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precise control over the two-phase
zeolite ratio, offering a versatile and
efficient route for preparing hierarchical
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applications.
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THE BIGGER PICTURE With the growing emphasis on sustainable production and an evolving energy land-
scape, zeolite research is presented with both opportunities and challenges. A major limitation of traditional
zeolites is their narrow micropores, which restrict intra-particle diffusion efficiency. To address this, current
strategies focus on synthesizing nano- or hierarchical zeolites or developing zeolites with larger micropores.
Combining different types of zeolites offers a synergistic “1 + 1 > 2” effect, where pores of varying sizes and
topologies enhance molecular diffusion, resulting in unique catalytic activity and selectivity in separation.
Here, we introduce a quasi-in situ interzeolite conversion method for synthesizing Y/ZSM-5 composites
with upgraded mesoporosity and improved pore connectivity. This method enables precise control of the
relative concentrations of the two zeolites in the composite, allowing tailored properties for specific applica-
tions. We propose that this quasi-interzeolite conversion strategy serves as a versatile route for creating hi-
erarchical composites, unlocking their potential in catalysis and adsorption processes critical to sustainable
technologies.

SUMMARY

The design of zeolites with optimized textural properties is a continuous goal. Here, we report a composite
comprising mesoporous ultra-stable zeolite Y (USY) and nanosized Zeolite Socony Mobil-5 (ZSM-5) with
enhanced acid site accessibility and pore connectivity through quasi-in situ interzeolite conversion in a sol-
vent-free medium. The preparation of the composite begins with a spatial and elemental-biased dissolution
of USY with impregnated tetrapropylammonium hydroxide (TPAOH). This results in a hierarchical zeolite with
increased mesopore volume and improved pore connectivity. Simultaneously, the solute provides all the
necessary nutrients for the growth of ZSM-5 zeolite. Due to the constrained mass transfer during the
quasi-solid-state dissolution, the resulting ZSM-5 crystals are as small as 10 nm and intimately connected
with the USY zeolite. The advantageous synergy between zeolites Y and ZSM-5 in the composite was demon-
strated through the methanol-to-olefin reaction and the cracking of n-hexane.
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INTRODUCTION

Zeolites have been used as solid acid catalysts in several large-
scale industrial processes for more than 50 years, thanks to their
outstanding (hydro)thermal stability, unique shape selectivity,
and strong acidity.'™ With the increasing focus on sustainable
production inindustry and the evolving energy landscape, zeolite
research faces both new opportunities and challenges. Break-
throughs in this field depend on factors such as performance,
synthesis costs, scalability, environmental impact, and recycla-
bility.> ' One of the obstacles that zeolites must overcome,
especially during the handling of bulky reactant molecules, is
the limited intra-particle diffusion efficiency imposed by their
narrow micropores. To address this long-standing issue, there
is a sustained effort to explore new zeolite structures with intrin-
sically larger micropores, able to process bulkier molecules."
However, significant efforts have also been made to improve
mass transport in zeolites'?'® through the synthesis of zeolites
with nanosized dimensions, or the preparation of hierarchical ze-
olites featuring an auxiliary macro- and/or mesoporous network.
Classical examples include but are not limited to the direct syn-
thesis of embryonic or fully crystalline zeolites with at least one
dimension in ultra-small size.'*"®

Among the cases summarized above, we are dealing with only
one type of zeolite framework at a time. Whether using direct syn-
thesis with or without structural templating or post-synthetic mod-
ifications such as dealumination, desilication, or demetallation, we
typically focus on engineering the mass transfer properties of a
single zeolite framework. In practice, the combination of two or
more types of zeolites often produce a “1 + 1 > 2” synergy ef-
fect,'®" as the presence of pores of varied sizes and topologies
would favor the preferential diffusion of molecules through the
different pore systems, allowing unique activity and selectivity in
some specific catalysis and separation applications.’”>> For
example, the combined use of Cu-Zn-Al oxide/H-ZSM-5 (Zeolite
Socony Mobil-5) and H-MOR catalysts exhibits high methyl ace-
tate and acetic acid selectivity (~95%) in the conversion of syngas
into C,* oxygenates.'® Among others, a typical example is the
combined use of Y and ZSM-5 zeolites in fluid catalytic cracking
(FCC)." In FCC catalysts, Y zeolite functions as the core compo-
nent of catalytic cracking,”®*” and ZSM-5 zeolite was used as an
additive to enhance propylene selectivity.?%>°

In this context, researchers were driven to investigate
numerous synthesis methods for Y/ZSM-5 composites, demon-
strating their performance. For instance, Shen et al.*° utilized a
two-step crystallization process, employing tetraethylammo-
nium bromide and tetrabutylammonium bromide as structure-di-
recting agents, to synthesize ZSM-5/Y composite zeolite based
on the initial synthesis of Y zeolite. The study revealed that
compared with a mechanically mixed sample with the same
phase ratio, the zeolite composite exhibited higher diesel and
light olefin yields in catalytic cracking reactions, alongside lower
gasoline yields and feedstock conversion rates. Similarly, Li and
coworkers explored various methods to prepare Y/ZSM-5 com-
posites. Through the attachment growth of Y-type zeolite seeds,
they prepared a composite where Y zeolite was uniformly
attached to the surface of ZSM-5 zeolite.®! This introduced a
multi-level pore structure into the composite, enhancing mass
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transfer efficiency, conversion rate, and catalyst lifespan in the
triisopropylbenzene reaction. Furthermore, by controlling the
overgrowth of another zeolite shell on the surface of zeolite Y,
a novel core-shell catalyst was developed, improving the heavy
oil conversion rate and olefin yield in the vacuum gas oil catalytic
cracking process.*?

Despite these advancements, the industrial use of Y/ZSM-5
composite zeolite still faces the problems of complicated prep-
aration processes, complex raw materials sources, and harsh
synthesis conditions. The industrial FCC catalysts are prepared
by synthesizing two zeolites separately, modifying them through
post-treatment, and subsequently mixing them to enhance cat-
alytic performance.’”**

Here, we report the preparation of zeolite composite
composed of hierarchical zeolite Y and nanosized ZSM-5 zeolite
by the quasi-in situ interzeolite conversion approach. This is
achieved through the partial interzeolite conversion from zeolite
Y to ZSM-5, resulting in the composite (Figure 1; Video S1). Un-
like other protocols that transfer a zeolite framework to an amor-
phous derivative®* or a different crystalline framework with a
distinct topology,®® the strategy reported in the present work is
unique and is referred to as quasi-in situ interzeolite conversion.
It involves a controlled dissolution of the parent zeolite Y, which
not only facilitates the formation of highly mesoporous zeolite but
also supplies all the necessary nutrients for the crystallization of
ZSM-5 zeolite. Moreover, as the strategy is a quasi-in situ inter-
zeolite conversion, the mass transfer of the dissolved species is
substantially restricted. This results in the synthesis of ZSM-5
zeolite with ultra-small nanocrystals.

