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ABSTRACT: The hydrothermal stability and catalytic activity of zeolite Y (faujasite, gja|=3.4
FAU) is highly dependent on its composition. High silicon content is often desirable
for catalytic applications; however, direct synthesis of faujasite with high silicon
content (Si/Al > 2.5) is nontrivial. Here, we present an organic-free synthesis of FAU-
type zeolite with Si/Al = 3.4 using zinc oxide as a modifier. A combination of
spectroscopy and microscopy techniques confirms that ZnO is well-distributed within
zeolite pores as extra-framework species, and the nature of these species differs from
bulk ZnO and framework zinc in Zn-FAU crystals. We demonstrate that the increased
Si/Al ratio leads to improved hydrothermal stability, while catalytic cracking of 1-
hexene and cumene show that ZnO-FAU exhibits a significantly longer lifetime
compared to in-house and commercial zeolite Y. Collectively, this study presents a
facile and efficient method to prepare more siliceous FAU with enhanced catalytic
performance.
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Z eolites are microporous (alumino)silicate materials that inorganic additives, such as ZnO,"” Co*","* or *OH radicals,’

are ideal heterogeneous catalysts owing to their shape can influence zeolite Y formation to yield higher Si/Al ratios

selectivity and exceptional physicochemical properties." with a concomitant enhancement of catalytic performance.'*
One of the most commercially relevant zeolite catalysts is In this study, we present a synthesis of zeolite Y with one of
faujasite (FAU).” These materials are commonly classified on the highest silicon contents (Si/Al = 3.4) prepared by a one-
the basis of their Si/Al ratio, which include low-silica zeolite X pot, organic-free method in hydroxide growth media. Our
(LSX, Si/Al ~ 1), zeolite X (1 < Si/Al < 1.5), zeolite Y (1.5 < approach utilizes zinc oxide as an inorganic additive to
Si/Al < 3), and ultrastable zeolite Y (USY, Si/Al > 3).” USY generate a ZnO-faujasite product where zinc is an extra-
with Si/Al > 6 is the most widely used zeolite for fluidized framework species well-distributed throughout the pores. We
catalytic cracking (FCC) in petroleum refining." Direct use a combination of steaming tests and multiple cracking

synthesis of USY is challenging, and thus its preparation
usually requires dealumination of zeolite Y (among other
steps) to achieve a material that possesses the hydrothermal
stability and activity necessary for cracking or other reactions.’
Prior studies for the direct synthesis of FAU crystals with high
silicon content have focused on bottom-up methods. To our
knowledge, the highest reported value is Si/Al = 9;° however,
the majority of direct FAU syntheses require organic structure-
directing agents (OSDAs), such as 15-crown-S ether’ or
tetraalkylammonium cations,®” and/or unusual synthesis
conditions that are nonideal for commercial processes, such Received: = October 16, 2022
as high temperature and the use of organosilanes.”' We Accepted: - December 7, 2022
previously reported the synthesis of HOU-3 (FAU type) with Published: December 14, 2022
the highest silicon content (Si/Al = 3) achieved without the

use of an OSDA, crystal seeds, or a fluoride growth medium."!

It has also been demonstrated that FAU syntheses with

reactions to demonstrate that the reduced aluminum content
(and Bronsted acidity) of ZnO-faujasite results in improved
hydrothermal stability and enhanced catalytic activity
compared to both in-house and commercial zeolite Y.
Faujasite is conventionally synthesized in highly alkaline
media (blue region in Figure 1A) to yield products with
relatively low silicon content (Si/Al < 2.5).15 The synthesis of
high-silica HOU-3 involved a reduced alkalinity, higher silica
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Figure 1. (A) Ternary phase diagram adapted from Oleksiak et
al.'”® showing products from organic-free syntheses. Symbols
correspond to materials synthesized at 100 °C, with the exception
of ZnO-Y* that was taken from Wang et al.” The blue and red
shaded regions correspond to FAU and LTA synthesis at 65 °C,
respectively. (B) Solid-state ’Al MAS NMR spectra of ZnO-
faujasite samples prepared at 100 °C before (ZnO-FAU) and after
(ZnO-FAUy) mild acid washing showing peaks for tetrahedral Al
(60 ppm) and octahedral Al (0 ppm). (C and D) Scanning electron
micrographs of FAU crystals from (C) ZnO-assisted (ZnO-FAU)
and (D) ZnO-free (FAU,,,) syntheses. Inset in C: Magnified image
of a ZnO-FAU aggregate showing nanocrystals with sizes spanning
from 200 to 400 nm (scale bar equals 400 nm).

