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Abstract: All industrially available zeolites are obtained from hydrogel systems. Unfortunately the level of
understanding of the events preceding zeolite crystallization is far from satisfactory. In this respect, revealing
the nature of the processes taking place in the precursor gel is of paramount importance to understanding
zeolite nucleation. The investigation of the gel structure, however, is a dif�cult task due to the complexity
of the object in terms of both composition and topology. Therefore, a combination of hyperpolarized (HP)
129Xe NMR-N2 adsorption-high-resolution transmission electron microscopy-energy-dispersive spec-
trometry methods complemented by X-ray diffraction, infrared spectroscopy, scanning electron microscopy,
and chemical analyses has been employed to study the changes in composition and structure of sodium
hydroxide rich aluminosilicate gel yielding zeolite A. The role of each component in the system and the
entire sequence of events during the induction, nucleation, and crystallization stages have been revealed.
The high concentration of sodium hydroxide in the studied system has been found to control the size and
structure of the gel particles in the beginning stage. During the initial polymerization of aluminosilicate
species a signi�cant part of the sodium hydroxide is expelled from the gel into the solution, which restricts
extensive polymerization and leads to formation of small aluminosilicate particles with open pore structure.
The induction period that follows is marked by incorporation of Na back in the bulk gel. The combined
action of the Na ion as a structure-directing agent and the hydroxyl group as a mobilizer results in partial
depolymerization of the gel and formation of voids with mesopore sizes. The nucleation maximum coincides
temporally with development of pores with sizes in the range of 2-5 nm. The amorphous gel undergoes
into crystalline zeolite only after these pores have disappeared and the chemistry of the gel has evolved
to reach the stoichiometric zeolite composition. It was established unambiguously by high-resolution
transmission electron microscopy and HP 129Xe NMR that the nucleation of zeolite occurs in the solid part
of the system and the succeeding crystallization commences only after the nuclei are released into the
liquid, which is consistent with the autocatalytic mechanism. Also this investigation has demonstrated the
unrivaled sensitivity of HP 129Xe NMR that is capable of identifying presence of small amounts of crystalline
zeolite material in amorphous medium with detection limit extending below 1 wt %.

Introduction

Zeolites are an important class of industrial materials with
steadily growing application in different areas of the chemical
industry.1,2 These microporous crystalline solids have been
produced in industrial scale for many years, and both academic
and industrial researchers have studied extensively their forma-
tion. Nevertheless, there are still a number of questions related
to the steps governing zeolite crystallization that remain to be
answered. Among them the mechanism of nucleation, which

differs from the classical theory describing the nucleation of
salts in supersaturated solutions, seems to be the most elusive
one.3-15 The current discussion is not aimed at the generally
accepted scheme of zeolite formation around templating species,
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that is, alkali metal cation-water complexes or organic
molecules.16,17 The uncertainties about zeolite nucleation con-
cerns, namely, the spatial and temporal location of the �rst nuclei
as well as the nature and identity of the species involved in
their formation. In general, the reaction media yielding zeolite
is inhomogeneous, and thus zeolite nucleation involves numer-
ous simultaneous equilibria and condensation steps, which make
the above task particularly dif�cult.18 Besides the complexity
of the process a serious obstacle in its detailed understanding
is the large variety of initial systems employed in zeolite
crystallization. There are already over 180 zeolite structure
types19 which differ in composition and framework features,
and their syntheses require vast variety of chemical precursors.
Such diversity in initial composition is due to the fact that �all
the intelligence must be contained� in the initial gel in order to
obtain a desired zeolite, as stated by Corma and Davis.20

Consequently, the speci�cs of each system makes it dif�cult to
establish general crystallization steps that would be common
to all zeolite types.