RESULTS AND DISCUSSION

XRD and NMR
The X-ray diffraction (XRD) pattern of the parent ultra-stable Y
zeolite (USY) confirms the high crystallinity of the sample (Fig-
ure 2). The attempt to transform it into a composite was not suc-
cessful. The sample remained stable, and Bragg peak intensity
changed insignificantly after the high-temperature hydrothermal
treatment in the presence of tetrapropylammonium hydroxide
(TPAOH) (Figure S1). It is probable that the Si/Al ratio of the com-
mercial USY zeolite sample is too low to be dissolved consider-
ably in the applied alkaline treatment condition.*® The presence
of TPA* provides an additional protection to the zeolite treated in
an alkaline medium, as already reported for other materials.®’
To enhance the reactivity of the USY zeolite in an alkaline media,
it was subjected to acid leaching (see methods). The resulting
USY-A (A for acid leaching) sample exhibits high crystallinity and
purity, as shown by XRD. A slight right shift of the Bragg peak
compared to the parent USY zeolite is observed (Figures 2 and
S2). In line with the rightward shift of the XRD peaks, the bulk Si/
Al ratio of the USY and USY-A zeolites changed from 6.1 to 22.7
(Table 1). Both extra-framework Al (EFAL) and framework-con-
nected Al were extracted during the acid treatment. This is stated
based on the results obtained from the 2”Al magic angle spinning
(MAS) NMR spectra (Figure 3A). In the parent USY zeolite, there
are framework tetrahedral coordinated Al species (peaked at
~60 ppm), distorted tetrahedral Al species (30- to 50-ppm region),
and octahedral coordinated Al species (peaked at 0 ppm),*®*° and
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the estimated percentages of these species are ~39%, ~29%,
and ~32%, respectively. The acid leaching removes a large
portion of the EFAL species, including distorted tetrahedral and
octahedral Al sites. Inthe USY-A sample, the amount of framework
tetrahedral, distorted tetrahedral, and octahedral Al species is
~50%, ~29%, and ~21%, respectively.

The XRD pattern of the composite contains the Bragg peaks
corresponding to zeolite Y, with a substantial decrease in inten-
sity, and additional peaks characteristic of ZSM-5 zeolite occur
accordingly. Based on the XRD results, the composite consists
of 40% Y and 60% ZSM-5 phases. The 2’Al and 2°Si MAS
NMR results (Figure 3) provide additional evidence for the pres-
ence of ZSM-5 in the composite. Specifically, the 2”Al MAS NMR
spectrum shows a bifurcated resonance between 40 and 70
ppm, which is a clear indication for the presence of two types
of framework Al species with distinct chemical shifts. The decon-
volution of this peak revealed two components: a low-field signal
centered at 60.4 ppm and a high-field signal at 54.1 ppm (Fig-
ure 3A). The calculated proportions for these two peaks are
32% and 68%, respectively. Assuming that the 2’Al MAS NMR
resonance at 40-70 ppm is associated with the tetrahedrally co-
ordinated Al species in Y and ZSM-5 zeolites, the calculated
relative proportion between Y and ZSM-5 is quite different
from that estimated ones based on the XRD data. This discrep-
ancy is tentatively attributed to the incomplete conversion from
zeolite Y to ZSM-5—namely, not all the tetrahedral coordinated
Al species are situated in the framework tetrahedral position. As
far as the 2°Si MAS NMR is concerned, the quasi-interzeolite
conversion also results in a change in the shape of the spectra
(Figure 3B). Two new peaks appear at —116.0 and —112.7
ppm, corresponding to the formation of ZSM-5 after interzeolite
conversion.>*“° The Si/Al ratio of the composite based on
the 2°Si MAS NMR is 26.6.

N> and Ar physisorption

The change in the porosity of the samples was studied using
N2 physisorption. The isotherm of the USY-A zeolite, shown in
Figure 4Ais a typical type IV(a) isotherm, indicating the presence

¢? CellPress

Figure 1. Graphical illustration of the meth-
odology

(A) Overview of the quasi-in situ interzeolite con-
version method used for preparing the Y/ZSM-5
composite.

(B and C) Partial dissolution of the USY zeolite
framework (B) and formation of nanosized ZSM-5
zeolite (C), both induced by the TPAOH and hy-
drothermal environment. See also Video S1.

of both micropores and mesopores. The
amount of Nz sorption at a relative pres-
sure (P/Po) below 0.1 is relatively high
for the pure Y zeolite.'” The high micro-
pore volume (Table 1) suggests that the
acid-treated sample USY-A contains
pores wider than its intrinsic micropores
or possibly narrow mesopore.*’ The
occurrence of this secondary porosity is
attributed to the acid leaching that
partially removes the framework and EFAL from the parent
USY zeolite (Figure 3A). This is clearly illustrated in Figure 4A.
The pore size distribution curves of the three samples are de-
picted in Figure 4B.

After interzeolite conversion, the micropore volume of the com-
posite as determined by t plot, is 0.20 cm® g™, which is a 45%
decrease compared to the parent USY-A zeolite. This is partially
because the micropore volume of a fully crystalline ZSM-5 zeolite
is intrinsically smaller than that of the Y type zeolite.** Another hy-
pothesis could be the formation of residual amorphous phase due
to the incomplete interzeolite conversion—namely, not all alumi-
nosilicate species dissolved from the parent USY zeolite are
consumed and convert into ZSM-5 zeolite during the inter-conver-
sion treatment. However, the mesopore volume of the Y/ZSM-5
composite increased by 100% in comparison to its reference
sample (Table 1). The adsorption and desorption branches of
the isotherms of the Y/ZSM-5 zeolites almost overlap with each
other, with a continuously increasing sorption of N, in the whole
P/Py range (Figure 4A). As a result, the pore size distribution of
this sample is wide, and the sample is almost free of confined
mesopores with narrow pore opening.®**’