concentration, and a higher temperature (100 °C) than typical
FAU syntheses.'' In this study, we further extend the
compositional space (i.e., Si/Al ratio) of this zeolite by adding
zinc oxide (ZnO) to a modified HOU-3 synthesis gel (Figure
1A). The product of this synthesis is a ZnO-FAU material
(Figures 1A and S1) with the lowest aluminum content (Si/Al
= 3.4) reported in the absence of organics, crystal seeds, or
fluoride. Powder X-ray diffraction (XRD) confirmed the
crystallinity of ZnO-FAU (Figure S1) while the overall
composition (Table 1) was validated using energy dispersive
X-ray spectroscopy (EDS).

A parametric study of multiple synthesis parameters (Figure
S2) revealed that the most effective method to control Si/Al
ratio involves tuning the alkalinity and ZnO content. A higher
hydroxide concentration promotes the formation of more
crystalline FAU with lower Si/Al ratio. On the contrary,
increasing the ZnO concentration leads to FAU products with
lower crystallinity and higher Si/Al ratios. Attempts to increase

the rate of nucleation by adding zeolite seeds were successful
but resulted in products with lower Si/Al ratios (Figure S3),
while increasing temperature resulted in the formation of
zeolite GIS impurity above 100 °C (Table S1 and Figure S4).
A FAU-to-GIS interzeolite transformation is commonly
reported at 100 °C;'® however, our results align with previous
studies demonstrating that the presence of zinc in growth
media stabilizes zeolite FAU.''” In our parametric study, we
tested different zinc sources and found that zinc acetate does
not lead to FAU formation, whereas zinc nitrate and zinc oxide
both produce ZnO-FAU. For this study, we report syntheses
solely with ZnO owing to its significant enhancement of the
crystallization rate (Figure SS). The choice of zinc source may
also promote the formation of extra-framework particles
instead of tetrahedrally incorporated zinc. This effect was
observed previously'’ using Zn(NO;), and is similar to
observations made in Sn-BEA syntheses using either SnO, or
SnCl, as sources.'® Comparison of multiple silicon sources
revealed colloidal silica to be the most effective (Figures S6
and S7). The final optimized molar composition of the growth
mixture selected for ZnO-FAU synthesis was 12 SiO,: 1 AL, O5:
0.68 ZnO: 5 Na,0: 160 H,O.

The presence of zinc oxide alters the properties of FAU-type
zeolite in several ways. There is a reduction in BET surface
area (Table 1) for ZnO-FAU compared to in-house (FAUSYH)
and commercial (FAU,,,,) zeolite Y prepared in the absence of
zinc oxide (Figure S8). The surface area significantly increases
after a mild acid wash (referred to herein as sample ZnO-
FAUy) due to the partial removal of extra-framework Al
species (Figure 1B), any potential unreacted (amorphous)
material, and a fraction of occluded ZnO. The presence of zinc
oxide and a higher Si/Al ratio collectively improve zeolite
stability owing to our observation that a similar acid wash of
FAU prepared in house (sample FAU, ) resulted in partial
amorphization with concomitant loss of surface area and
micropore volume (Table 1). These results indicate that ZnO-
mediated synthesis of FAU-type zeolite improves its stability
against acid treatment. Moreover, comparison of scanning
electron microscope (SEM) images of ZnO-FAU (Figure 1C)
and FAU,, (Figure 1D) reveal that the presence of zinc oxide
leads to aggregates comprised of much smaller nanocrystals,
which is consistent with slight peak broadening in powder
XRD spectra (Figure S1).

Elemental analysis by X-ray photoelectron spectroscopy
(XPS) that probes the outermost region (ca. 7 nm depth)20 of
particles reveals mild silicon zoning (ie., higher Si/Al ratios on
exterior surfaces)”** for ZnO-FAU and ZnO-FAUy, samples
(Table S2). Comparison of Si/Al ratios for both samples

Table 1. Physicochemical Properties of FAU-Type Zeolite Catalysts in This Study

composition” BET surface area” (m> g) acidity® (umol g™*)
catalyst Si/Al Zn/Al Zn/(Si + Al) total external Vmicmb (em® g7) Bronsted Lewis
FAU,,,* 2.5 NA® NA 761 45 0.29 711 489
FAU,, 25 NA NA 749 45 0.29 723 328
FAU,w 2.6 NA NA 372 72 0.13 311 223
ZnO-FAU 3.5 0.37 0.08 512 42 0.19 294 452
ZnO-FAUy, 3.4 0.24 0.06 702 85 0.25 158 666

“Determined by EDS elemental analysis of faceted particles. N, adsorption data with Vi, obtained by the t-plot method. “Total acid site
concentration calculated by NH; TPD multiplied by the percentage of each acid type from FTIR using pyridine adsorption with extinction
coefficients of 1.67 cm/pmol and 2.22 cm/umol for Brensted and Lewis acid sites, respectively.'’ 9Commercial zeolite Y from Zeolyst (CBV100).

