicalite nanocrystals into sodalite
nanocrystals. After washing and drying, we characterized the
precursor silicalite nanocrystals and the final sodalite nanoc-
rystals by transmission electron microscopy (TEM) and X-ray
diffraction (XRD). The TEM images shown in Figure 1
indicate that both the silicalite nanocrystals (denoted Sil-N)
and sodalite nanocrystals (denoted Sod-N) exhibit similar,
compact crystal morphologies with sizes ranging from 40
to 110 nm (Figure 1a,b,d). The average crystal size decreases
from approximately 80 nm for Sil-N to 60 nm for Sod-N.
The XRD patterns confirm that both types of particles are
highly crystalline (Figure 1c). Additionally, the sodalite
nanocrystals can be readily dispersed in water or ethanol
under mild ultrasonication, and the colloidal sodalite suspen-
sions thus formed are stable for weeks.

To help understand the phase transformation mechanism
of silicalite nanocrystals to sodalite nanocrystals, we carried
out thermogravimetric analysis (TGA) on the silicalite
samples and on the dispersible sodalite nanocrystals (Sod-
N); the results are shown in Figure 2. The mass lost by the
pure hydroxy-sodalite was approximately 10% owing to the
removal of structural water (Figure 2c). On heating to 120
°C, the dried pure silicalite lost 2.5% of its mass because of
desorption of adsorbed water (Figure 2b). The further 13.5%
mass loss above 120°C is close to the 11.7% loss calculated
assuming four TPA+ cations per unit cell in a pure silicalite
crystal; therefore, we attribute this mass loss to the decom-
position of occluded TPAOH molecules in the silicalite
structure. The directly dried silicalite nanocrystals showed
a total mass loss of 29% (Figure 2a).

After allowing for the 16% lost by the dried pure sample,
the remaining decrease in mass must be due to approximately

13% of additional TPAOH associated with the directly dried
silicalite nanocrystals. The extra TPAOH molecules in excess
of those in the zeolitic channels should reside in the
intercrystal pores, that is, in the packing pores and on the
surfaces of the silicalite nanocrystals.31,32 These surface
molecules should serve as a barrier that isolates the silicalite
nanocrystals during the attack of the alkaline solution,
preventing the nanocrystals from agglomerating. We believe
that this barrier plays a crucial role in the formation of
dispersible sodalite nanocrystals, explaining the coarsening
of the sodalite nanocrystal morphologies obtained when dried
pure silicalite is used in place of directly dried silicalite (Sil-
N).

To further clarify the transformation process of silicalite
nanocrystals, we aged the directly dried silicalite nanocrystals
in alkaline solution at room temperature and then hydro-
thermally treated them at 80°C for different times. Com-
parison of the XRD pattern in Figure 3a with that for Sil-N
in Figure 1c reveals that the peak intensities (units not shown)
of the silicalite nanocrystals remain almost unchanged after
4 h aging; this confirms the stability of the silicalite
nanocrystals in alkaline solution at room temperature.
Considering the other data in Figure 3, it is evident that the
silicalite was mostly transformed to zeolite A after only 1 h
of heating. A mixture of zeolite A and sodalite was observed
after 2 h of heating (Figure 3c); pure sodalite was obtained
with 3 h of heating.

Fourier transform infrared (FT-IR) spectra (Figure 4) show
the samples transforming from silicalite to sodalite. With
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Figure 1. TEM images, XRD patterns, and particle size distributions (PSDs)
of nanocrystals. (a) TEM, silicalite; (b) TEM, hydroxy-sodalite; (c) XRD;
and (d) PSDs.

Figure 2. TGA curves of (a) directly dried as-synthesized silicalite
nanocrystals, (b) dried pure silicalite nanocrystals, and (c) hydroxy-sodalite
nanocrystals.

