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Hydrothermal synthesis of high silica zeolite Y
using tetraethylammonium hydroxide as a
structure-directing agent†
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High silica zeolite Y with a SiO2/Al2O3 ratio of 7.76 is successfully

synthesized with tetraethylammonium hydroxide (TEAOH) as a

structure-directing agent. The high silica zeolite Y shows outstanding

high temperature thermal stability and hydrothermal stability.

Zeolite Y, one of the most important members in the zeolite family, has
been widely used as a fluidized catalytic cracking (FCC) catalyst.1–4 As a
typical aluminosilicate zeolite, the SiO2/Al2O3 ratio of zeolite Y has an
important effect on its thermal and hydrothermal stability. Industrial
practices and related studies reveal that high silica zeolite Y exhibits
outstanding catalytic activity and hydrothermal stability.5–7 To date,
high silica zeolite Y used in the FCC process has been mainly produced
by the post-synthesis method. However, the post-synthesis method is
complicated, highly energy consuming and environmentally unfriendly.
Therefore, it is of great significance to develop a direct and clean
synthesis method for high silica zeolite Y.

In 1990, Delprato et al. directly synthesized high silica zeolite
Y with a SiO2/Al2O3 ratio of around 9 by employing 15-Crown-5 as
a structure directing agent (SDA).8 Their work revealed a one-step
simple way for the synthesis of high silica zeolite Y. Nevertheless,
the high cost and toxicity of crown ethers limited its industrial
applications.9,10 After that, lots of efforts have been made in
developing nontoxic and inexpensive organic SDAs to synthesize
high silica zeolite Y, such as poly(ethylene oxides), inositol,
N-methylpyridinium iodide and 1-ethyl(butyl)-3-methylimid-
azolium bromide, which all have been successfully used to synthe-
size high silica zeolite Y with a SiO2/Al2O3 ratio of 6–7.11–14

However, zeolite Y with a SiO2/Al2O3 ratio higher than 7 is
hardly achieved by the one-step synthesis method without
using crown ethers as SDAs.

Tetraethylammonium hydroxide, a commonly used SDA, has
been employed in the synthesis of zeolites such as Beta, ZSM-20,
and SAPO-34.15–17 Among them, the structure of ZSM-20 is an inter-
growth mixture of the cubic FAU framework and EMT topology.18 In
the present work, high silica zeolite Y with pure FAU topology is
successfully synthesized by using TEAOH as an organic SDA. The
highest SiO2/Al2O3 ratio of the samples reaches 7.76, which is much
higher than the results of most organic SDAs except crown ethers. The
effects of Na+ and TEA+ on the synthesis of high silica zeolite Y are
investigated. It is found that the TEA+/Na+ ratio of the starting gel has
a strong relationship with the SiO2/Al2O3 ratio of zeolite Y. In addition,
we observed MOR–FAU–BEA phase transformation by changing the
relative amounts of TEAOH and NaOH in the synthesis gel.

We synthesized a series of samples by using TEAOH as an
organic SDA after crystallization at 120 1C for a few days. Among
them, TEA-1 has the highest SiO2/Al2O3 ratio with a pure FAU
framework. The XRD pattern indicates that the typical peaks
of TEA-1 are associated with those of FAU topology (Fig. 1A).

Fig. 1 (A) XRD pattern of the as-synthesized sample TEA-1. (B) SEM image
of the sample TEA-1. (C) 27Al-NMR spectrum of the sample TEA-1. (D) N2

sorption isotherm of the sample TEA-1.
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The SEM image shows that TEA-1 has uniform octahedral parti-
cles and the average particle size is approximately 5–6 mm
(Fig. 1B). The 27Al MAS-NMR spectrum of TEA-1 shows that only
one pointed peak is displayed at about 60 ppm, which is assigned
to tetrahedral-coordinated aluminium species in the framework
(Fig. 1C). After calcination at 550 1C for 4 h, the N2 adsorption–
desorption isotherm of TEA-1 is a typical type-I sorption isotherm,
corresponding to the apparent microporous character of the
zeolite (Fig. 1D). These characterization results indicate that the
product TEA-1 is highly crystalline zeolite Y without any impurity.

