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Introduction

On the properties and origin of mesopore
morphologies in dealuminated Faujasite Y zeolites

Valentina Girelli Consolaro,®® Virgile Rouchon,® Walid Baaziz, & °
Adam Hammoumi,? Tom Ferté,® Gerhard Pirngruber, (2@ Maxime Moreaud?® and
Ovidiu Ersen @ *P

Faujasite Y zeolites (FAU-Y) represent one of the most important categories of heterogeneous catalysts.
They are historically known for their crucial role in the refining industry, and they have growing potential
for upgrading bio-based products today. However, the thermal stability, acidity, and molecular transport
properties of the synthesized zeolite are not ideal for the intended process conditions, activity, selectivity
and catalyst deactivation. Consequently, post-synthesis physical-chemical treatments, such as dealumi-
nating treatments, are usually employed to design a more efficient material that combines stronger
acidity, better stability, and hierarchical porosity. This material is referred to as Ultrastable Y (USY) zeolite.
Nevertheless, the precise mechanisms of mesopore network formation and its relationship with the
crystal structure and morphology remain poorly understood. Our research investigates the evolution of
the porous system induced by the dealumination in FAU-Y zeolites. Here, we propose a classification,
quantification, morphological description and formation scheme of the mesopores with an unpre-
cedented level of detail, that is based on electron tomography data from the main steps of the dealumina-
tion process. Four main groups of pores are identified: (1) closed, isolated mesopores with more spherical
shapes and diameters of 7-8 nm; (2) open intracrystalline channeling mesopores that often run along
crystallographic orientations, vary in diameter, and whose morphology recall a mechanism of isolated
mesopore coalescence; (3) intercrystalline mesopores with irregular shapes detected at the boundaries of
twinned crystals, and (4) surface roughness. We finally observe that the localization and development of
mesopores are associated with structural defects, such as stacking faults and twinning. These results
allow us to consider a nucleation/diffusion mechanism for the mesoporous network within zeolite Y
during dealumination and provide guidelines for identifying new pathways to optimize hierarchical
zeolites.

lites. Employed as catalysts, the microporosity together with
the typical size of a grain of zeolite (micron/submicron scale)

