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Abstract: High-silica zeolite Y (FAU) plays a vital role in (petro)chemical industries. However, the slow nucleation and\
growth kinetics of the high-silica FAU framework limit its direct synthesis and the improvement of framework SiO,/
Al O; ratio (SAR). Here, a facile strategy is developed to realize the fast crystallization of high-silica zeolite Y, which
involves the combination of high crystallization temperature, ultra-stable Y (USY) seeds and efficient organic-structure
directing agent (OSDA). The synthesis can be finished in 5-16 h at 160°C and with tunable SAR up to 18.2, and the key
factors affecting crystallization kinetics and phase purity are elucidated. Moreover, the crystallization process was
monitored to reveal the fast crystal growth mechanism. The high-silica products possess high (hydro)thermal stability
and abundant strong acid sites, which endow them excellent catalytic cracking performance, obviously superior to

commercial USY.
o

J

Introduction

Zeolites are inorganic crystalline aluminosilicates with uni-
form pores of molecular dimension, which have found
widely industrial applications in adsorption, separation and
heterogeneous catalysis.!"! Zeolite Y (FAU), which has a 3D
12-membered ring channel system and spherical nanosized
cavities, represents one of the most important members in
zeolite family. The application of zeolite Y as the catalysts
for the fluid catalytic cracking (FCC) and hydrocracking
processes has been regarded as a milestone in oil refining
industry, which revolutionized the processes with signifi-
cantly enhanced gasoline yield and efficient utilization of
petroleum feedstocks.”) Nowadays, zeolite Y also behaves
great potential in processing renewable resources.”!

High framework SiO,/Al,O; ratio (SAR) has been
demonstrated to be the decisive factor for zeolite Y to
possess strong acidity and good (hydro)thermal stability,
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both of which are essential for its catalytic application.”
Over the past decades, great efforts have been devoted to
improving the SAR of zeolite Y. Post-synthesis dealumina-
tion, routinely performed by steaming/acid leaching to
remove Al atoms from the framework is the common
method for the preparation of high-silica Y.P! Nevertheless,
the loss of crystallinity and mass as well as the creation of
dealumination gradient is always inevitable for the post-
treatment processes.” Direct synthesis of high-silica Y is
undoubtedly the most attractive way. Typically, the SAR of
zeolite Y from inorganic system is less than 6.5, which has
to require a subsequent dealumination to enhance the
framework SAR in order to satisfy the requirements of
industrial application. Utilizing organic structure-directing
agents (OSDAs) could help improve framework SAR,
which has worked effectively for widening the compositions
of zeolitic materials.’! However, even with the assistance of
OSDA, the SAR of zeolite Y has long been limited to 9.0,
which was achieved by using crown ether as OSDA after
crystallization for 8 days.”) Recently, we developed a NOA-
co strategy for the synthesis of zeolite Y.'”! A series of
quaternary alkylammonium ions are discovered to be
effective OSDA, and the product can reach a SAR of 15.6
with tetrabutylammonium hydroxide (TBAOH) and tetrae-
thylammonium hydroxide (TEAOH) as co-OSDAs (crystal-
lization for 6.5 days, 37.8 % yield). The solid yields showed a
decreasing trend following the increase of product SAR.
During our manuscript preparation, Dusselier et al. reported
the synthesis of high-silica Y with SAR up to 128
(crystallization for 5 days, ~38 % yield) by using 15-crown-5
and choline ion as co-OSDAs.['!

Besides the improvement of framework SAR, another
long-standing challenge for the synthesis of zeolite Y is how
to break the kinetic limitations on the growth of high-silica
framework. Significantly prolonged time is generally re-
quired for a well-crystallized product with slightly improved
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SAR P Moreover, the high-silica products tend to be
contaminated by amorphous materials or impurities when
attempting to enhance the framework SAR. This is due to
the high energy barriers for nucleation and crystal growth
under the lowered alkalinity employed for the synthesis of
high-silica Y.'"! Enhancing temperature is a direct way to
fasten the crystallization kinetics.' Unfortunately, the
crystallization temperature of zeolite Y hitherto cannot
exceed 130°C."""! Further increasing the temperature al-
ways causes phase transformation and impurities."® Thus, to
develop effective strategy to realize the synchronous
improvement of framework SAR and crystallization kinetics
would be highly desirable both for fundamental studies and
industrial applications.