The microporosity of samples was further analyzed by Ar
physisorption. As the USY zeolite shows an initial sorption of
Ar molecules at a relative pressure (P/Pg) higher than 1 x 1074,
the initial point of physisorption of Ar molecules shift left to a
P/Pg lower than 1 x 10~% in the case of USY-A, and further to
a P/P, lower than 1 x 107% in the case of the Y/ZSM-5 compos-
ite, due to the sorption of Ar molecules in increasingly narrower
micropores (Figure S3A). This is due to the difference in the
intrinsic pore structure that ZSM-5 has a smaller micropore
size than Y zeolite.*

SEM and TEM characterization

The morphology and structure of USY, USY-A zeolites, and
Y/ZSM-composite were determined by scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM)
(Figures 5 and 6). Although the acid leaching results in an obvious
increase in the micropore and mesopore volumes (Table 1),

Chem Catalysis 5, 101298, May 15, 2025 3




https://doi.org/10.1016/j.checat.2025.101298

Please cite this article in press as: Zhang et al., Zeolite composite prepared by quasi-in situ interzeolite conversion approach, Chem Catalysis (2025),

- ¢? CellPress

u II Y/ZSM-5
E]
S
=
2, UsYA
S

J usy

10 20 30 40 50

Two theta (Degree)

Figure 2. XRD patterns of parent USY, acid-treated zeolite USY-A,
and the Y/ZSM-5 composite

both the USY and USY-A samples retain similar octahedral
morphology characteristic of the faujasite (FAU)-type zeolite
crystals (Figures 5A-5D). The crystal size, morphology, and
density of the two samples USY and USY-A remain similar
before and after the acid treatment, as characterized by TEM
(Figures 6A-6D). These results are in good agreement with the
N, physisorption data, as shown above. Apparently, the applied
acid treatment mainly removes Al atoms from the zeolite frame-
work, and EFAL species occluded inside the micropore and
mesopores (Figure 3A). This could result in the opening of soda-
lite (SOD) cages'? and the evacuation of existing mesopores,
with increasing micropore volume (Table 1) instead of enlarging
the mesopore sizes (Figure 4B).

The morphology of the zeolite sample changed substantially af-
ter the TPAOH-mediated interzeolite conversion. While the pure
USY zeolites have an octahedral morphology with well-defined
corners, edges, and facets (Figures 5A and 5B), these crystals
become a minority in the case of the Y/ZSM-5 composite. The
composite contains nanosized particles or porous fragments of
irregular shape (Figures 5E and 5F). Like the results obtained by
SEM, a diversified particle morphology is observed by TEM
(Figures 6E and 6F). While some of the particles remain the
morphology of USY zeolite crystals (Figure S4), there are also
many fragmented particles. Noticeably, all the particles have a
highly porous nature. A closer check at high magnification shows

Chem Catalysis

that these samples retain the high crystallinity (Figure S5). The
high resistance of these crystals to leaching is elaborated further
in the following section. Besides the presence of highly porous
USY zeolite with diversified particle size and morphology, co-ex-
isting ZSM-5 zeolite crystals with a different morphology are pre-
sent. The ZSM-5 zeolite nanocrystals form an open texture
composed of oriented yet imperfectly attached nanocrystals.
The dendritic structure clearly shows the front line of particle
attachment and subsequent alignment (Figures 6E, 6F, S6, and
S7). Apparently, crystal growth is hindered by the confined diffu-
sion of aluminosilicate species detached from the USY zeolite.
This results in the formation of ZSM-5 nanocrystals with a high
crystallinity and porosity. This growth model is also predeter-
mined by the absence of common construction building units be-
tween FAU- and MFI-type zeolites, which prevent the formation of
intergrowth between the hierarchical Y and nano-ZSM-5 zeolites.

Based on the above SEM and TEM results, it has been
observed that certain crystals retain an octahedral morphology
that corresponds to the FAU type of zeolite following the
quasi-interzeolite conversion process. However, the crystals
exhibit an inhomogeneous density under TEM, with a higher den-
sity at the crystal periphery than in the central part (Figure S4). To
gain insight into the surface and structural details, both the
parent USY and the Y/ZSM-5 composite were studied further us-
ing high-resolution SEM. The parent USY zeolite is considered to
be the reference sample, as the acid leaching has only a minor
impact on the mesoporosity of the USY zeolite (Figures 6A-
6D). In the case of the Y/ZSM-5 composite, special attention
was paid to the zeolite crystals keeping the same morphology
as the parent FAU-type zeolite. As can be seen from the high-
resolution SEM images shown in Figure 7, there is no significant
change in surface morphology between the parent USY and the
composite. Both samples show a porous texture with a similar
mesopore size. To observe the internal structure, both samples
were cut using an Ar ion beam cross-section polisher equipped
with a cooling system prior to SEM characterization. The cross-
sectional view of USY zeolite shows the porous structure,
and the contrast is uniform throughout the crystals. In compari-
son, the cross-section of the composite shows a lower density
and the contrast varied due to the different porosity and thick-
ness of the composite (Figures 7F and S8). The crystal periphery
is more resistant to the post-synthesis treatment, and the
dissolution probably starts preferentially from the inner part of
the USY crystals during the interzeolite conversion. The prefer-
ential dissolution behavior can be rationalized by the fact that
the outmost layer of zeolite crystals is formed during the last

Table 1. Physicochemical properties of samples

Sample Si/AIR Y/ZSM-5P° Sger,® m?/g Smicro,d M?/g Smeso:® M2/g Vimicro,d cm®/g Vimeso® cm®/g
usy 6.1 100: 0 867 812 55 0.31 0.14
USY-A 22.7 100: 0 985 912 73 0.36 0.20
Y/ZSM-5 20.1 40: 60 605 461 144 0.20 0.40

2Si/Al ratio determined from X-ray fluorescence.

PThe ratio of the two zeolite components determined based on XRD.
°BET surface area.

¢ plot method.

°S/Vmeso = SNiotal — S/Vmicro (Viotal: total pore volume calculated at P/Pg = 0.99).
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Figure 3. NMR study of the USY, USY-A,
and Y/ZSM-5 composite

27Al MAS NMR spectra (A) and 2°Si MAS NMR
spectra (B, thick line) with corresponding decon-
volution (B, thin lines) for the parent USY, acid-
treated USY-A zeolites, and the Y/ZSM-5 com-
posite.

wastewater occurs, thanks to the appli-
cation of the so-called solid-phase trans-
formation. The crystalline yield of the
Y/ZSM-5 composite ranges from 94%
to 98%. The growth of ZSM-5 zeolite
crystals is delayed due to the migration

of nutrients from the treated USY-A sam-
ple. As a result, a dendritic-like crystal
growth for the composite is observed
that shapes the hierarchical structure
made of USY zeolite consisting of ultra-
small nano-ZSM-5 zeolite crystals.
Electron tomography assays in scan-
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stage of zeolite crystallization. In this case, fewer defects (or sur-
face tension) are incorporated into the outermost layer of zeolite
crystals.