Zeolites are a class of crystalline aluminosilicates constituted
of interlinking TO, tetrahedral units, where the T-sites are
occupied by either Si or Al atoms. The topological arrangement
of tetrahedra leads to a structural porosity, termed as the
microporosity (pores diameter < 2 nm). Zeolites bare a charge
deficiency for every aluminum atom in the structure, which
may be compensated by cations bound to the micropore
surface. When these cations are protons, the zeolites become
acids, which lends, together with the molecular shape selecti-
vity of the micropore topology, the catalytic properties to zeo-
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leads to diffusion limitations, which affect the initial activity
and promote the catalytic deactivation. Several strategies have
then been adopted to circumvent this issue and develop an
optimized material for catalytic applications.””> On one hand,
the research turned towards the synthesis of zeolitic nanocrys-
tals with a reduced size which decrease the diffusion mean
free path.® On the other hand, mainly due to the thermal
instability of these nano-sized zeolites, the scientific commu-
nity put effort in engineering a hierarchy-based porous
material. As a result, a secondary pore network is then intro-
duced within zeolites, as an antidote to mass transport issues,
at the expense of the microporous volume, leading to both
enhanced thermal stability and catalytic efficiency.*® The
methods to insert a mesoporous network, that is featured by
pore diameters ranging between 2 and 50 nm, within the zeoli-
tic microporous framework are classified in two categories:
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bottom-up and top-down.””® The bottom-up approach rep-
resents a versatile technique since the size of the pores can be
accurately controlled by making use of soft or hard templating
agents (surfactants or carbon black particles) to shape the
mesopores during the synthesis of the zeolites.”! However,
the organic fingerprint of the precursors may raise the cost
and therefore prevent up-scaling. The top-down protocols,
instead, are based on the demetallation of pre-synthesized zeo-
lites. Despite the poor control over the size and shape of the
mesopores compared to the bottom-up pathways and the poss-
ible partial loss of crystallinity, the top-down strategies are
widely spread thanks to their affordability and ease of practice
allowing feasible industrial upscaling. In this approach, meso-
porosity arises from the removal of Si and/or Al atoms from
the T-sites. For example, non-selective fluoride-mediated
etching removes both Si and Al atoms from zeolite T-sites.'?
For zeolites with a high Si/Al ratio, silicon is preferentially
extracted from the lattice using alkaline solutions in a process
called desilication.”® For zeolites with a low Si/Al ratio, the
object of interest in this study, mesoporosity arises from the
selective removal of aluminum through hydrothermal and
acidic treatments."*'®> Complex multi-scale pore network archi-
tectures originate during the demetallation and a combination
of diverse techniques is necessary to extract the morphological
descriptors that characterize the porous network.*!¢™°
Physisorption, thermoporometry, and positron annihilation
lifetime spectroscopy (PALS) can assess the level of pore con-
nectivity in hierarchically porous zeolites, however the indirect
nature of these characterization methods makes it difficult to
spatially situate the pores.'®*' To access the size distribution,
shape, and localization of these mesopores, gas adsorption
and Hg intrusion are associated with transmission electron
microscopy (TEM).*>** The real space visualization of the core
of zeolites at the nanometric level by TEM reveales the intri-
cacy of the hierarchically porous network and the irregularity
of the pore geometry, which render classical morphological
models for porosimetry and physisorption less suitable for
quantification. Innovative TEM-based methods have been pro-
posed in the literature and offer interesting insights into iden-
tifying pore bottlenecks and occlusions.** In any case, conven-
tional TEM approaches provide 2D information that are not
sufficient to precisely differentiate the types of pores (intercon-
nected vs. isolated) and to reveal the 3D spatial extension of
the pore architecture in zeolites. For this reason, electron tom-
ography (3D TEM) arises as one of the most valuable tech-
niques to directly retrieve morphological three-dimensional
features in the real space at the nanoscale. Already applied for
characterizing catalytic and porous materials,>*® 3D TEM has
quickly become oriented toward investigating zeolite crystals
and their secondary pore generation,>”*® with particular atten-
tion given to the mesopores volume, shape and size in hier-
archical demetallated zeolites of the Faujasite (FAU) type
Y. 41929731 According to previous works, the main results of
dealumination in FAU Y zeolites are isolated cavity-like and
cylindrical interconnected pores with diameters of
15-30 nm.?® Other products, such as extra-framework alumi-
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num (EFAL) species, which are presumably generated during
hydrothermal steps and subsequently removed from the
material via acid attack, have also been observed. The evol-
ution of the mesoporous system from its origin to the final
interconnected pores, together with the nature of the EFAL
species, are still questioned, though. Specifically, what
remains unclear is (i) where and at which stage of the dealumi-
nation the zeolite microstructure begins to rearrange to accom-
modate the mesopores, (ii) what are the intermediate steps in
terms of pores network architecture before reaching the final
optimized material, and (iii) where does the material expelled
from the crystalline sites accumulates. Finally, the relationship
between the shape of the mesopores and the structural pro-
perties of the crystals is not well established and requires
investigation. Keeping these questions in mind, within a
multi-step protocol starting from the microporous FAU Y
zeolite and ending with the mesoporous USY zeolite, our
research considers the role of each controlled dealuminating
step in the expansion of the secondary pore system. To charac-
terize the pores, we designed and quantified descriptors
retrieved by 3D TEM data and mathematical morphology-based
data processing. In conclusion, by combining electron tomogra-
phy, electron diffraction and gas adsorption we aim to explore
with an unprecedented level of detail the inherent relationship
among the morphology, the topology and the structure in Y zeo-
lites during the evolution of the pore network at the nanometric
scale and propose a mechanism of dealumination.

Materials and methods
Preparation of FAU Y samples

To introduce mesoporosity via dealumination, hydrothermal
and chemical treatments were performed on the commercially
available NaNH, Y zeolite (Zeolyst®), also termed CBV300.
This parent zeolite has a unit cell of 24.7 A, associated to Si/Al
ratio by XRD of 2.7, and % Na content of 1.61 ppm (by ICP).
Additional information on the CBV300 is found in the SI. The
protocol for dealumination from the CBV300 zeolite was
articulated as follows: low temperature steaming (steaming 1),
ion exchange, high temperature steaming (steaming 2) and
acid leaching.

Steaming 1. 25 g of zeolite CBV300 were placed in a tubular
quartz reactor. The reactor was placed in the furnace, and the
zeolite heated at 5 °C min~" with a dry air flow of 0.2 L (h g)™*
zeolite until reaching 620 °C. At 300 °C, water was inserted in
the reactor with a flow rate of 0.8 L (h g)™" zeolite to obtain a
treatment under 80% steam and 20% of dry air on a molar
basis. The temperature of 620 °C was held for 2 h, then the
system was cooled down overnight. The water flow rate was
maintained throughout the treatment and only ends when the
temperature reached 265 °C.