The zeolite-yielding system could be subdivided into two
main groups: (i) hydrogel systems comprising bulk solid and
liquid parts and (ii) �clear solutions� that contain only discrete
gel particles. The latter system has been found to be quite
suitable to study zeolite crystallization. Contrary to the con-
ventional gel systems, where a large diversity of (alumino)sili-
cate species is observed, the initially clear solutions contain a
limited number of well-de�ned discrete amorphous precursor
particles.21-24 Hence, interpretation of the results in such
systems is simpli�ed and the chances for ambiguous conclusions
are reduced signi�cantly. The simplicity of such system and in
particular the one yielding silicalite-1 (MFI-type) has attracted
a lot of attention in attempts to shed light on zeolite nucleation.
Schoeman and Regev were the �rst to reveal the homogeneous
nature of tetraethylorthosilicate-based synthesis of silicalite-1,
which contains ca. 84 wt % of the silica in the form of polymeric
species with an average particle size of 2.8 nm.25 Following
this method signi�cant contributions to understanding the
nucleation of zeolite-type materials at the molecular level have
been made by numerous groups employing similar all-silica
systems and using different combinations of analytical methods.

Recently Rimer et al. provided a relatively comprehensive
picture of the template-silica interactions and their further
crystallization into an all-silica zeolitic material.26 A signi�cant
step forward among the latest achievements is the determination
of the species participating in zeolite growth.27 A clear solution
containing discrete gel particles allowed the birth of the �rst
zeolite crystals to be visualized applying transmission electron
microscopy.28

The events preceding zeolite nucleation in sodium-rich
aluminosilicate hydrogel precursors are even less known. In this
respect, understanding of the processes taking place in zeolite-
yielding gel-rich systems has lagged behind the knowledge about
their highly diluted counterparts, which involve limited number
of species. The complexity of the hydrogel systems and their
inhomogeneity in both solid and liquid parts makes these
precursors particularly dif�cult to study. It is not surprising that
such complexity has kept many researchers away from this topic,
and consequently the number of studies devoted to clear
precursor systems has been much higher during the past decade.
On the other hand, all industrially available zeolites are obtained
from hydrogel systems. It is worth recalling that dense hydrogel
systems are the precursors for almost all zeolite framework types
discovered lately. Therefore, closing the gap in understanding
the events preceding zeolite nucleation is of paramount impor-
tance for advancement of zeolite synthesis. In this respect,
modeling the processes in such systems can be helpful.29-33

Despite the overall unsatisfactory level of knowledge in this
�eld, important steps forward have been made recently. For
example, an important progress in this �eld has been the
development of a hybrid rheological model describing the
thixotropic behavior of particulate suspensions during zeolite
crystallization.34 Also applying transmission electron microscopy
several attempts to track down the entire sequence of events
leading to zeolite nucleation have been published already.35-38

Advances in determining zeolite precursor species were recently
made by Okubo and co-workers employing high-energy X-ray
diffraction technique39 and a combination of small- and wide-
angle X-ray scattering.40 Very recently Morsli et al. have studied
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the microporosity of mordenite precursor gels.41 Supercritical
CO2 drying was used in that study to retain the structure of the
parent gel since the conventional drying led to pore shrinkage
due to capillary pressure.

Thus, theoretical models and experimental studies have
proved unambiguously the importance of the gel structure for
zeolite nucleation. The investigation of the gel structure,
however, is a dif�cult task due to the complexity of the object
in terms of both chemistry and morphology. Therefore, there is
not a single method of investigation capable of providing all
the information necessary for revealing the true nature of the
nanoscale events related to zeolite nucleation. Only application
of a complex approach that utilizes properly assembled set of
complementary methods could provide the desired information.

In this study we conducted synthesis and characterization
experiments designed to reveal the changes in the gel texture
leading to the nucleation stage in a model system yielding zeolite
Na-A. The solid was subjected to conventional drying, and thus
only pores supported by a framework suf�ciently stable to
withstand the capillary pressure were retained. Combination of
laser hyperpolarized (HP) 129Xe NMR, N2 adsorption, high-
resolution transmission electron microscopy (HRTEM), and
energy-dispersive spectrometry (EDS) analysis, further comple-
mented by conventional methods traditionally used in zeolite
investigation, were employed to achieve the above goal.