The partial dissolution of zeolite crystals not only substantially
improves the mesoporosity of the remaining zeolite Y crystals
(Figures 6E and S4) but it also provides the nutrients for the
growth of the ZSM-5 zeolite. Apparently, this is a single dissolu-
tion-recrystallization process that partially transform the zeolite
Y into ZSM-5 zeolite, resulting in the Y/ZSM-5 zeolite composite
in one step. An additional advantage of this synthesis approach
is that almost no loss of Al and Si elements and nearly zero

>
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Figure 4. N: physisorption and mesopore analysis

N, physisorption isotherms (A) and the corresponding mesopore size distributions
(B) derived from the adsorption branch of the parent USY, acid-treated USY-A
zeolite, and Y/ZSM-5 composite. STP, standard temperature and pressure.

Chemical shift (ppm)

130 ning TEM (STEM) have been carried out

to gather microstructural insights into
the composite in a three-dimensional
(BD) manner. The 2D micrographs ac-
quired at different angles of tilt, as a part of the tomography
experiment and slices redrawn from the 3D reconstructed vol-
ume of the composite zeolite, show the coexistence of two zeo-
lites Y and ZSM-5 (Figure 8). These results are in good agree-
ment with the high-resolution TEM images (Figures 6E and 6F),
revealing the unique formation of nano-ZSM-5 zeolite in and
around the USY by using only the nutrition (Si and Al) provided
during the acid treatment of the USY. The 3D reconstruction im-
ages reveal that the center of the composite possesses an octa-
hedral morphology typical of FAU zeolite (Figures 8D and S9),
whereas the nano-ZSM-5 zeolite crystals grow predominantly
on the periphery of the USY-A crystals. A particular feature
distinguished in the slices of the reconstructed image is the pres-
ence of both mesopores and channels within the FAU zeolite
crystals (Figures 8D and S9), which ensure the accessibility to
the inner porous network. The channels and/or open mesopores
within the FAU central zeolites appear to be filled by nano-ZSM-5
zeolites, leading to an increased surface area. The complex
morphology of the composite, with the FAU zeolite embedded
by nanosized ZSM-5 zeolites arranged in a rather continuous
and porous structure shapes the hierarchical structure made of
two types of micropores and mesopores.

Besides the mass transfer that generates the composite zeolite
composed of hierarchical USY and nanosized ZSM-5, the redistri-
bution of Si and Al elements during the transformation is another
matter of interest. Herein, STEM-energy-dispersive X-ray spec-
troscopy (EDS) mapping (Figure 9) provides information on the
Si/Al ratio of the composite sample. A representative STEM image
showing the coexistence of both zeolites is shown in Figure 9A.
The Si/Al ratios of the “zone 1” and “zone 2” determined by
EDS are 13.9 and 26.5, respectively. This is expected considering
that the Si/Al ratio of the USY-A zeolite is 22.7 and the interzeolite
conversion treatment is essentially a combination of two
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Figure 5. Morphology study of SEM images

SEM images of parent USY (A and B), acid-treated USY-A (C and D), and Y/ZSM-5 composite (E and F) at different magnifications. Scale bars: 1 um (A, C, and E)

and 200 nm (B, D, and F).

successive processes—desilication in the presence of OH™ and
nucleation and crystallization of ZSM-5 mediated by TPA* and
OH™. While the preferential removal of framework Si atoms de-
creases the Si/Al ratio of the USY-A zeolite sample from 22.7 to
13.9 (zone 1), the growth of ZSM-5 zeolite templated by TPA" re-
sults in a product with a Si/Al ratio of no less than 24, as each unit
cell of MFI-type zeolite can accommodate up to 4 TPA*.*

FTIR
The samples were also subjected to Fourier transform infrared
spectroscopy (FTIR) characterization. The FTIR spectra in the
stretching region of the hydroxyl groups of the samples are de-
picted in Figure 10. The OH bands in the spectrum of USY
appear with very low intensity in comparison to those measured
for USY-A zeolite. The intensity of the band corresponding to iso-
lated (3,745 cm~") and terminal (3,735 cm™") silanols increase
approximately 82%:; the calculation is based on the normalized
area between 3,760 and 3,710 cm™" related to the presence of
four types of silanol groups.*®

In the case of the composite material, another peak at
3,609 cm~" appears in the hydroxyl region associated with the
Bronsted sites of MFI-type zeolites.“® The peak intensity between
3,650 and 3,600 cm™" for Y/ZSM-5 increased 39% compared to
USY-A. The acidity of the Y/ZSM-5 composite is significantly
higher compared to USY-A zeolite (Figure 10B; Table 2). The in-
crease in acidity is due to the high amount of ZSM-5 zeolite newly
formed in the composite.**™" However, this increase in acidity is

6 Chem Catalysis 5, 101298, May 15, 2025

also caused by opening the SOD cages during the acid treatment
of USY."? The appearance of this new peak at 3609 cm~" and the
increase in the total concentration of the acid sites further confirm
the formation of an MFI-type zeolite in the Y/ZSM-5 composite. In
addition, there is a decrease of approximately 38% in the silanol
sites (semi-quantitative data calculated by evaluating the area of
the peaks in the range 3,760-3,710 cm™"). This can be attributed
to the consumption of the hydroxyl sites from the USY and the for-
mation of the ZSM-5 zeolite.

Furthermore, to evaluate the acidity and the accessibility of
these acid sites, adsorption with 2,6-di-tert-butylpyridine (dTBPy)
was performed (Table 2). dTBPy has a kinetic diameter (15.8 A)
larger than the pore sizes of both zeolites FAU and MFI.“® At
150°C, approximately 12% of the acidic sites in USY were acces-
sible to the basic probe dTBPy within 20 min (Table 2). Inthe case of
the USY-A zeolite, the number of accessible acid sites increased
considerably, up to 68%. In the Y/ZSM-5 composite, the accessi-
bility of acidic sites increased to 83%. Although ZSM-5 zeolite has a
smaller pore size than USY zeolite and the Y/ZSM-5 composite
contains a large proportion of ZSM-5, the composite exhibits
more external acid sites and higher accessibility. This is attributed
to the defects exposed by the dissolution of USY zeolite and the
high specific surface area of ultra-small nano-ZSM-5.