“NA = not applicable.
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indicates that mild acid washing does not alter bulk
composition (Table 1), but does slightly increase silicon
content on exterior surfaces (Table S2). Additional analysis of
the framework Si/Al ratio by solid-state *Si MAS NMR
(Figure S9) reveals a slight reduction from 3.7 to 3.4 after acid
wash; however, transmission electron microscopy (TEM)
images and electron diffraction patterns of samples before
(Figure 2A) and after acid wash (Figure 2B) confirmed their

2000 4000
Sputter time (s)

Figure 2. (A and B) Representative transmission electron
micrographs of (A) ZnO-FAU and (B) ZnO-FAU,, samples. Insets
show fast Fourier transforms of electron diffraction patterns. (C)
High-angle angular dark field scanning transmission electron
micrograph of ZnO-FAU,,. (D) Corresponding EDS elemental
mapping of zinc. For additional TEM and EDS analyses of samples
before and after acid washing, refer to Figures S11—-S14. (E) ToF-
SIMS analysis of Si/Zn and Si/Al ratios as a function of sputtering
time for sample ZnO-FAU,, (see Figure S15 for the same analysis
of sample ZnO-FAU).

crystallinity. High-angle angular dark field scanning trans-
mission electron micrographs (Figure 2C) and corresponding
elemental mapping (Figure 2D) reveal that Zn is uniformly
distributed throughout the particle. This is consistent with
time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
showing a monotonic reduction of Si/Zn ratio from the
external surface to the interior (Figure 2E) with a relatively
constant value of Si/Zn = 14 reached at longer sputtering
times. XPS spectra of samples ZnO-FAU and ZnO-FAUy,
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show a shift in the binding energy of Zn with respect to a
reference ZnO material, indicating that zinc species are
interacting with the zeolite framework (Figure $10).”* The
XPS peak in ZnO-FAU at 1022.2 eV is consistent with the
presence of occluded ZnO nanoclusters,” which are likely
responsible for the reduction in micropore volume (Table 1).
For ZnO-FAUy, a higher binding energy for Zn (1022.8 eV)
and the observation of more isolated species in SEM-EDS
(Figures S11—S14) indicates that washing with acid reduces
the size of ZnO nanoclusters. The exact mechanism by which
ZnO influences the Si/Al ratio of zeolite FAU is unknown. The
observed increase in Si/Al ratio is likely due to a preferential
coordination between silica and zinc. For instance, Anseau and
co-workers™ previously reported that anionic zinc species do
not form complexes with aluminate, but compete with the
latter for available silicate in zeolite growth media to generate
zincosilicates. We posit that the presence of ZnO nanoclusters
within FAU pores increases the local concentration of silicon,
leading to a more siliceous product.

The nature of Zn speciation in FAU samples was
characterized using multiple techniques. We first analyzed
samples by UV—vis spectroscopy (Figure 3A) where the peak
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Figure 3. (A) UV—vis spectra of the following samples: bulk ZnO
reagent (reference) used as the source of ZnO in FAU syntheses,
ZnO-FAU (before acid washing), ZnO-FAUj, (after acid washing),
and Zn-FAU. Callout: Enlarged region showing differences in bulk
ZnO within zeolite samples before (yellow line) and after (red
line) acid washing. (B) EXAFS spectra and model fits of samples
ZnO-FAU, (left) and bulk ZnO (right). For the spectrum of
sample Zn-FAU, refer to Figure S16.