Herein, we report for the first time the fast synthesis of
zeolite Y with unprecedentedly high SAR of 18.2 by a
rationally developed strategy, which involves high crystal-
lization temperature, USY zeolite seeds and efficient OSDA
(TBAOH). The induction activity of the seeds with different
SARs is investigated and revealed to be determined by the
properties of their etched fragments in the starting synthetic
gel. Theoretical calculations further demonstrate that com-
pared with other OSDAs, TBAOH has strong stabilization
effect for the FAU framework at elevated temperature and
thus allows successful synthesis. Moreover, the fast synthesis
of high-silica zeolite Y is successfully scaled up with a 10 L
autoclave and the resulting material exhibits superior
catalytic cracking performances.

Results and Discussion

The fast synthesis of high-silica zeolite Y (named FSY) was
carried out from a gel with molar composition of 1Si0O,:1/
xALO;:yNaOH:04TBAOH:20H,0 (x=38-67) at 160°C
with the addition of high-silica USY as seeds. Table 1
presents the detailed synthetic parameters and the corre-
sponding results. From Table 1, well-crystallized high-silica
zeolite Y (sample FSY-5h,;5) can be achieved after crystal-
lization at 160°C for 5 hours with a gel SAR of 38 and gel
alkalinity of OH7/Si=0.60. Lowering the gel alkalinity to
0.52 can significantly enhance the product SAR to 16.0
(sample FSY-16h4,) together with an increased solid yield

Table 1: Syntheses and product properties of the high-silica FSY zeolites.
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(from 30% to 42%). Meanwhile, the time for complete
crystallization needs to be prolonged from 5 h to 16 h, which
should result from the incremental energy barrier under
lower alkalinity.® Increasing the initial gel SAR to 57, the
product SAR displays a corresponding increase, as com-
pared with that of gel system of SAR=38. The FSY zeolite
with the highest SAR of 18.2 (sample FSY-16h;4,) can be
achieved after 16 hours from a system from low gel
alkalinity of OH/Si=0.50. Attempting to further reduce the
gel alkalinity (OH7/Si=0.48) or increase the gel SAR
(SAR =67), unfortunately, would give rise to products with
impurity (MEL zeolite). The above results demonstrate that
the present synthetic strategy can achieve unprecedentedly
high SAR together with fast crystallization rate for high-
silica zeolite Y, both of which have long been considered as
challenging goals.

Figure 1a shows the powder X-ray diffraction (XRD)
diffraction patterns of samples FSY-5h;;3 and FSY-16hs,,
which exhibit the typical diffraction peaks of FAU structure.
The N, adsorption isotherms of the samples are given in
Figure 1b, which present a type I isotherm. The micropore
volumes of FSY-5h;;g and FSY-16h;s, are 0.30 and
0.29 cm*g™", respectively, a bit higher than that of reference
NaY,; zeolite (Table S1), evidencing the high crystallinity of
the synthesized high-silica materials. The phase purity of the
samples is further confirmed by scanning electron micro-
scopy (SEM) images (Figure 1c and d), showing aggregated
intergrowth morphology with inhomogeneous crystal sizes.
This is a common phenomenon for the seeds-assisted
crystallization due to secondary nucleation."” The local Si
atomic environments of the as-made samples were inves-
tigated by solid-state *Si MAS NMR (Figure le and f),
showing the existence of four Si species in the framework.
The strong resonances are ascribed to Si(4Si) and Si(3Si,
1Al), and the two weak ones arise from Si(2Si, 2Al) and
Si(3Si)(10H). Compared with FSY-5h;55, FSY-16h;, clearly
possesses more Si(4Si) species. Based on the deconvoluted
»Si NMR spectra (Table S2), the framework SAR of FSY-
Sh;;s and FSY-16h.g, is calculated to be 13.8 and 18.1,
respectively, in good agreement with the XRF results.
Furthermore, the (hydro)thermal stability of FSY-5h;;; was
investigated by thermal analysis and high-temperature
stream treatment. From Figure S2, the results demonstrate