Hyperpolarized '2°Xe NMR
Hyperpolarized (HP) '>Xe NMR was further applied to charac-
terize the pore connectivity between USY and ZSM-5 zeolites
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Figure 6. Morphology and porosity properties study of TEM images

TEM images of parent USY (A and B), acid-treated USY-A (C and D), and Y/ZSM-5 composite (E and F) at different magnifications. Scale bars: 200 nm (A, C,

and E) and 50 nm (B, D, and F).

in the composite (Figure 11). As a reference, a mixture was pre-
pared by mixing the USY-A zeolite and nanosized ZSM-5 zeolite
(supplemental methods) with the same ratio as in the composite
Y/ZSM-5. The temperature-dependent HP '2°Xe NMR spectra
are presented in Figure S10. The broad peaks at 193 K are attrib-
uted to the Xe molecule accommodated in the FAU structure
originating from the formation of open SOD cages and meso-
pores.'® The peaks at the higher chemical shift are attributed
to the Xe molecule located in the MFI pores.*® Due to the rapid
exchange of Xe between different pores and the reduced
adsorption capacity at high temperatures, the low-intensity
peaks are difficult to assign straightforward. By comparing the
spectra of the Y/ZSM-5 composite and the mechanical mixture
(MM; reference sample) collected at 173 K (Figure 11), one can
observe faster Xe exchange between the two pore systems of
the composite containing intergrown USY and ZSM-5 zeolites,
representing better pore connectivity.

Catalytic reaction: MTO reaction and cracking of
n-hexane

The three samples USY, USY-A, and Y/ZSM-5 were further eval-
uated in the methanol-to-olefins (MTO) reaction. The methanol
(MeOH) and dimethylether (DME) conversion over the different
catalysts as a function of the reaction time is presented in Fig-
ure 12A. The selectivity toward methane (CH,), ethene (Cs=),
propene (Cs=), butenes (C4=), butane (C,), pentenes plus
pentane (Cs), and aliphatics plus aromatics (Cg*) at different

MeOH and DME conversion levels and various reaction dura-
tions is presented in Figures 12B-12D): 100% at initial time (Fig-
ure 12B), 100% before deactivation (Figure 12C), and between
12% and 19%, respectively. Finally, the latter conversion was
also expressed at different reaction times (Figure 12D).
Catalyst lifetime, stability, and selectivity depend on several
parameters, including pore structure (cage size and shape,
pore openings) and acid site strength and density.*® As shown,
the three catalysts exhibit different behaviors in terms of stability
and selectivity toward products throughout the reaction. The
catalysts led all to the same initial full conversion. After less
than 2 h, substantial deactivation occurs in the case of USY
and USY-A zeolites. In contrast, Y/ZSM-5 composite remains
stable for more than 10 h, thus suffering slower deactivation.
At the start of the reaction, interestingly, product selectivity re-
mained the same regardless of the zeolite structure. In the
case of USY and USY-A zeolite catalysts, methane selectivity in-
creases steadily during the reaction, contrary to Y/ZSM-5. Since
the MTO reaction is governed both by the activity of the Bronsted
acid site (BAS) and by a hydrocarbon pool mechanism,®"°?
numerous descriptors such as methane, ethene, and propene
can be used to understand the different catalytic behaviors.>*°*
Methane represents the hydrogen-rich co-product of the forma-
tion of hydrogen-deficient coke molecules and can be formed
by the dehydrogenation of coke molecules with methanol.
Ethene is mainly formed from aromatics, especially polymethyl-
benzenes, by successive methylation and dealkylation reactions
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Figure 7. Surface and internal porosity study

High-resolution SEM images and cross-section SEM images of zeolite USY (A-C) and the Y/ZSM-5 composite (D-F) at different magnifications. Scale

bars: 100 nm (A and D), 50 nm (B and E), and 200 nm (C and F).

(aromatic-based cycle).°" Concerning propene, it is mainly
formed from long-chain alkenes by methylation and oligomeriza-
tion reactions followed by B-scission (alkene-based cycle).” The
ethene/propene ratio can be used to investigate the relative
contribution of each cycle during the reaction.

For the USY catalyst, the selectivity toward methane increases
with the decrease in methanol conversion and selectivity toward
Ces" products. The reaction begins with the predominance of the
alkene-based cycle, with an ethene/propene ratio of 0.37, which
gradually gives way to a greater relative contribution to the aro-
matic-based cycle, with a ratio of 1.68 before deactivation and
before ending at low conversion with a ratio of 0.35. This rapid
deactivation is due to a very fast coke deposition, reaching
22 wt. % after 2 h of reaction (Figure S11). This deactivation

Figure 8. STEM images and 3D reconstructed image

can be related to the BAS density of the USY zeolite and the large
pores inside the structure. Easier diffusion of aromatic species
leading to acid-catalyzed consecutive reactions can be assumed.
The coke precursor species retained in the zeolite structure could
react with methanol, resulting in a dominant dehydrogenation re-
action with methane as a hydrogen-rich co-product. At the end of
the reaction, methane remains the most relevant deactivation
descriptor to use, with a selectivity of 90%, as shown in Fig-
ure 12D. This indicates a mechanism governed predominantly
by the growth of coke molecules. The same deactivation mecha-
nism for FAU zeolite has been reported previously.*®™®

For USY-A, the results indicate the same lifetime but a different
behavior in terms of selectivity and coke content, which is lower
after dealumination (15 wt. %; Figure S11). At the beginning of

STEM images and 3D reconstructed images: STEM-BF images tilt +72° (A), 0° (B), and —72° (C). Slice redrawn from the STEM-HAADF reconstructed volume

along a random direction (D).
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the reaction, propene is the main product formed. The reaction
then evolves toward the subsequent formation of methane and
ethene. These results indicate a change in the reaction mecha-
nism from the alkene-based cycle to the aromatic-based cycle
during the reaction. This can be confirmed by a change in the
ethene/propene ratios from 0.32 at 100% of conversion at the
initial time and before deactivation to 3.62 at 12% of conversion
at the end of the reaction (Figures 12B and 12D). Apparently,
dealumination of the structure changed the selectivity in the
products despite a similar lifetime, and pore-blocking deactiva-
tion mode to the pristine USY is observed. The applied dealumi-
nation results in a 16% increase in micropore volume and a 43%
increase in mesopore volume, besides a 76% decrease in the to-
tal amount of acidity (Tables 1 and 2). Several studies have
shown that propene formation is favored by a lower density of
BAS, potentially inducing better spacing between each site,
and the presence of mesopores allowing easier access to the
active sites for reagents and better diffusion and internal porosity
exit of the products.®°°

