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Electron Microscopy Reveals the Nucleation
Mechanism of Zeolite Y from Precursor
Colloids**

Svetlana Mintova, Norman H. Olson, and
Thomas Bein*

Zeolites are crystalline, porous solids whose intricate pore
and channel systems in the molecular size range of 0.3 to
about 1.5 nm are the basis for their immense importance in
catalysis, separations, and ion exchange.l'] Although numer-
ous studies have addressed the preparation of zeolites, it has
been very difficult to model the complex mechanism by which
they assemble from framework constituent precursor species
under hydrothermal synthesis conditions.

An improved understanding of the synthesis mechanism is
pivotal for the design of new zeolites (only about 100
structures are known so far), and for the preparation of novel
zeolitic assemblies such as zeolite thin films for membrane
reactors, monoliths, or functional nanostructures.s! Here we
report direct, high-resolution electron microscopic evidence
for the nucleation mechanism of zeolite Y (faujasite structure
type; FAU) in nanoscale amorphous aluminosilicate gel
particles, followed by full conversion of the gel aggregates
into 25-35nm large single crystals of zeolite Y. Further
crystallization of the colloidal zeolite Y suspension is medi-
ated by soluble aluminosilicate species.

Different mechanisms have been discussed regarding
nucleation and crystallization of zeolites, based on exper-
imental evidence obtained with various methods such as
X-ray diffraction and scattering, solid-state NMR spectro-
scopy, atomic force microscopy, and electron microscopy.[>22
These include transformation of the precursor gel phase,
aggregation and realignment of preassembled building blocks
containing template molecule/(alumino)silicate clusters, and
assembly of soluble small species from solution. Most of the
above techniques give information about the final crystalline
product; however, imaging the initial stage of zeolite forma-
tion has not previously been possible.

Several molecular sieves, including zeolite A, Y, L, ZSM-5,
silicalite-1, TS-1, and AIPO,-5 can be made in colloidal form
with particle sizes in the nanometer range.*2¥! Recently, we
reported a detailed study of the very early stages of zeolite A
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crystal growth at room temperature,
where amorphous gel particles were
converted into nanoscale single crys-
tals.l?s!

Zeolite Y can be viewed as the
archetype zeolite owing to its enor-
mous importance in catalysis (hydro-
cracking of petroleum) and its large
stable pore structure, which makes it
an ideal host for novel nanocompo-
sites.l!l In this study we examined the
entire process of gel formation, nucle-
ation, and crystal growth of this im-
portant zeolite at 100°C in a colloidal
model system. The structural evolu-
tion of these species was followed at
different time intervals with high-res-
olution transmission electron micro-
scopy (HR-TEM) at reduced dose in
the field-emission mode. To compli-
ment the HR-TEM studies, X-ray
diffraction, dynamic light scattering
(DLS), thermogravimetric analysis
(TGA), and IR spectroscopy were
used to monitor the crystallization
process.

The aggregates in the freshly pre-
pared colloidal solution at room tem-
perature are shown to be amorphous
by X-ray diffraction (Figure 1a). The
TEM image reveals the presence of 25—35 nm large amor-
phous gel particles having sharp edges (Figure 2a). These gel
particles are the precursors for the nucleation stage of the
FAU crystals. The start of crystallization of zeolite Y from this
colloidal solution requires heating at 100°C in excess of
24 h—representing the well-known “induction period” in
zeolite synthesis. After 24 h at 100°C, the XRD pattern shows
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Figure 1. Powder diffraction patterns of a) the freshly prepared solution
for the synthesis of zeolite Y (containing all reagents) and after hydro-
thermal treatment for b) 24, ¢) 28, d) 38, e) 55, and f) 75 h.
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Figure 2. Particles in a) freshly prepared aluminosilicate solution for the synthesis of zeolite Y and after
hydrothermal treatment at 100°C for b) 28, ¢) 48, and d) 75 h.

20.00 nm” 20.00 nm

that the resulting aluminosilicate consists of amorphous
material only (Figure 1b). The TEM image of this sample is
similar to that for the freshly prepared synthesis mixture. A
complementary IR study was performed of both freshly
prepared solutions and samples heated for 24 h (Fig-
ure 3a, b). The IR spectra contain only a band at 470 cm~},
which is assigned to structure-insensitive T—O bending modes
of tetrahedral TO, units (T=Si or Al), and confirm the
amorphous nature of the above sample.

470
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570
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400 500 600 700 800
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Figure 3. IR spectra of a) the freshly prepared solution for the synthesis of
zeolite Y and after hydrothermal treatment for b) 24, c) 28, and d) 55 h.
Samples were isolated by centrifugation and prepared as KBr pellets.
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Crystalline zeolite Y emerged after 28 h of hydrothermal
treatment of the initial solution, and diffraction lines began to
appear (Figure 1c). The HR-TEM images of this sample show
crystalline nanoparticles of approximately 10 to 20 nm in size
(Figure 2b). The linear size of these crystals corresponds to
only 7, 9, and 15 unit cells (Figure 4). These particles show a

= ] 10.00 nm |

Figure 4. HR-TEM image of FAU crystals grown in the amorphous gel
aggregates after hydrothermal treatment for 28 h at 100°C.

lattice spacing of 14 A attributed to the (111) planes of the
FAU structure.” Strikingly, the crystals always nucleate on
the periphery of the amorphous gel aggregates (Figure 4).
Our observations provide strong evidence for one of the
nucleation mechanisms of zeolite X (FAU structure type with
alower Si/Al ratio than Y) discussed by Lechert et al.?!l Tt was
assumed that the gel phase causes the formation of structural
elements such as six-rings that may act as precursors for the
nucleation events. This may occur preferably at the gel —liquid
interface, where precursor structures can be formed by
transport of small species from solution, or by structural
reorganization within the surface region (for example, by
partial hydrolysis and rearrangement of surface-bound
rings).!