Experimental Section

Sample Preparation. A silica source (14% NaOH, 27% SiO2,
Fluka) containing low-mass silica species was used and further
depolymerized by adding sodium hydroxide (97%, Aldrich) so as
to obtain a completely transparent initial solution. The latter was
mixed with a clear solution containing sodium aluminate (53%
Al2O3, 42% Na2O, Riedel de Hae¤n) and sodium hydroxide (97%,
Aldrich). Distilled water was used for both preparation of the initial
gels and washing the solid after hydrothermal treatment. The zeolite
precursor mixture was produced by vigorous mixing of the alkaline,
silicate, and aluminate solutions, where all components were
expected to be relatively homogeneously distributed. The composi-
tion of the gel was as follows: 6Na2O/0.505Al2O3/1.0SiO2/150H2O.
The initial mixture was stirred for 1.0 h at room temperature, and
a sample denoted NaA-0 was taken. The remaining gel was then
transferred in polypropylene bottles and heated in oven at 90 °C
for 30 (NaA-30), 60 (NaA-60), 90 (NaA-90), 120 (NaA-120), 150
(NaA-150), 180 (NaA-180), 210 (NaA-210), 240 (NaA-240), and
300 (NaA-300) min. Solid products were recovered from each
treatment by suction �ltration using a 0.1 µm �lter (Bioblock).

Sodium-calcium ion exchange was carried by mixing 0.5 M
Ca(NO3)2 solution with the solids obtained during the investigation
of zeolite crystal growth kinetics in mass ratio 50:1. The exchange
was performed at 60 °C. The procedure was repeated four times.
After the �nal exchange the solid was thoroughly washed with
distilled water.

In order to compare the gel structure of Na-A precursors with
similar zeolite systems a series of gels, yielding Na-P (GIS-type),
K-L (LTL-type), and Na-ZSM-5 (MFI-type), were synthesized from
gels with the following compositions: zeolite P, 0.9Na2O/0.1Al2O3/
1.0SiO2/80H2O; zeolite L, 0.25K2O/0.08Al2O3/1.0SiO2/10H2O;
ZSM-5, 0.28Na2O/0.035Al2O3/1.0SiO2/67H2O.

The crystal growth kinetics of zeolite P, zeolite L, and ZSM-5
were studied at 100, 170, and 150 °C, respectively. The obtained
solids were recovered as described above.

Characterization. Powder X-ray diffractograms (XRD) were
obtained in a PANalytical X�pert Pro diffractometer with �xed slits

using Cu/KR radiation (� ) 1.5418 ¯) with �-2� mounting. Before
analysis samples were �nely ground and pressed in a stainless steel
sample holder. Spectra were registered in 2� range of 3-50° with
scanning step of 0.1° s-1.

Infrared (IR) spectroscopic analyses were carried out on samples
pressed in KBr (in a mass ratio of 1/10) with a Bruker IFS-66
spectrometer in the range of 400-4000 cm-1. The elemental
analyses of the solids were performed in an X-ray �uorescence
(XRF) spectrometer MagiX (Philips). Prior to the analysis the
powdery sample was melted with Li2B4O7 at 1300 °C. The resultant
glass bead was analyzed under vacuum with a rhodium anticathode
(2.4 kW). The mother liquor separated from the solid by high-
speed centrifugation was analyzed by atomic absorption spectros-
copy (AAS) (Varian Techtron AA6).

Nitrogen adsorption measurements were performed with a
Micromeritics ASAP2040 surface area analyzer after being degassed
at 90 °C for 1 h and 300 °C for 15 h. Nitrogen measurements were
performed on Na and Ca forms of obtained solids. The following
conditions were used: equilibrium interval 20 s, equilibrium delay
from 20 to 320 min, and relative pressure tolerance 0.01%. It is
important to note that nitrogen adsorption in micropores begins at
relative pressure of 10-7. DFT pore size analysis was performed
with Micromeritics ASAP2040 software. Slit shape pore model was
employed, which we consider more appropriate to study the
mesopores in zeolite precursor gel. N2 adsorption measurements
were complemented by HP 129Xe NMR in order to obtain a more
detailed picture of the pore evolution during hydrothermal treatment
of the system. Prior to the measurements the samples were pressed
at 8 MPa to reduce the interparticle voids, crushed, and sieved into
20-40 mesh particles. Samples were subjected to dehydration in
vacuum (<10-5 Torr) for ca. 10-15 h. Optical polarization of xenon
was achieved with an apparatus as reported in a previous study,42,43

with the optical pumping cell in the fringe �eld of the spectrometer
magnet and 60 W diode laser array (Coherent FAP-System).44,45