The Y/ZSM-5 composite catalyst, consisting of 40% USY-A
and 60% ZSM-5, demonstrates a longer catalyst lifetime and bet-
ter resistance to coking, with only 12 wt. % coke formed after 25 h
of reaction (Figure S11). Propene formation remains the main
product throughout the reaction, indicating a strong relative
contribution from the alkene-based cycle. This is supported by
the constant ethene/propene ratios of 0.27, 0.17, and 0.29 at
the initial time, before deactivation at 100% of conversion, and
19% of conversion. These results are similar to those obtained
with a pure ZSM-5 zeolite.°**? However, this does not mean
that all active sites are located within the ZSM-5 pores because
nearly the same selectivity toward products was obtained with
both USY catalysts at the initial reaction time of 0.08 h, as shown
in Figure 12B. However, a relationship can be established be-
tween the shape-selective structure of ZSM-5, which promotes
access to the active sites only by low-hindrance molecules, and
the prominent participation of the alkene-based cycle maintained
throughout the reaction. Additionally, the selectivity of C¢* prod-
ucts increases as the reaction proceeds, with the ethene/propene
ratio below 1 during the entire reaction. This may be due to sec-
ondary reactions whose larger molecules are able to exit thanks
to the larger pores of the Y zeolite. In this case, the Y/ZSM-5
composite shows improved stability, with a protective effect

¢ CellP’ress

Figure 9. Changes in Si and Al elements of
composite zeolite from EDS data

STEM image of the Y/ZSM-5 composite (A), and
the corresponding EDS mapping images showing
the Si (B) and Al (C) element distribution.

originating from the presence of nano-
sized ZSM-5 crystals on the mesoporous
Y zeolite. Finally, the confinement effect
within ZSM-5 micropores in the compos-
ite makes it possible to control the size
of the molecules formed during the reac-
tion.®*®* Deactivation therefore appears
slower and the catalyst avoids sudden
deactivation with instantaneous blocking
by pore filing. To complete these data, an MM was made with
the commercial USY and a nano-ZSM-5 zeolite in the same
mass proportions as the composite (see methods section). The
results obtained show that the catalytic behavior of the MM is
like that of the composite—in other words, same lifetime, same
selectivity toward the products, and same ethene/propene ratio
over the reaction time. The MM contained 18 wt. % coke after
the catalytic test, which is 1.5 times more than that of the compos-
ite. Given that ZSM-5 rarely exceeds 10 wt. % coke content, it is
possible that some of the coke from the MM was trapped in the
USY zeolite.®®

To further study the catalytic behavior, the samples were eval-
uated in the n-hexane cracking reaction, performed at 540°C un-
der atmospheric pressure. Catalyst activity was determined from
the slope of the first-order rate equation. The turnover frequency
(TOF) and paraffin-to-olefin (p/o) ratios for the different materials
are presented in Table 3. The TOF was calculated by normalizing
the activity to the number of BASs capable of retaining pyridine
at 150°C.

Notably, no deactivation was observed, confirming that the
operating conditions were ideal for the monomolecular cracking
mechanism to dominate. Acid leaching generated EFAL species,
which enhanced the activity of the BAS, leading to an increased
TOF for USY-A.?®°” However, when EFAL species recrystallized
within the ZSM-5 framework to form the composites, this
enhancement effect disappeared, resulting in a decreased TOF
for the Y/ZSM-5 composite. Due to their similar acidity, the
TOF of the composite was comparable to that of the correspond-
ing MM, with a slight increase.

The p/o ratio provides a straightforward measure of the contri-
butions of primary and secondary cracking reactions. When the
p/o ratio equals 1, only primary cracking occurs; ratios less than
1 indicate secondary cracking.®® The composite material ex-
hibited a significant increase in the p/o ratio compared to the
MM, suggesting that the close interaction between Y and
ZSM-5 crystals facilitated olefin desorption and diffusion,
thereby reducing secondary cracking.

Conclusion

The present work reports a quasi-in situ interzeolite conversion
approach for the synthesis of Y/ZSM-5 composite with up-
graded mesoporosity and pore connectivity. The interzeolite

Chem Catalysis 5, 101298, May 15, 2025 9




https://doi.org/10.1016/j.checat.2025.101298

Please cite this article in press as: Zhang et al., Zeolite composite prepared by quasi-in situ interzeolite conversion approach, Chem Catalysis (2025),

¢? CellPress

A B
= E)
s s
Q Q
o o
c =
@© ©
2 2
3 USY-A 3
Q Q
< <
usy

T 1
3600 3200

Wavenumber (cm™)

1550 1500

conversion was achieved through the partial removal of atoms
from the USY framework and the subsequent conversion of the
dissolved species (Al and Si) into ZSM-5 zeolite in the presence
of TPAOH, which serves as a part of the alkaline leaching of the
USY zeolite framework and as the template for the growth of
ZSM-5 zeolite. Thanks to the restricted dissolution and confined
mass transfer in the quasi-solid-state interzeolite conversion
system, the composite consists of a hierarchical USY zeolite
with a highly mesoporous network and a nanosized ZSM-5
zeolite. The high mesopore volume, homogeneous distribution
of mesopores, and the intimate pore connectivity of the two ze-
olites in the composite are comprehensively characterized by
FTIR-pyridine, dTBPy, and and HP '2°Xe NMR. In the MTO reac-
tion, the composite shows an alkene-based cycle-dominated
product distribution and a delayed deactivation behavior, indi-
cating the positive effect of the composite consisting of inter-
grown USY and ZSM-5 zeolites. The relative concentration of
the two zeolites in the composite can be tuned through an
adjustment of the Si/Al ratio of the parent USY zeolite, and
thus we envisage the interzeolite conversion as a potential route
to be applied broadly for the preparation of hierarchical compos-
ite important for catalysis and adsorption.

METHODS

Materials

A commercial USY zeolite with a bulk Si/Al ratio of 6.1, purchased
from Qilu Huaxin High-Tech, was used as the raw material. The sul-
furic acid (98 %), ammonium sulfate (99.0%), and TPAOH (25 wt. %
aqueous solution) were purchased from Sinopharm Chemical
Reagent Corporation. Deionized water was homemade, using an
ultra-pure water purification system (PINE-TREE, XYF2-10-H).