Figure 3. XRD patterns of samples prepared with directly dried silicalite
nanocrystals by hydrothermal treatment at 80°C for (a) 0, (b) 1, (c) 2, and
(d) 3 h. Prior to heating, all the samples were aged at room temperature for
4 h.
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increasing heating time, the characteristic bands of the
silicalite Si-O-Si framework, such as the double-ring
vibration at approximately 550 cm-1 and the stretching
vibrations at 1090 and 1220 cm-1, gradually disappear;
instead, the characteristic adsorption band at 428 cm-1

appears as the single four-membered ring (S4R) of the
sodalite unit is formed.28 In the IR spectrum of the pure
sodalite sample (Figure 4d), the broad band at approximately
990 cm-1 is assigned to the asymmetric stretch (TsOsT,
T ) Si, Al), the adsorptions between 714 and 661 cm-1 are
due to the symmetric stretch (TsOsT), and the bands at
461 and 428 cm-1 arise from the bending vibration of Os
TsO.33,34

Energy-dispersive X-ray spectroscopy (EDXS) could not
detect sodium or aluminum in the aged sample, again
indicating that the silicalite nanocrystals were stable in
alkaline solution at room temperature. However, when the
dispersion of silicalite in alkaline solution was heat-treated
at 80 °C, both sodium and aluminum ions rapidly entered
the silicalite framework; this was evidenced by the change
in the molar ratio of Na/Si/Al from 0:1.00:0 at 0 h to1.21:
1.27:1.00 after 1 h to1.30:1.10:1.00 after 2 h, finally reaching
1.44:1.02:1 after 3 h. Despite the limitations of EDXS in
quantifying the sodium content accurately, the trend of the
change in sodium content should be reliable. Elemental
analysis (Galbraith Laboratories, TN) confirms that the pure
hydroxy-sodalite nanocrystals obtained in this work have a
molar Na/Si/Al ratio of 0.99:1.06:1.00, in good agreement
with the standard composition of hydroxy-sodalite.

On the basis of the foregoing experimental results, the
transformation of silicalite nanocrystals into hydroxy-sodalite
nanocrystals is illustrated schematically in Figure 5. The as-
synthesized colloidal silicalite nanocrystals are directly dried
so that the excess TPAOH molecules and any small amounts
of silica species coat the nanocrystals.31 The directly dried
silicalite nanocrystals retain the MFI structure when they are
in contact with the alkaline solution at room temperature.
During subsequent heating, the alkaline solution attacks the
silicalite structure, allowing sodium and aluminum ions enter
the lattice; meanwhile, the TPA+ ions in the silicalite zeolitic
channels are driven out of the nanocrystal frameworks by
exchange with the high concentration of Na+ ions. During

this process, the crystal structure evolves in the following
stages:

The resultant hydroxy-sodalite nanocrystals possess a
smaller average size as compared with the starting silicalite
nanocrystals (Figure 1d). This is at least partially because
the pore volume of hydroxy-sodalite (SOD) is smaller than
that of silicalite (MFI), which causes the nanocrystal
frameworks to shrink during the phase transformation and
leads to smaller particles. In addition, because of their small
size, it seems likely that the silicalite nanocrystals partially
dissolved into the alkaline solution during heating. The
hydroxy-sodalite nanocrystals formed by this process can be
easily dispersed by washing away the temporary barrier of
TPAOH and then re-dispersion in solvents such as water or
ethanol. Given their size, the TPAOH molecules in this
system do not function as templates for the hydroxy-sodalite
structure; they appear solely to constrain crystal growth and
prevent agglomeration of the nanocrystals during the reaction.

In summary, colloidal, SDA-free hydroxy-sodalite nano-
crystals have been successfully synthesized by the transfor-
mation of silicalite nanocrystals. The morphologies and sizes
of the hydroxy-sodalite nanocrystals obtained are similar to
those of the starting silicalite nanocrystals. It should be
possible to synthesize other types of colloidal aluminosilicate
nanocrystals, such as zeolites A, X, or Y, by carefully altering
the transformation conditions such as the composition of the
alkaline solution and the reaction temperature. Importantly,
this work has also provided a new insight into the nucleation
and growth of zeolite nanocrystals. We expect the SDA-
free hydroxy-soldalite nanocrystals to be useful for fabricat-
ing nanostructured porous materials and nanocomposite
membranes.
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Figure 4. FT-IR spectra of samples prepared by heating at 80°C for
different periods of time: (a) 0, (b) 1, (c) 2, and (d) 3 h.

Figure 5. Schematic representation of the phase transformation of silicalite
nanocrystals into sodalite nanocrystals.
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