The next stages observed during the synthesis were after
hydrothermal treatment for 38, 48, 55, and 75 h. The TEM
images revealed that while increasing the crystallization time
from 28 h (Figure 2b) to 48 h (Figure 2¢), the amorphous
aggregates were consumed and crystalline particles of FAU-
type zeolites were obtained. All crystals have the typical
octahedral morphology of the FAU-type zeolite. Close
examination of the images taken at different crystallization
times indicates that all crystals are single, and that the particle
size is rather uniform. This implies that only one nucleus was
present in each gel particle. To ascertain the representative
nature of the HR-TEM samples, different stages of crystal-
lization were examined with DLS. Particles with sizes of 25—
35 nm were present in the initial synthesis mixture and in the
products obtained after heating up to 28, 38, 48, and 55 h. In
situ DLS measurements and TEM results are therefore in
good agreement. The data show that as crystallization time
increases, the overall size of the zeolite-gel particles remains
approximately constant, suggesting that the nutrients for the
crystal growth were primarily supplied by the gel particles.
This is confirmed by the stable mass balance of the solutions
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1) containing the amorphous precursor gel particles two hours
after mixing, 2) after two days of aging at RT, and 3) after
hydrothermal treatment at 100°C for 48h (1.7+0.1 wt%
solid content throughout).

The XRD patterns show that all products obtained after
38 h are highly crystalline FAU zeolite (Figure 1d-f). Further
evidence for the emerging FAU structure in the early stages of
particle growth is provided by IR spectroscopy. The IR
spectra of FAU samples after 28 and 55 h contain a band at
approximately 570 cm~! in addition to the band at 470 cm™!
(Figure 3¢, d). The appearance of the band at 570 cm™, first
evident after 28 h, is associated with the FAU structure (this
band is not observed for amorphous silica; see Figure 3b).

To probe the association of the organic template with the
primary gel aggregates existing in the initial solutions and in
the zeolite crystals (heated for 48 h), thermogravimetric
analysis (TGA) of washed samples was performed. The
TGA data for the gel aggregates show the presence of large
quantities of organic template, decomposing at around 236 °C
in air (ca. 32wt% based on calcined gel, after water
desorption, Figure 5). The FAU sample also contains the
organic TMA template, but it decomposes in two steps at
higher temperatures (335 and 487°C), suggesting different
local environments of the template (ca. 10 wt% total, the
remainder is adsorbed water).

After keeping the initial mixture at 100 °C for an extended
period (75 h), well-defined octahedral crystals with sizes of
about 50 nm were formed (Figure 2d). Since no gel particles
remained in the solution after 48 h, the nutrients for this
extended growth must have been the colloidal zeolites
themselves. The important point is that the FAU zeolite
crystals can continue to grow through solution transport over
macroscopic distances.
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Figure 5. a) Thermogravimetric (TG) and b) derivative TG curves of
TMA-containing primary gel aggregates present in the initial solution
before heating (dotted line) and of the FAU nanocrystals obtained after
48 h of heating at 100°C (solid line; heating rate 10°Cmin" in air).
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The direct evidence obtained here with high-resolution
electron microscopy reveals the mechanism of FAU zeolite
nucleation and crystal growth at elevated temperatures
(Figure 6). FAU crystals are nucleated in amorphous gel

hydrothermal
treatment

(100°C, 28 h)

nucleation and crystallization
of zeolite Y single crystals
(10 to 30 nm) at periphery of
gel particles

l 48 hat 100 °C

amorphous gel particles, 25-35 nm
after 24 h aging at RT

extended crystal growth, up to 50 nm
after 75 h at 100 °C

gel particles convert into zeolite Y
nanocrystals (25 to 35 nm)

Figure 6. Proposed reaction scheme for the zeolite growth mechanism in
colloidal solution.

aggregates existing in the colloidal aqueous solution after
28 h. Each amorphous aggregate nucleates only one single
zeolite crystal, with nucleation always beginning at the gel -
solution interface. Our results confirm a previously proposed
nucleation mechanism for this type of zeolite, where struc-
tural elements at the periphery of the gel phase act as
precursors for the nucleation events. The aggregates are
completely converted into crystalline zeolite Y within 48 h at
100°C. Solution mass transfer is the dominant mechanism for
the substantial crystal growth of FAU crystals after prolonged
crystallization times.

Experimental Section

The synthesis of FAU from a clear aqueous solution with a molar
composition of 0.15 Na,0:5.5 (TMA),0:2.3 Al,0;:10 Si0O,:570 H,0O was
performed at 100°C. Tetramethylammonium hydroxide pentahydrate
(TMAOH - 5H,0; Aldrich) was added to an aqueous solution of aluminum
isopropoxide (Aldrich) to give a clear solution. Then silica sol (30 %, 5 nm,
pH 10, Aldrich) was added while stirring, and the mixture was further
stirred for about 30 min. Crystallization was carried out in Teflon-lined
stainless steel autoclaves at 100°C. Prior to analysis all samples were
purified three times by high-speed centrifugation, removal of the mother
liquor, and redispersion in water.

The XRD data were collected on a Scintag XDS 2000 diffractometer using
Cug, radiation. The TG measurements were performed with a 951 DuPont
Instruments Analyzer. The samples were examined with a Philips 200 FEG
TEM operated at 200 kV. The grid covered with colloidal suspension was
dried and scanned at low magnification to search for the crystals. Focusing
and astigmatism correction were performed at the working magnification
on an area about 2.5 pm from the area of interest to decrease the amount of
beam damage to the specimen. The beam was then automatically translated
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back to the previous area before the image was captured by a Gatan 794
multiscan charge-coupled device camera.
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