Table 2. Acidity of samples measured by FTIR using pyridine and
dTBPy probe molecules

Pyridine, umol/g dTBPy, umol/g Acid accessibility

BASs, LASs, BASsS, BASyrepy/
Sample 1,540 cm~' 1,450cm ' 3,360 cm™'  BASp,, %
usy 547 188 67 12
USY-A 115 58 79 68
Y/ZSM-5 148 104 123 83
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Figure 10. Hydroxyl groups changes and
acidity study from FTIR

FTIR spectra in the stretching region of the hy-
droxyl groups (3,900-3,200 cm™") (A) and after
adsorption of Py (1,560-1,400 cm™") (B) of parent
USY, acid-treated USY-A zeolite, and Y/ZSM-5
composite.

Synthesis of Y/ZSM-5 composite
Dealumination of USY zeolite by
acid leaching

In a typical procedure, 70 g aqueous sul-
furic acid solution (10 wt. %) was mixed
with 10 g ammonium sulfate and 100 g
deionized water to make a homogeneous
solution. Then, 10 g of the commercial USY zeolite was added to
the solution. The temperature of the resultant suspension was
increased to 358 K and kept at this temperature for 2 h. After
that, the solid was collected by vacuum filtration, washed thor-
oughly with deionized water, and dried at 373 K overnight. The
sample, denoted as USY-A, was recovered and used for the sub-
sequent interzeolite conversion.

Y/ZSM-5 composite prepared by quasi-in situ
interzeolite conversion

For the preparation of the Y/ZSM-5 composite, the USY-A
zeolite was impregnated with the TPAOH solution first. In a
typical experiment, 0.8 mL of the 25 wt. % TPAOH solution
was added dropwise to 1 g of the USY-A, with intermittent mixing
using a spatula. The impregnated zeolite was then placed in a
Teflon-lined stainless-steel autoclave and heated in an oven for
12 h at 393 K and then for 24 h at 413 K. The final zeolite compos-
ite was recovered by centrifugation, washed thoroughly with de-
ionized water, and dried at 373 K overnight. The obtained com-
posite was designated as Y/ZSM-5. The H-form of this sample
was derived by calcination at 823 K for 6 h with a heating ramp
of 2 K/min starting from room temperature.

1450 1400

Materials characterization

XRD patterns of samples were recorded using a powder X-ray
diffractometer (Bruker D8 Advance) with Cu-Ka radiation at 30
mA and 40 kV; the XRD standard spectra of Y and ZSM-5
zeolite from the Bruker AXS database were used as references.
The phase ratios of the zeolites in the composite zeolite esti-
mated are presented in the supplemental methods. An
AXIOS-Petro X-ray fluorescence spectrometer (PANalytical
B.V.) was used to determine the bulk Si/Al ratio of the samples.
Nitrogen physisorption analysis at 77 K was performed using
an Autosorb iQ3 (Quantachrome) gas adsorption analyzer.
Samples were degassed at 573 K for 6 h prior to analysis.
The specific surface areas of the samples were determined us-
ing the Brunauer-Emmett-Teller (BET) equation. The t plot
method was used to distinguish the contribution from micro-
pores and mesopores.

SEM images were taken with a JSM-7900F (JEOL) electron
microscope equipped with a field emission gun. An ion beam
cross-section polisher (IB-19510CP, JEOL) was used for the
preparation of the cross-section of the zeolite samples. The
zeolite crystals were immobilized on a carbon tape prior to
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Figure 11. Channel connectivity characterized by HP '2°Xe NMR
HP '2°Xe NMR spectra recorded at 173 K for the mechanical mixture (refer-
ence sample) prepared from USY-A and nanosized ZSM-5 zeolite (A) and the
Y/ZSM-5 composite (B).

the preparation of the cross-sections. The high-resolution im-
ages and cross-section images were collected with a JSM-
IT800 scanning electron microscope. TEM images were taken
on a JEM-2100 (JEOL) with an accelerating voltage of
200 kV. STEM images were acquired on a JEOL JEM-F200
electron microscope with a Gatan Rio 1816 (IS) camera, allow-
ing a point resolution of 1.9 A under STEM mode, equipped
with a JEOL SDD EDS detector (100 mm 2 x 1). All STEM im-
ages and EDS spectra were recorded at a 200-kV acceleration
voltage.

The electron tomography (ET) investigations were carried out
at 80 kV to avoid the specimen damage upon long-duration
exposure to the electron beam. For the ET series acquisition,

¢? CellPress

the specimen was tilted from —78° to +75° with a step of 2°
and following the equal angle tilting schema implemented in Dig-
ital Micrograph software. The 1,024 x 1,024-pixel bright-field
(BF) and high-angle annular dark-field (HAADF) STEM micro-
graphs were simultaneously acquired at a scanning speed of
10 ps/pixel. The image alignments were carried out by cross-
correlation followed by manual alignment using gold nanopar-
ticles as fiducial markers, as implemented in ETomo software.
Afterward, the volume reconstruction was performed in ImageJ
using the Tomod plugin and the OS-ART iterative algorithms
for 20 iterations. The volume visualization and rendering was per-
formed in Fiji (ImageJ).

The HP '2°Xe NMR spectra were recorded on a Bruker Avance
11 500 MHz (11.7 T) spectrometer with a continuous-flow HP Xe
delivery apparatus. The materials were transferred into a 10-mm
quartz tube in an Ar glove box after being dehydrated under vac-
uum for 10 h at 693 K prior to the NMR study. With a 120-Gs op-
tical pumping cell and a 120-W diode laser array (Coherent fiber
array package system), HP 2°Xe was produced. At a rate of
200 mL/min, the gas mixture of 1% Xe, 1% N,, and 98% He
was introduced to the quartz NMR tube (10 mm). The resonance
frequency of '2°Xe was 110.7 MHz. A single pulse sequence with
a pulse width of 18 s under 50 W pulse power, a recycle delay of 2
s, and 128 times scan was used to accumulate 1D HP 2°Xe NMR
spectra. The temperature ranged from 298 to 173 K during the
trials, with variable temperature. All the 27Al and 2°Si MAS
NMR spectra were recorded on a Bruker Advance 500 MHz
spectrometer using a 4-mm rotor. The 2’Al MAS NMR spectra
were recorded at 104.3 MHz with a 12-pulse length of 2.2 s, a
spinning rate of 14 kHz, and a recycle delay of 1 s. For chemical
shifts of 2’Al MAS NMR spectra, 1 M AI(NOg); was used as a
reference.