Sample X Y OH/Si t[h] SARF! Yield [%]"!
FSY-5h11.8 38 0.20 0.60 5 11.8 30.5
FSY-16h16.0 38 0.12 0.52 16 16.0 422
FSY-5h13.8 57 0.20 0.60 5 13.8 24.2
FSY-14h17.5 57 0.12 0.52 14 17.5 30.3
FSY-16h18.2 57 0.10 0.50 16 18.2 31.5
FSY-16hMEL 67 0.10 0.50 16 - -
FSY-10h15.71 38 0.12 0.52 10 15.7 40.8

The fast synthesis of high-silica zeolite Y (named FSY) was carried out from a gel with molar composition of 1SiO,:1/xAl,O;:yNaOH:0.4TBAOH :20 H,O
at 160°C with the addition of USYs,, as seeds (9.5% addition relative to SiO, source). The crystallization temperature is 160°C. [a] Measured by XRF.
[b] Yield was calculated based on the dry mass of SiO, and ALO; (Mycuua/Megeirseessy * 1009). [c] Unit cell composition was
(H20)527Nay3 5 TBA 05 (Sivg77Al430344) calculated on the basis of TGA and XRF results. [d] USYg6; (in NH,™ form) as seeds (9.5 wt% relative to SiO,
source).
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Figure 1. Physicochemical properties of high-silica FSY zeolites. a) XRD
patterns, b) N, sorption isotherms, c), d) SEM and TEM images, d)—
f) 2Si MAS NMR spectra. As-made samples are used for a, c, d, e and
f, whereas calcined sample for b.

that the high siliceous nature endows FSY outstanding
(hydro)thermal stability, which would be of great impor-
tance for their catalytic application.

The effect of crystallization temperature on the synthesis
of high-silica Y zeolite is investigated based on the gel
system of FSY-5h,;5. From Figure 2a, it is apparent that the
crystallization rate of zeolite FSY increases with the temper-
ature. Under higher temperature of 160°C, the synthesis can
be completed in 5 h. Improving the crystallization temper-
ature to 170°C, however, would cause the formation of
MEL impurity. Interestingly, the relationship between the
crystallization time and temperature are approximately in
accordance with Arrhenius equation. From the slope of this
curve, the apparent activation energy for the crystal growth
of FSY zeolite can be estimated to be 55.7 kImol™'. This
value is comparable to those of conventional Y zeolites
synthesized from inorganic systems,"” which consists with
the fast crystallization rate of FSY zeolite. It is noted that
previous syntheses of zeolite Y were normally conducted at
moderate temperatures (lower than 120°C) to avoid the
formation of undesired phases or transformation to more
dense structures.'! Herein, the much wide temperature
range for the synthesis of FSY implies the powerful effect of
the present strategy utilizing TBAOH and USY seeds on
maintaining the phase purity.

To figure out the role of solid seeds, control synthesis of
FSY zeolite without the addition of seeds was first
performed. From Figure S3a, only amorphous product is
obtained after 5 h at 160°C. Further prolonging the time to
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Figure 2. a) Crystallization curves at different temperatures based on
the gel system of sample FSY-5h;35 (OH™/Si=0.60, USY34 4 as seeds).
b) The properties of the seeds after aging in initial synthesis gel without
the addition of silica source.

48 h gives rise to the appearance of MEL-type material.
With a seeds addition of 5.0 wt %, the product phase, SAR
and yield show high similarity to those with 9.5 wt % seeds
addition, except the prolonged time for complete crystalliza-
tion (Figure S3b). In addition, a series of Y zeolites with
different SAR and crystallite sizes (Figure S1) were at-
tempted as seeds for the synthesis. As displayed in Fig-
ure S4, zeolite Y in high purity can be rapidly synthesized
only with the assistance of high-silica USY seeds. Compared
with other seeds, the synthesis using USYy; exhibits higher
efficiency, which requires shorter time for complete crystal-
lization when employing the same gel compositions (FSY-
16hs, vs. FSY-10h;s; in Table 1). Overall, the induction
ability of the seeds has an order of USYy;>USYs4~
USY,;,>USY ps>NaYss>NaY .35 However, it is noted
that even with the presence of effective seeds, a gel aging
process before the crystallization is necessary to realize the
fast synthesis of the high-silica zeolite Y (Figure S5),
implying the importance of the activation of seeds in the
initial gel.