Ion exchange. A solution of NH,NO; (VWR Chemicals,
NH,NO; > 98.5%) was prepared for the exchange step. The
steaming 1 zeolite was suspended into 4 M of NH,NO; so that
V/m = 10 mL g~ zeolite. The suspension was refluxed for 4 h

This journal is © The Royal Society of Chemistry 2025
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under stirring, filtered and washed four times with distilled
water via centrifugation. Then, it was dried overnight at
100 °C. The ion exchange was performed 3 times.

Steaming 2. Experimental settings as for low T steaming,
with maximum temperature set at 700 °C, were performed on
the ionic exchange zeolite.

Acid leaching. The steaming 2 zeolite was suspended into 1
M of HNO; (Fisher Scientific, HNO; at 60% w/w solution in
water) solution so that V/m = 5 mL g~ '. The suspension was
heated at 90 °C for 2 h under stirring, filtered and washed four
times with distilled water via centrifugation. Finally, it was
dried overnight at 100 °C.

N, physisorption

Analysis were performed on the Micromeritics Physisorption
Analyzer ASAP 2420. The total pore volumes were obtained
from the volume of nitrogen adsorbed at the relative pressure
of 0.99 and the microporous volumes by t-plot method.
Specific surface areas are calculated according to the
Brunauer-Emmett-Teller (BET) method using data points in
the relative pressure (p/p,) range of 0.05-0.30. The PSD curves
derived from the adsorption and desorption branch were esti-
mated with the Barrett-Joyner-Halenda (BJH) model and the
corrected Kelvin equation on the adsorption and desorption
branches for the range of 2-50 nm of pore diameters.

X-Ray diffraction

Analysis were performed using a PANalytical X'Pert Pro
Diffractometer in Brag-Brentano configuration with Cu Ka
radiation (4 = 1.54 nm) fitted with Miniprop detector. For the
data acquisition the powder of the sample was compacted in a
sample holder. An angle range of 2° to 70° 20 with a step size
of 0.02°, dwell time of 5 s per step were set for the measure-
ments. The assignments of the crystalline phases were carried
out using DIFFRAC.TOPAS software. The following information
file was used for the phase identification: PDF 00-038-0239 for
the Faujasite-Na zeolite.

Scanning electron microscopy

Imaging is performed on a Zeiss GeminiSEM 500 equipped
with a field emission gun. Primary electrons are accelerated
with 0.7 kv. The images are obtained by secondary electrons
with In-Lens detector at a working distance of 1.8 mm. The
zeolite was dispersed into ethanol and the solution drop-
casted on aluminum stubs.

Transmission electron microscopy

A droplet of solution containing gold nanoparticles of 5 nm
diameter (Sigma Aldrich, suspension in 0.1 mM PBS reactant
free) was deposited on a TEM copper grid coated with a holey
carbon film. The powder of zeolite was dispersed into ethanol
and then sonicated for 10 min. 1-2 droplets of this suspension
were drop casted on the same TEM grid. TEM measurements
were performed on a JEOL 2100F operated at 200 kV and
equipped with a probe corrector for spherical aberrations. For
the STEM images, the electron probe was 0.1 nm and the
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series of tomographic projections were acquired in ADF-STEM
mode using a camera length of 12 cm. The STEM images have
a resolution of 1024 x 1024 pixels and are acquired with a
dwell time of 15 ps per pixel and a beam current of 35 pA.

Electron tomography (3D TEM)

For every STEM projection, the defocus, the horizontal speci-
men shift and specimen tilt were controlled automatically via
the Tomography plugin of the Digital Micrograph software by
Gatan. The goniometric parameters of tilting and increment
steps for the electron tomography series are reported in SI.
The alignment of the tilt series was performed by the IMOD
software (v4.11)*> and the reconstruction is carried out with
the Tomo] plugin (v2.8.1)** of Image] (v1.54) by SIRT algor-
ithm (100 iterations with a relaxation coefficient set at 2). The
segmentation and volume rendering make use of the software
3D Slicer (v4.3.0).>* Videos of all the reconstructions and
volume renderings can be found in the supporting material.

Computation of the morphological and geometrical descriptors

Multi-step protocols on Image]J and plug im! softwares were
specially developed or applied for quantifying the listed mor-
phological descriptors on the segmented volumes.***® More
details are found in SI.