A �ow of 1% Xe-1% N2-98% He gas mixture was delivered at
the rate of 200-250 mL/min to the sample in the detection region
via plastic tubing. Variable-temperature HP 129Xe NMR measure-
ments were performed in the range of 153-293 K. All spectra were
acquired on a Varian In�nityplus-400 NMR spectrometer at a
frequency of 110 MHz with a �/2 pulse of 3.0 µs and 2 s recycle
delay. Spectra with high sensitivity and good signal/noise ratio have
been obtained after 100-200 scans accumulation. The chemical
shifts were referenced to the signal of xenon gas. Although the
line of the xenon gas is temperature-dependent, generally chemical
shifts vary no more than 1 ppm in the temperature range of the
experiments.

The structural evolution of the gel was followed by HRTEM.
Analyses were performed at room temperature in low-dose mode
at 300 kV accelerating voltage in an FEI-Philips CM300 TEM,
equipped with LaB6 cathode, and EDAX energy-dispersive X-ray
spectrometer (EDS). A suspension in distilled water was prepared
from the solid powder samples without any grinding. After
ultrasonication to break up large aggregates a droplet of the
suspension was deposited onto holey carbon coated Cu grids. EDS
analyses were performed in Nanoprobe mode with beam diameter
of 20-200 nm. Scanning electron microscope (SEM) micrographs
were taken with a Philips XL30-FEG instrument.
Results

General Characterization. Any physical method of analysis
has limits imposed by (i) the size and (ii) the mass fraction of
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12, 1181�1183.
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the solid phase of interest. Thus, the investigation of early stages
of zeolite formation requires appropriate methods combining
high sensitivity to crystalline species of limited size with high
sensitivity to negligible mass in respect to amorphous matrix.

Conventional XRD analysis is usually employed to study the
long-range order of crystalline solids. In other words, the method
is not appropriate to study organized structures with size below
several unit cells. The detection limit of XRD analysis varies
depending on the experimental conditions and the nature of the
material under investigation. In general, the detection limit can
hardly reach a mass fraction below 3 wt % of the total mass. In
the present investigation XRD analysis did not detect crystalline
material during the �rst 90 min of hydrothermal treatment. The
�rst crystalline particles detected by XRD were recorded in the
sample subjected to 120 min of crystallization (Figure 1A).
Employing highly crystalline zeolite A sample as a reference
the zeolite content is evaluated to be about 7 wt %. According
to the XRD analysis the crystallization of the amorphous gel
into zeolite takes place in the interval from 120 to 150 min.
After 150 min of synthesis the crystallinity is 80%, and after
210 min the zeolite content is already 100% (Figure 1B), which
is corroborated by the fact that extension of the synthesis time
up to 300 min does not improve the X-ray crystallinity of the
product.

The series of samples studied by XRD analysis was further
examined by IR spectroscopy, thus completing the information
of the long-range order (XRD) with short-range order (IR)
analysis. The band at 560 cm-1 that can be associated with the
D4 ring, the dominating secondary building unit in the LTA-
type structure, was employed to evaluate the crystallinity of the
material.8,46 This band is not observed in the samples obtained
between 30 and 90 min. In the spectrum from the 90 min
experiment a weak broad band between 510 and 650 cm-1 is
present, which might represent nanosized partially ordered
particles revealing a similarity with the FTIR results reported
by Kosanovic· et al.46 The band indicative for D4 ring units can
be observed clearly after 120 min of hydrothermal treatment of
the solid (Supporting Information Figure 1e), which is in good
agreement with the XRD results. According to the IR study the
crystallization of the amorphous gel into zeolite A crystals takes
place in the time interval from 150 to 210 min. The intensity
increase of the 560 cm-1 peak is accompanied by a decrease in

intensity of the 850 cm-1 band that can be assigned to Si-OH
bending vibrations. The gradual disappearance of the latter band
is consistent with an increase in the number of framework atoms
connected via oxygen bridges, which is a further evidence of
transformation of the amorphous material into zeolite crystals.36

Substantial decrease of this band was observed in 120-150 min
time laps, which is a strong indication for the beginning of the
crystallization process.