A B Figure 12. The methanol-to-olefin reaction
;\-;100 T..“‘ e eUsY - 100 4 MeOH and DME conversion over time-on-stream
- i “\ OUSY-A =T~ (TOS), cumulative product selectivity, and ethene/
1 ()
.E 80 - i \\ MYIZSM-5 g 2 80 32 propene ratio (A) at 100% conversion of MeOH
7 i " AMM z2> @ and DME at the initial time (B), 100% conversion
1 -
2 60 - " \ \AA Sz 60 3 before deactivation (C), and 12%-30% iso-con-
S L “A w '8' 2 % version deactivation conditions (D). The white tri-
w 40 1 ;‘.| ‘\QA g o 40 5 angles and black crosses correspond to ethene/
E :." -.A :-‘!-: g 1 < propene ratios and conversions on product
i 20 IC& L) % S 20 o selectivity, respectively.
(e} T =
% 0 L2 T T T 0 0
0 10 15 20 25 USY USY-A Y/ZSM-5 MM
c TOS (h) D
100 - - 4 100 - r r 4
c c
= 9
£ 801 g §& 807 ‘ F3 g
2 > o 2 > i )
e c s -3
S 60 & o3 60 l o
oS = O -
w?o 22 wo L r22
2 T 40 1 g = T 40 | g
Io 15 T L1
o S 20 S S 20 4
= = o
0 - - 0 0 - = e
USY USY-A Y/ZSM-5 MM USY USY-A YZSM-5 MM

mCH, BC,/BC,-0C,mC, nC; mC¢*

Chem Catalysis 5, 101298, May 15, 2025 11




https://doi.org/10.1016/j.checat.2025.101298

Please cite this article in press as: Zhang et al., Zeolite composite prepared by quasi-in situ interzeolite conversion approach, Chem Catalysis (2025),

¢? CellPress

Table 3. TOF and p/o ratios of parent USY zeolite, acid-treated
USY-A zeolite, Y/ZSM-5 composite, and MM corresponding to the
equivalent amount of acid with Y/ZSM-5 composite

Sample TOF, h™! p/o ratio
usy 46 0.42
USY-A 288 0.69
Y/ZSM-5 171 0.69
MM 182 0.55

IR spectra were recorded using a Nicolet Magna 550-FTIR
spectrometer at 4 cm~" optical resolution and 64 scans. The
zeolite powder was pressed into a self-supporting disc (1.6 cm
in diameter, ~20 mg) and pretreated in the in situ IR cell under
vacuum at 723 K (2 K min~") for 4 h under 10° Torr. The adsorp-
tion of pyridine was performed at 423 K at 1 Torr pyridine to reach
equilibrium. Then, the cell was evacuated at 373-673 K. The
amount of pyridine that remained adsorbed after the evacuation
was determined using the integrated area of the IR bands at
1,545 and 1,454 cm™" corresponding to BAS and Lewis acid
site (LAS), respectively. The extinction coefficients used for pyr-
idine were €(B)4 545 = 1.36 cm/umol, and &(L)1 450 = 1.5 cm/pmol
for BAS and LAS, respectively. The adsorption of dTBPy was
performed at 423K with excess of dTBPy probe molecules.
Then, the cell was evacuated at the same temperature and fol-
lowed by collection of the spectrum at room temperature. The
amount of dTBPy was determined using the integrated area of
the bands at 3,360 cm ™. All spectra were normalized to the den-
sity of a wafer.

Catalytic test

MM preparation

A reference MM was made from commercial nano-ZSM-5 (Si/
Al = 43, the information reported by Beuque et al.®®) and USY
zeolite (Si/Al = 6.1, raw material). This MM was composed to
have Si/Al ratio and Y/ZSM-5 phase ratio characteristics similar
to those of the composite.

MTO

The MTO reaction was performed on the samples in a fixed-bed
reactor at an atmospheric pressure of 723 K. Catalyst, 0.1 g, with
a particle size in the range of 0.2-0.4 mm was packed in a quartz
tube reactor (7 mm internal diameter). Prior to the reaction, the
catalyst was pre-treated under heating room temperature of
823 K with a heating rate of 5 K min~" under a nitrogen flow of
55 mL min~—" for 1 h. Then, it was cooled to the reaction temper-
ature. The MTO reaction was carried out at a weight hourly space
velocity (WHSV) of 2.1 gMeOH g h™", with a continuous flow
of nitrogen (55 mL min~") and liquid methanol (MeOH)
(0.0044 mL min’1) instantaneously vaporized at the reactor inlet.
The gas composition at the reactor outlet was characterized by
online gas chromatography (Chromatec, Crystal 9000) equipped
with a flame ionization detector (FID; PONA column). Conversion
and selectivity have been calculated according to Equations 1
and 2, respectively:

g _ At _ oA
t "
Xwteorsome (%6) —2 A(fut,et (Equation 1)
Tot
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where A%t s the area of total product peaks in the reactor
outlet, A%t is the area of the MeOH peak measured at a given
time in the reactor outlet, and Agﬁ? is the area of the DME peak
measured at a given time in the reactor outlet.

outlet

Siwt%) = —1——

MeOH+DME

x 100 (Equation 2)

where Y/t is the product mass yield.

C, H, N elemental analysis was carried out using Thermo
Fisher Scientific Flash 2000 for coke nature and total carbon per-
centage of the spent catalysts.
n-Hexane cracking
The transformation of n-hexane, chosen as the model reaction, is
carried out on throughput four-parallel fixed-bed reactors unit. To
have an accurate estimation of the reaction rate, the reaction is
carried out at four contact times by using different amounts of
the same catalyst, with a particle size of 0.2-0.4 mm in each
reactor (20, 40, 60, and 80 mg) and pre-treated at 540°C under ni-
trogen flow for 12 h. Diluted n-hexane (99.99% pure from Sigma-
Aldrich) in nitrogen flow was then injected in the reactors at 540°C,
with a molar ratio of 11 (Pn2/Ph-nexane = 11). Catalyst activity is
measured by estimating the conversion at different values of the
WHSV. Reaction products of each reactor were analyzed by on-
line gas chromatography equipped with a Cp-Al,O3/Na,SO4
capillary column (50 m, 10 um) coupled with an FID.

The activity per BAS expressed by the TOF (h™"), was calcu-
lated as follows:

Ao

TOF = [PyH] X My nex

where Ao (umol/h/gcay) is the initial catalyst activity estimated
graphically by the initial slope of the plot —Ln(1 — X) vs. 1/WHSV
(X is the conversion), [PyH"] is the concentration of BASs of the
catalyst determined after pyridine desorption at 150°C (umol/
Jeat), and My, _nex is the molar weight of the n-hexane (g/mol).

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfiled by the lead contact, Svetlana Mintova
(svetlana.mintova@ensicaen.fr).
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