Fig. 2A shows the TG/DSC curves of the sample TEA-1. The
main exothermic peaks at 200–700 1C, accompanied by a weight
loss of about 8.23%, are attributed to the decomposition of
organic templates. The carbon content of TEA-1 calculated by
the TOC method is 6.78%, and the Na2O/Al2O3 ratio of the
sample TEA-1 (0.78) is much lower than that of the Na-Y sample
(0.98) as tested by XRF, Table 1. The 13C-NMR spectrum of the
sample TEA-1 is shown in Fig. 2B. The peaks at 53.1 ppm and
7.5 ppm are nearly assigned to the N–CH2– and –CH3 groups of
tetraethylammonium hydroxide respectively.19,20 These results
suggest that there is a certain amount of organic templates
presented in the sample and TEA+ is basically stable in the
zeolite framework during the synthesis.

Among the abundant synthesized samples, some samples
with good crystallinity are shown in Table 1. It presents the
effect of the TEA+/Na+ ratio of the starting gel on the SiO2/Al2O3

ratio of zeolite Y. The SiO2/Al2O3 ratios of the products are

obtained by 29Si-NMR, XRF and ICP. The XRF results show that
the samples (TEA-1, 2, 3, 4) prepared using TEAOH as an SDA
have high SiO2/Al2O3 ratios of 7.0–7.7, which are much higher
than that of the product Na-Y synthesized without organic SDAs
(5.79). When the TEA+/Na+ ratios increase from 0.33 to 1.15 in
their starting gels, the SiO2/Al2O3 ratios of the products increase
from 7.08 to 7.76 calculated using XRF results (6.75 to 7.26 using
29Si-NMR results) in Table 1. The ICP results are also in a good
agreement with the variation trend that the SiO2/Al2O3 ratios of
the products increase as the TEA+/Na+ ratios increase in their
starting gels. Furthermore, the features of the as-synthesized
samples are characterized in the 29Si-NMR spectrum (Fig. 3). The
peaks of Si(0Al) and Si(1Al) species are significantly strength-
ened, and the peaks of Si(2Al) and Si(3Al) species are accordingly
weakened from TEA-4 to TEA-1. It is concluded that the high
TEA+/Na+ ratio in the starting gel is helpful for enhancing the
SiO2/Al2O3 ratio of zeolite Y.

XRF, ICP and TOC results also show that the mass fraction
of TEA+ in as-synthesized samples increases with an increase in
the TEA+/Na+ ratio of the starting gels, Table 1. It could be
inferred that as the TEA+/Na+ ratio in the starting gel increases,
more tetraethylammonium ions are incorporated into the FAU
framework and partially replace sodium ions to balance the
negative charge of the framework.

In addition, it is found that the TEA+/Na+ and OH�/Al ratios of
the starting gel have strong effects on the structures of products in
Fig. 4. We observed the phase transformation of products when
the TEA+/Na+ and OH�/Al ratios were changed. When the OH�/Al
ratio was 1.6, the crystallization of zeolites had been suppressed
extensively and all the products were still amorphous structures
after 14 days of crystallization. As the OH�/Al ratios were increased
to 1.8–2.0, MOR–FAU–BEA phase transformation was observed
when the TEA+/Na+ ratio of the starting gels was increased
gradually. It could be inferred that a high TEAOH/NaOH ratio is
helpful for the generation of BEA, whereas the formation of MOR
requires a high NaOH content.21,22 However, only a FAU–GIS
binary mixture could be obtained as the OH�/Al ratios increased
to 2.2. The SEM images of FAU, FAU/GIS, FAU/MOR and FAU/BEA
phases are shown in Fig. 5. Pure and highly crystalline FAU zeolites
could be synthesized within a narrow region: TEA+/Na+ ratios of
0.32–1.25, and OH�/Al ratios of 1.8–2.0.

It is well known that high silica zeolite Y shows outstanding
high temperature thermal stability and hydrothermal stability,

Fig. 2 (A) TG–DSC curves of the as-synthesized sample TEA-1. TG–DSC
analysis is carried out from room temperature to 1200 1C in an air flow of
100 ml min�1. The weight loss with endothermic peaks at 100–300 1C is
attributed to the water desorption from zeolites. The weight loss with
exothermic peaks at 300–800 1C is due to the decomposition of organic
templates. The exothermic peaks above the temperature of 800 1C are
attributed to the structural collapse of zeolite Y. (B) 13C-NMR spectrum of
the as-synthesized sample TEA-1.