SEM inspection of the solid does not show differences in
the morphology and appearance of the amorphous particles
obtained after different periods of hydrothermal treatment
(Supporting Information Figure 2A-D). A few, but relatively
large (0.5-1 µm), crystals can be found in the 120 min sample
(Supporting Information Figure 2E). The number of the crystals
increases with time, and after 210 min particles with amorphous
appearance are not observed. After 300 min of hydrothermal
treatment well-shaped cubic crystals with edge length of about
1.5-2 µm are formed (Supporting Information Figure 2F). At
this stage the crystal size distribution is very narrow, and the
fraction of smaller crystallites and aggregates in the solid is
negligible.

Bulk chemical analyses of the solid part of the system by
XRF show that after mixing the initial reactants the Si/Al ratio
is higher than that of a conventional LTA-type material. After
30 min of treatment this ratio is 1.04, and after 60 min of
treatment it reaches the perfect zeolite A composition of 1.0.
However, local EDS analyses obtained in the TEM from areas
50-100 nm in diameter reveal that the distribution of silicon
and aluminum is far from uniform. For the 60 min sample the
Si/Al ratio in the gel particles varies from 1.3 to 2.8. Sodium
distribution is even more heterogeneous with Si/Na ratio varying
from in�nity to essentially zero for particles where only Na and
O were detected (most probably sodium hydroxide) (Figure 2,
parts A and C). For gel particles subjected to 120 min of
hydrothermal treatment the variation of the Si/Al ratio is in the
range from 0.96 to 1.3 (Figure 2, parts B and D). Further
important features of this gel are the absence of pure NaOH
particles and the variation of the Si/Na ratio, which does not
drop below 100 and approaches 1 for some particles. To
complete the analysis of the system the composition of the
supernatant was studied by AAS. Variation in the Na, Al, and
Si content is observed in the beginning stages of the crystal-
lization process. During the 60 and 90 min hydrothermal
treatment periods striking changes in the slopes of the concen-
tration versus reaction time curves for Si, Al, and Na are evident

(46) Kosanovic·, C.; Bosnar, S.; Subotic·, B.; Svetlic�ic·, V.; Mis�ic·, T.; Draz�ic·,
G.; Havancsa·k, K. Microporous Mesoporous Mater. 2008, 110, 177�
185.

Figure 1. (A) XRD patterns of solids obtained at 90 °C for (a) 90, (b) 120, (c) 150, (d) 210, and (e) 300 min of hydrothermal treatment. (B) Crystal growth
kinetics of zeolite A according to the XRD analysis.
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(Figure 3), demonstrating that signi�cant transformation in the
system takes place at this stage. It is even more illustrative when
the changes of Si/Al, Si/Na, and Al/Na ratios in the liquid part
of the system are considered (Supporting Information Figure 3).
No doubt that the chemical evolution of the system is related
with structural reorganization of the solid.39,40 After the �rst
90 min the silicon content in the solution becomes almost
constant, while aluminum concentration keeps decreasing. After
60 min of treatment in contrast to aluminum the concentration
of sodium starts to increase and keeps this trend through the
entire remaining course of zeolite crystallization (Figure 3C).

This is a consequence of the fact that the initial gel is
oversaturated in Na, and once the zeolite framework formation
starts the excess Na is expelled in the liquid phase, and
furthermore, the overall negative charge of the system is
substantially reduced. The above set of experimental data
suggests a crystallization scenario where the induction period
takes about 90 min, the �rst crystallites appear after 120 min,
and the crystallization of the amorphous into crystalline LTA-
type material occurs in the interval of 120-210 min, followed
by Ostwald ripening of crystalline particles. As stated earlier
the objective of this study is to shed light on the stages preceding

Figure 2. TEM micrograph of solids obtained after (A) 60 and (B) 120 min of hydrothermal treatment with the areas of the EDS analyses. The concentration
of Na, Al, and Si in these spots is provided on graphs C and D for 60 and 120 min samples, respectively.

Figure 3. Dissolved silicon (A), aluminum (B), and sodium (C) concentrations of the liquid phase from zeolite A synthesis gels as a function of synthesis
time.
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