at 375 nm was identified as bulk ZnO by comparing zeolite
samples to zinc oxide used as the reagent for syntheses. As
expected, the amount of bulk ZnO in as-synthesized ZnO-FAU
markedly decreases after acid washing (Figure 3A, inset),
consistent with a decreased Zn/Al molar ratio and high
solubility of ZnO at low pH (Table 1). The residual zinc
within the zeolite does not occupy framework sites as
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confirmed by UV-—vis spectroscopy. More specifically, we
compared ZnO-FAU,y to another Zn-containing FAU (sample
Zn-FAU) that was prepared by different synthesis conditions
with a reduced zinc concentration (see the Methods for
details). Framework Zn”* exhibits a peak around 200 nm”® in
UV—vis spectra (Figure 3A), which is observed for Zn-FAU
but not for ZnO-FAU samples. Attempts to reduce zinc
content via postsynthesis ion exchange were unsuccessful.
Notably, elemental analysis showed that Si/Zn ratios are not
altered by NH," ion exchange during the preparation of H-
form zeolites for catalytic testing (vide infra). This suggests
that extra-framework zinc cations are not present, but it
remains possible that extra-framework (ZnO)—framework
(Zn) pairings exist.”’

To probe the local environment of Zn species, we used
extended X-ray absorption fine structure spectroscopy
(EXAFS) to assess the nearest and next nearest neighbors of
Zn**, which were determined to be O>~ and Zn*", respectively.
Analysis of Zn K-edge (9659 eV) EXAFS spectra (Figure 3B)
and coordination numbers of Zn** with neighboring O*~ and
Zn** (Table S3) reveal significant differences between ZnO-
FAUy and bulk ZnO reference samples. For instance, Zn—Zn
coordination numbers are 2.84 and 6.0, respectively. This
suggests a different nature of zinc species in ZnO-FAUyy that
we posit are small clusters of ZnO owing to the lack of Zn—
O—Si or Zn—0O—Al coordination in models of EXAFS spectra
that are observed in samples with framework Zn (e.g, Zn-
FAU)."” The exact structure of these ZnO clusters are
unknown; however, there is precedent for such species to
form in zeolites. For example, Chen et al.”® report the
formation of ZnO nanoclusters in both FAU and MFI pores as
a result of postsynthesis wetness impregnation. In their study,
they show these clusters possess properties that differ from
bulk zinc oxide and interact noncovalently with the zeolite
framework.

EXAFS data also reveal a reduction in the Zn—Zn
coordination number from 4.0 before acid washing to 2.84
after washing, which is consistent with the loss of bulk ZnO. It
is also interesting to note differences in acidity between
samples prepared with and without zinc oxide (samples ZnO-
FAU,, and FAU,,, respectively). The densities of Bronsted
and Lewis acid sites were determined using a conventional
method” of combined NH; temperature-programmed de-
sorption (TPD) and pyridine FTIR titration (Table 1). The
presence of zinc species enhances Lewis acidity; however, there
is also a significant reduction in Brensted acidity that cannot be
explained by the increase in Si/Al ratio from 2.5 to 3.4. This
seems to suggest that extra-framework zinc species alter
Bronsted acid sites by either displacing H* or coordinating
with the acid site, which is consistent with the reduction in
strong acid sites (Table S4), although the exact reason for
reduced Brensted acidity is unknown.

Here we assess the impact that ZnO-mediated synthesis of
zeolite FAU has on its hydrothermal stability and catalytic
performance. To test hydrothermal stability, we performed
mild steaming of H-form samples prepared without ZnO, using
both in-house (FAUSyn) and commercial (FAU,,,) faujasite,
which were compared to sample ZnO-FAUy,. Zeolite powders
were steamed at 400 °C for 1 h, whereupon the crystallinity
was determined by powder XRD (Figure S17). As shown in
Figure 4A, the resulting percent crystallinity of ZnO-FAUyy
(93%) is markedly higher than FAUj, (82%) for each of
several tests, indicating that ZnO in synthesis media leads to
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Figure 4. (A) Percent crystallinity measured from powder XRD
patterns after subjecting in-house (FAU,,,), commercial (FAU,,y,),
and Zn-modified (ZnO-FAUy) faujasite materials to mild steam-
ing conditions (400 °C for 1 h). (B) Conversion of 1-hexene for
each catalyst after a short contact time during 1-hexene cracking at
480 °C and catalyst-to-oil (CTO) ratio of 7.4. (C) Conversion of
cumene as a function of time on stream for the cumene cracking
reaction at 400 °C and weight-hourly space velocity, WHSV = 7.8
h™.

materials with a hydrothermal stability comparable to that of
the commercial sample (Zeolyst CBV100), which was used as
a control owing to its similar Si/Al ratio as that of FAU,y,. The
improved hydrothermal stability of ZnO-FAUy can be
attributed, in large part, to its high Si/Al ratio. We also
demonstrated that ZnO-FAU,, is a superior catalyst for two
different cracking reactions using a representative olefin (1-
hexene) and aromatic (cumene). The conversion over ZnO-
FAUyy in 1-hexene cracking is more than 4-fold higher than
both Zn-free catalysts (Figure 4B). For the cumene cracking
reaction, we observe that in-house (FAU,,,) and commercial
(FAU,,) catalysts exhibit stark differences in cumene
conversion, which is not observed for 1-hexene cracking. The
initial cumene conversion over ZnO-FAUy, is equivalent to
FAU,,,,; however, the time on stream behavior (Figure 4C)
reveals that ZnO-FAU,, has a much longer lifetime.