To better understand the distinct induction abilities of
the seeds, their dissolution behaviors in initial synthesis gel
without the addition of silica source are investigated. The
detailed treatment conditions are given in the support
information and the results are displayed in Figure 2b, S6
and Table S3. It is clear that the crystallinity, compositions
and textural properties of the high-silica USY seeds were
significantly modified upon alkaline treatment. The etched
USY 461, USY34 and USY,3, possess similar apparent SAR
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(9-11), far lower than that of pristine seeds. The mismatch
between the relatively high yields and significantly reduced
SAR of the etched seeds suggests the dissolution of silica
species from Si-rich seeds and the deposition of liquid-phase
Al species. Importantly, the extraction of silica species from
pristine seeds results in a remarkable mesoporosity develop-
ment in the etched seeds (Figure S7). From Table S3 and
Figure 2b, the etched high-silica USY seeds possess large
external surface area (S.y.,) and mesoporous volume (V)
In particular, the S, and V., of the etched USY,y, are
as high as 287 m’g™"' and 0.59 cm’g™, respectively. Given
that the ineffectiveness of the dissolved species for inducing
crystallization (Figure S8), it is speculated that the powerful
induction ability of high-silica seeds might be closely related
with the large S, and V., of their etched products, which
provide abundant surface for crystal growth and secondary
nucleation. The USY ;s and NaY;, show high resistance to
alkaline gel according to their higher yields after treatment,
which should be due to their relatively low SAR. Their S .,
did not exceed 60 m*g~', unfavorable for them to act as
highly active growth centers. Moreover, the etched
NaY, o33 Shows an impressive mesoporosity and large S,
likely owing to its physique of nanocrystallites. Its failure for
inducing crystal growth suggests that the composition of
seeds should be also a key factor determining the inducing
activity. It is thus summarized that the etching of the seeds
in the aging process of the initial alkaline gel is important
for the improvement of their induction ability; both higher
SAR, large S, and V., are essential for the etched seeds
to induce the fast crystallization of high-silica Y.

Given the importance of OSDA in the synthesis of
zeolites,['® three other OSDAs, which have been reported to
be effective for the synthesis of high-silica Y at 100-120°C,
were also chosen and employed for synthesis exploration at
160°C (USYss, as seeds). They were TEAOH,"! tetraprop-
yl ammonium hydroxide (TPAOH)!"! and 1-butyl-3-methyl-
imidazolium bromide (BMIMBr).!"”! From Figure 3, the type
of OSDAs greatly affects the product phase and only
TBAOH can lead to the fast synthesis of high-silica Y at
160°C. When TEAOH is employed, it delivers low crystal-
linity product likely arising from solid seeds after 5h.
Extending the crystallization time to 36 h, Beta is obtained
as the dominant phase. With BMIMBr as OSDA, the
crystallized product becomes MOR. Compared with
TEAOH and BMIMBr, TPAOH shows an enhanced ability
for the synthesis of high-silica zeolite Y at 160°C, but the
products contain ZSM-5 impurity. Moreover, the combina-
tion of TEAOH and TBAOH, which was employed in our
previous NOA-co strategy, was also explored for the
synthesis at 160°C. Only amorphous product, however, can
be obtained. These results evidence the distinct structure
directing abilities of these OSDAs. Among them, TBA™ is
the most powerful one for inducing the fast crystallization of
high-silica zeolite Y.

To get a clear understanding on the fast crystallization,
the crystallization process of FSY-16h;s, (Table 1) was
monitored by characterizing the solids extracted from the
growth solution at periodic times (Figure 4). From the XRD
patterns, no induction period can be perceived. The
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Figure 3. Product phases synthesized with different OSDAs at 160°C
for 6 h.