Table 1 Compositions of the starting gels, SiO2/Al2O3 ratios and Na2O/Al2O3 ratios of the as-synthesized products

Sample
Na2O/TEA2O/
SiO2/Al2O3/H2O

Relative
crystallinitya (%)

SiO2/Al2O3 ratio of products Na2O/Al2O3 ratio of products
Carbon content

XRFb ICPc 29Si-NMRd XRFb ICPc TOCe (%)

TEA-1 1.3/1.5/10/1/90 100 7.76 7.53 7.26 0.78 0.65 6.78
TEA-2 1.5/1.3/10/1/90 91.1 7.44 — 6.96 0.82 — 5.55
TEA-3 1.8/1.0/10/1/90 97.6 7.24 — 6.84 0.84 — 4.99
TEA-4 2.1/0.7/10/1/90 78.3 7.08 7.00 6.75 0.87 0.78 4.04
Na-Y 3.2/0.0/10/1/90 81.1 5.79 5.51 5.64 0.98 0.95 —

All the above as-synthesized products are pure FAU phases with good crystallinity. The XRD patterns of these samples are shown in Fig. S1 (ESI).
a Relative crystallinity of the samples is calculated based on TEA-1. b SiO2/Al2O3 ratios and Na2O/Al2O3 ratios obtained by XRF. c SiO2/Al2O3 ratios and
Na2O/Al2O3 ratios obtained by ICP. d SiO2/Al2O3 ratios obtained by 29Si-NMR. e The carbon content obtained by TOC (total organic carbon) analysis.
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which are crucial factors for industrial applications. As shown
in Fig. 2B and Fig. S2 (ESI†), the TG–DSC curves show that Na-Y

starts to collapse at 950 1C, but TEA-1 remains stable until 1050 1C.
The collapse temperature of HTEA-1 and HNa-Y (H-form TEA-1
and Na-Y) has declined slightly to 1046 1C and 936 1C, respectively
(Fig. S3, ESI†). It is concluded that TEA-1 has higher thermal
stability than the Na-Y sample. The hydrothermal stability analysis
also displays that HTEA-1 is more stable than HNa-Y (Fig. 6). After
100% steam treatment at 750 1C for 2 h, the crystallinity of HTEA-1
retained (69.3%), higher than 51.2% of HNa-Y. The stability
of zeolite Y was contributed by the coordination states of Si
and Al in its framework.23,24 Compared with the sample Na-Y, the
content of aluminium atoms in the tetrahedral coordination of
SiO4 species in sample TEA-1 is substantially reduced, and the
framework’s SiO2/Al2O3 ratio increases accordingly (Fig. 3). The
results indicate that TEA-1 has more silicon–oxygen–silicon
bonds than that of NaY, which is beneficial to its thermal stability
and hydrothermal stability.

Fig. 3 29Si-NMR spectra of the samples TEA-1, TEA-2, TEA-3, TEA-4 and
Na-Y.

Fig. 4 Two-dimensional phase diagram of samples prepared with different
compositions. Each data point corresponds to crystals synthesized with the
same raw materials at 120 1C. The composition of the starting gels is xNa2O/
yTEA2O/10SiO2/1Al2O3/90H2O. The specific data of these samples are shown
in Table S1 (ESI†). The TEA+/Na+ ratio in the starting gels is indicated by orange
imaginary lines. The OH� content in the starting gels is indicated by black
imaginary lines, which is calculated by the sum of TEAOH and NaOH content.

Fig. 5 SEM images of the (A) FAU phase, (B) FAU/GIS phase, (C) FAU/MOR
phase, and (D) FAU/BEA phase.

Fig. 6 XRD patterns of (A) HNa-Y, (B) HNa-Y-hydro, (C) HTEA-1 and (D)
HTEA-1-hydro. HNa-Y-hydro and HTEA-1-hydro, respectively, correspond
to HNa-Y and HTEA-1 after 100% steam treatment at 750 1C for 2 h.
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In conclusion, highly crystalline zeolite Y with a SiO2/Al2O3

ratio of higher than 7 is synthesized with TEAOH as an organic
SDA. Pure FAU zeolite is synthesized within a narrow region
of the TEA+/Na+ ratio and the OH�/Al ratio in the starting gel.
We could observe MOR–FAU–BEA phase transformation with
the variations of TEA+/Na+ in the starting gels. Moreover, it is
found that the TEA+/Na+ ratio of the starting gels has an
important effect on the SiO2/Al2O3 ratio of the products. The
highest SiO2/Al2O3 ratio of the samples could reach 7.76.
Compared with conventional zeolite Y synthesized without
organic SDAs, Y zeolites synthesized with TEAOH as an SDA have
remarkably higher SiO2/Al2O3 ratios and exhibit outstanding
hydrothermal stability and thermal stability. These features are
of great significance for the future industrial application of high
silica Y zeolite as the FCC catalyst.
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