There are several reasons why ZnO-FAUy, -catalysts
consistently demonstrate superior cracking performance. The
first is with respect to its higher overall silicon content
compared to commercial zeolite Y. For instance, it has been
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demonstrated for multiple zeolites that a higher silicon content
can prolong catalyst lifetime.'"*° It is also possible that the
presence of ZnO nanoclusters improves zeolite stability during
calcination relative to Zn-free zeolites. We observed a higher
fraction of extra-framework Al species in both reference
samples (FAU,, and FAU,,,,) compared to ZnO-FAU (Figure
S18), which may impact catalyst lifetime. An increase in Si/Al
ratio from 2.5 to 3.4 would be expected to reduce the number
of Brensted acid sites by approximately 29%; however, the
measured Bronsted acid site concentrations of samples FAU .,
(711 pmol ¢g') and ZnO-FAU,, (158 umol g') indicate a
78% decrease in total sites (Table 1). This can be attributed to
the presence of ZnO, which could either displace or interact
with Brensted acid sites without significantly altering surface
area. Indeed, it has previously been reported that the formation
of isolated O~[Zn(OH)]" species can lead to a reduction in
Bronsted acid site concentration.”* The presence of ZnO
increases the Lewis acidity wherein the role of these sites on
catalyst activity is unknown but is difficult to directly assess
due to the unique speciation of ZnO within the pores of ZnO-
FAU,y compared to bulk ZnO, Zn>* cation exchanged FAU, or
framework zinc species. Although we cannot entirely rule out
catalytic activity for ZnO nanoclusters, we did not observe an
increase in aromatic products (Figure S19), which would be
expected if ZnO species were active.”’ We additionally
confirmed that using bulk ZnO as a catalyst leads to a
negligible amount of 1-hexene conversion; therefore, it is
unlikely that Zn species are responsible for the improved
performance of ZnO-FAU. An unexpected outcome of ZnO-
assisted FAU crystallization is the generation of a thin Si-zoned
exterior rim (Si/Al = 9, Figure 2E). It has been shown that
zeolites with siliceous surfaces exhibit longer lifetime via
suppressed external reactions.””*” Recently, we have shown
that core—shell zeolites MEL and MFI with Si-rich exterior
shells have much longer lifetime in the methanol to
hydrocarbons reaction owing, in part, to reduced external
coking.”' We posit that a similar effect contributes to the
overall efficiency of ZnO-FAUy in cracking reactions. Si-
zoning in faujasite is uncommon owing to the difficulty of
preparing highly siliceous FAU zeolite; therefore, one practical
advantage of using ZnO to generate Si-rich exterior surfaces is
its single-step (i.e., one-pot) synthesis compared to alternative
techniques (e.g,, core—shells) that involve multistep syntheses.

In summary, we have demonstrated that the synthesis of
faujasite in the presence of zinc oxide leads to a FAU-type
zeolite with the highest reported silicon content from an
organic-free medium. A combination of experimental techni-
ques was used to confirm that ZnO is uniformly distributed
within zeolite pores as extra-framework species that reduce
Bronsted acidity and concomitantly increase Lewis acidity of
ZnO-FAU. EXAFS data revealed that the ZnO species do not
resemble bulk zinc oxide or framework zinc heteroatoms. We
posit these extra-framework ZnO nanoclusters are occluded in
zeolite micropores. These species, combined with the
increased Si/Al ratio of the zeolite product, result in a
significant enhancement of hydrothermal stability compared to
samples prepared in the absence of ZnO. Moreover, catalytic
cracking reactions confirm that ZnO-FAU exhibits a superior
lifetime compared to in-house and commercial zeolite Y. Given
the frequent challenges of creating Si-zoned materials and
increasing Si/Al ratios of zeolites prepared in the absence of
organic structure-directing agents, the findings in this study
may lead to more generalizable synthesis methods for using
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ZnO (or other inorganic modifiers) to tailor the physicochem-
ical properties of zeolites.
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