Results and discussion

The demetallation steps employed in this study consist of a first
hydrothermal treatment (steaming 1), an ion exchange, a
second hydrothermal treatment (steaming 2) and an acid leach-
ing. More details on the sample preparation and experimental
conditions of dealumination are reported in the dedicated
section of Materials and methods. The role of each dealuminat-
ing treatment is described through electron microscopy-based
characterization techniques. The secondary electron SEM
imaging analysis qualitatively shows the localization of the
mesopores and related surface features. The TEM analysis,
mainly based on 3D TEM and image processing adds quantitat-
ive information on the structure and the morphology of typical
grains of zeolite Y and their porous networks. Specifically, the
3D TEM identifies the family of the mesopores and aims to
provide, in association with N, physisorption measurements,
the most suitable descriptors for mesoporous materials. Using
this approach, we are able to quantify morphological para-
meters such as the porous volume and the pore size distri-
bution, and geometrical elements like the pore sphericity and
the bottleneck diameter. These results are summarized in the
paragraphs describing the classification of the mesopores, the
morphological and topological parameters. A further paragraph
combines the findings for each category in order to elucidate
the mechanism of the mesoporisation by demetallation.

Family of mesopores in typical Y grains

Single grains of Faujasite Y zeolites are described as octa-
hedron-shaped particles with {111} facets, and other sym-
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metries for the vertices.>”*® In this study we have investigated
Y zeolite crystals of hexagonal prisms geometry (irregular octa-
hedron) as depicted in Fig. 1a (and in Fig. S1). According to
the SAED pattern of Fig. 1b, the lateral facets are indexed as
{111} for the reciprocal distance 1/d at 1.50 nm™"' (purple
circles in Fig. 1b). The basal surfaces are also labelled as {111}
(Fig. 1c). Other families of plans describe the corners. Among
these, recurrent 1/d at 1.31 and at 2.04 nm™" are imputed to
the {311} and {511} symmetries, respectively. By observing the
redundancy of this typology of Y grains, 3D TEM measure-
ments were performed on samples alike. Therefore, in such
grains four categories of mesopores are identified (Fig. 1e).
The first category is constituted of the isolated mesopores
inside the microporous matrix. Already described in remark-
able works,”**" the isolated mesopores (in orange in Fig. 1e)
access the external surface and the neighboring mesopores
through framework micropores only. Contrarily, the open
mesopores directly access the external surface. In the current
study, the remaining three categories (in blue in Fig. 1e)
belong to the open mesoporosity. These have been termed: the
intracrystalline channeling mesopores, the intercrystalline
mesopores and the surface roughness. While the intracrystal-
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line channeling mesoporosity is typically crossing the grain
from the edges to the core, the intercrystalline mesoporosity is
found at the interface of twinned grains. All other elements
which are not identified as isolated mesopores, neither chan-
neling nor intercrystalline mesopores, are located on the exter-
nal surface and ascribed to surface roughness. The starting
material, CBV300 Y zeolite, is a nearly exclusive microporous
sample with smooth facets, as confirmed by the TEM and SEM
images in the SI (Fig. S2 and S3). Before post-treatments, no
mesopores are observed inside the zeolite and only a few ones
are present on the external facets. This suggests that the pre-
existing pores are only superficial. Also noticeable at the level
of the parent zeolite are intergrown crystals and stacking
faults, presumably defects of synthesis. After the first steam-
ing, isolated mesopores, intercrystalline mesopores and
surface roughness are observed (Fig. 2a and e). Interestingly,
the slices of Fig. 2b-d of the tomographic segmentation show
a higher concentration of isolated mesopores that form paral-
lel arrays to both lateral (light blue and rose arrows) and basal
(yellow arrow) facets. Moreover, these mesopores are found on
a stacking fault surface (Fig. 2b), as one could deduce by the
mirror symmetry of the lateral facets in correspondence to this