crystallinity of the solids increases continuously in 16 h. The
solid yield and SAR at 0 h are 43.3 % and 19.4 respectively.
Both of them show a minimum at 3 h, and then rise almost
simultaneously until the end of the crystallization. Table S4
lists the SAR variations of liquid-phase species during the
crystallization course. The high values imply that Al species
mainly exist in solid phase, and the dissolution of Si source
causes the decrease of solid yields before 3 h. Subsequently,
the gradually increased solid yields and SAR suggest the
involvement of liquid-phase Si-rich species. Given that EDS
analyses (Figure S9) reveal that the amorphous particles of
3h, 6h, 8h and 11 h samples possess less changed SAR of
11-12, it is speculated that the liquid-phase Si-rich species
should directly participant in the formation of high-silica
FSY crystals. This is further supported by the homogeneous
composition distribution in the crystals of the 16 h sample
(15.7 by XPS vs 16.0 by XRF). In addition, the Na/Al ratio
of the solids displays a dropping trend with time, while the
content of TBAOH rises gradually, which are in line with
the evolution of solid crystallinity.

The SEM images of the samples are shown in Figure 4c.
It can be found that the seeds in the 0 h sample have been
dissolved/fragmentized (Figure S10), which agrees with the
weak XRD intensity of the sample. EDS analysis indicates
that the etched USY;5, seeds have a reduced SAR of 12.7
(Figure S11), which is comparable with the alkali-etched one
(Table S3). Small crystals can be clearly discerned on the
external surface of amorphous particles in the 3 h sample.
Following the proceeding of crystallization, these crystals
grow at the expense of amorphous materials, and the
inhomogeneity in crystal sizes becomes obvious. After 16 h,
amorphous precursors are completely consumed, consistent
with the highest crystallinity of this product.

Based on the above results, the growth pathway of FSY-
16h,, zeolite is proposed as follows (Figure 4d). Both silica
source and USY seeds suffer a dissolution at the initial

© 2022 Wiley-VCH GmbH
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Figure 4. The evolution of a) XRD pattern, b) OSDA content (black), Na/Al ratio (yellow), SAR (blue) and yield (red) and c) morphology of the solid
products during the crystallization process of FSY-16h,,. d) The proposed crystallization mechanism of FSY-16hg.

stage. Meanwhile, the Al species deposit on the seeds and
silica source, providing protection effect to avoid their
excessive dissolution. The formed Al-stabilizing seed frag-
ments possess large S.ye/Vmeso and powerful induction
activity. Subsequently, Na*-containing aluminosilicate pre-
cursors at the outer surface of solid particles rearrange
under the participance of liquid-phase Si species and TBA*
and then form hydrogel with SAR of ~16. The hydrogel
microparticles migrate to the surface of seeds, wherein
surface-induced nucleation works, leading to the growth of
crystals with homogeneous composition distribution. As the
crystallization process occurs at elevated temperature, it is
completed in a very short duration.

It is well-known that scale-up synthesis is important, but
sometimes challenging exercise for zeolite production, which
may limit the practical application of zeolites. Herein, the
scale-up synthesis of FSY-16h,¢, was carried out by using a
10L Parr auloclave to verify the practicability of our
synthesis strategy. As shown in Figure 5, the XRD pattern
and SEM image confirm the good crystallinity and purity of
the scale-up product (named FSY-16h,,-S). The solid yield
and SAR are 42.0% and 15.9 respectively, comparable to
the results of 50 mL autoclave. This result demonstrates that
the strategy developed in this work is applicable for large
scale production. Moreover, in attempting to improve the
utilization of synthesis sources, the mother liquid after the
synthesis was collected and reused for new batch of syn-
thesis. As shown in Figure S12, the mother liquid was clear
solution with particle sizes of 20-30 nm measured by
dynamic light scattering. Given that no residual Al was
detected and liquid “C NMR spectrum evidenced the
intactness of TBAOH in mother liquid, only Al source and
seeds were added in the liquid, which followed by heating at
160°C for 8 hours. After crystallization, zeolite Y (named R-
FSY-8h,,;) was obtained with solid yield of 24.7 % and SAR

Angew. Chem. Int. Ed. 2022, 61, €202117698 (5 of 7)

Figure 5. The scale-up synthesis of FSY-16h,,. a) Photos of 50 mL and
10 L Parr authoclaves. b) Product powder, c) XRD pattern and d) SEM
image of solid product. The effective volume of the 10 L autoclave is
8.8 L. The Vyu/Vautoctave is =60 % for the scale-up synthesis.

of 10.3. This preliminary result implies that the mother
liquid can be reused for the fast synthesis of FSY.

The ammonia temperature-programmed desorption
(NH;-TPD) was used to investigate the acidity of the H-
form FSY zeolites. Meanwhile, two commercial USY were
employed as reference samples (HUSY,,, and HUSY 3,
Table S1). As displayed in Figure S13, HFSY-5h;;5, and
HFSY-5h;;; possess comparable moderate/strong acid
amounts, which suggests a decreased framework dealumina-
tion degree following the increase of zeolite SAR. HFSY-
16h,4,-S and HFSY-16h,3, show decreased acid amount as
compared to the above two HFSY samples, likely owing to
its high SAR. Interestingly, all the HFSY samples possess
larger amount of moderate/strong acid sites than HUSY. As
the XPS analysis (Table S5) revealed that there exists
obvious dealumination gradient in USY crystals, it is

© 2022 Wiley-VCH GmbH
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Figure 6. The comparison of acidity and catalytic cracking activity of
HFSY-16h,¢4-S and HUSY zeolites. a) NH;-TPD profiles; b) initial
conversion of n-octane, T=500°C, WHSV,, ,qane=12.6 h",

TOS=5 min; c) TIPB cracking versus time on stream, T=160°C,
WHSVqps=3.2 h™'; d) product yields of TIPB cracking (HFSY-16h;64-S,
left; HUSY,q4, middle; HUSY 34, right). B, IPB and DIPB represent
benzene, cumene and diisopropylbenzene isomers, respectively.

speculated that the Al atoms in the Al-rich region are easier
to be dealuminated and cause the reduced acid amounts of
USY. Besides, surface Si or Al deposition on USY samples
may reduce the concentration of acid sites on the crystal
shell. Pyridine adsorbed FTIR spectra were further recorded
to learn the accessibility of acid sites. From Figure S14, both
the acidic hydroxyls in the supercages and SOD cages show
a clear decrease after pyridine desorption at 150°C for the
investigated samples, implying that the Brgnsted acid sites
(BAS) in the SOD cages can transfer to supercages under
the induction of alkaline molecules.”” The relatively large
amount of inaccessible BAS in the SOD cages of USY,
may be due to its serious dealumination gradient, leaving a
low silica core with much crowded acid sites.

The catalytic activities of the samples were evaluated in
the cracking reactions of n-octane and 1,3,5-triisopropylben-
zene (1,3,5-TIPB). The scale-up HFSY-16h;4,-S, possessing
both higher solid yield and considerable amount of acid
sites, was employed for the investigation. From Figure 6,
HFSY-16hs,-S exhibits higher n-octane conversion than
two HUSY samples. The activity sequence of the samples is
in positive correlation with their acid amount. For 1,3,5-
TIPB cracking, HFSY-16h,4,-S also displays superior crack-
ing activity, which should result from its homogeneous acid
distribution and larger acid amount. The yields of deep
cracking products on HFSY-16h,4,-S are also higher than on
HUSY. These results demonstrate the remarkably catalytic
cracking performance of HFSY zeolite.
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Conclusion

The novel strategy developed in this work opens the door to
the synthesis of zeolite Y with both highly siliceous frame-
work and fast crystallization rate under mild conditions and
with commercial reagents. It has been demonstrated the use
of TBAOH is essential for the control of phase purity at
elevated temperature owing to the strong interactions of
TBA™ with the FAU framework. Moreover, the induction
activity of USY zeolites strongly depends on the nature of
their etched fragments in the initial alkaline gel; higher SAR
and large S i/ Vimeso are key parameters for them to inducing
fast crystal growth. Under the cooperation of high crystal-
lization temperature, TBAOH and USY seeds, high-silica
zeolite Y can be obtained in 5-16 h at 160°C. The synthesis
strategy is further demonstrated to be applicable for large
scale production. The resulting FSY materials possess high
(hydro)thermal stability and plentiful strong acid sites,
which make them an extraordinary solid acid catalyst,
especially for converting bulky reactants. It is envisioned
that this strategy will benefit the efficient synthesis of
zeolitic materials and the applications of high-silica zeolite
Y.
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