Fig. 1 Typical octahedron shaped Y zeolite (after ionic exchange) with hexagonal base observed by TEM (a). The SAED pattern of (a) with related
symmetries (b). The purple cercles refer to the [111] directions which label the lateral facets, the blue to the [311] and the yellow to the [511] both
describing the corners. The HRTEM micrograph showing also the (111) labelling (c) and the full field area for a steaming 2 zeolite (d). Mesopore
network 3D rendering of a steaming 2 zeolite (e). The closed mesopores are depicted in orange (1), whereas the open pores accounting for inter-
crystalline mesopores (2), intracrystalline channelling mesopore (3) and surface roughness (4) are depicted in blue.
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Fig. 2 3D volume of a steaming 1 zeolite (a) and associated segmented sections of its reconstruction (b—d). The black dotted circles highlight the
presence of closed mesopores. The double arrows show where the slices are cut into the grain. 3D volume of another grain of steaming 1 zeolite (e)
and associated sections of reconstruction (f and g). In this case, the sections are parallel to the basal surfaces and the red arrows point to the sites of
the intercrystalline mesoporosity. 3D volume of a steaming 2 zeolite (h) and its segmentation (i and j). The extracted cross sections illustrate the
propagation of the intracrystalline channeling mesopores and their preferential orientations.

surface (yellow arrow in Fig. 2¢ and d). The slices of the recon-
struction in Fig. 2f and g referring to the zeolite in Fig. 2e,
illustrate the existence of intercrystalline mesopores between
the principal crystal and two smaller intergrown twinned crys-
tals, pointed out by red arrows. One could notice the irregular
shape of this type of mesopores, which circumscribe these sec-
ondary grains. At more advanced stages of the dealumination,
all four categories of mesopores are exhibited, including the
channeling mesopores. This is the case for the grain after
steaming 2 of Fig. 2h-j, whose mesoporous network is
depicted in Fig. le. In Fig. 2i, the channels are spreading par-
allel to the basal surfaces, and it is possible to identify some

This journal is © The Royal Society of Chemistry 2025

frequent directions of propagation: either from the corners or
from the middle of the facets towards the core of the crystal.
Sometimes, they cross the zeolite throughout its whole thick-
ness, as it is possible to appreciate in the 3D rendering of
Fig. 1e and in the cross section of Fig. 2j. To corroborate this
observation, additional slices are reported in Fig. S4, where
the channeling mesopores seem to be cutting the zeolite into
several fragments. In contrast to these classes of open porosity
involving large pores with above-listed shapes, the surface
roughness is mainly composed by smaller pores localized at
the edge of the crystals and characterized by diverse mor-
phologies (Fig. 1le). Its qualitative description can be easily
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retrieved through the 3D rendering of the mesoporous
network and the imaging by SEM (Fig. 3a and b). However, a
quantitative approach to outline the surface roughness is less
trivial (and less accurate) due to the presence of artefacts on
the reconstruction by 3D TEM of the zeolite grains’ external
surface. Finally, the SEM and HRTEM micrographs in Fig. 3
illustrate the presence of mesopores with access to the surface
and structural anomalies, such as twinning and stacking
faults, in dealuminated zeolites. These micrographs reveal a
correlation between the localization of open mesopores and
structural defects. The latter were already noticed in the pris-
tine material.

Morphological parameters: porous volume and pore size
distribution (PSD)

Based on the nitrogen physisorption data, the microporous
volume V, is associated to the largest fraction of the porosity
within zeolites (Fig. S5, S6 and Table S1 of the SI). Before any
treatment, the commercial sample CBV300 is featured by a
total porosity of 0.379 c¢m® g~', for which V, is imputed to
0.332 cm® g~ . After the first steaming the porosity is shared as
it follows: V,, occupies 0.270 cm’ g~' and the mesoporous
volume Vy, measures 0.108 cm® g~'. When the ionic exchange
step is performed, both V, and Vy raise to 0.321 cm® g~' and
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0.141 cm® g7, respectively. At the end of the second steaming,
V,, drops to 0.259 cm® g~" while Vy, keeps rising and reaches
0.200 cm® g . In the final stage of the dealumination, that is
when the acid leaching is completed, V, is 0.289 ecm® g™" and
Vi has grown to 0.243 ecm® g~'. With the exception of the pris-
tine zeolite, here reported only as a reference in terms of
initial porosity, the porous volumes extracted from the N,-phy-
sisorption analysis for the different zeolites are compared in
Fig. 4a. In addition, from the isotherms (Fig. S5 of the SI) we
can estimate the rate of closed mesopores. This fraction of
porosity supposes a cavitation effect and is concretely obtained
as the difference between the adsorbed volume on the adsorp-
tion branch before the hysteresis, which is between 0.4 < p/p, <
0.5, and the adsorbed volume on the desorption branch at the
lower p/p, step in the hysteresis loop.*® Therefore, the portion
occupied by the closed mesopores during the dealumination
results in: 0.006 cm® g~ for steaming 1, 0.015 cm® g~* for
ionic exchange, 0.024 cm® g™ for steaming 2 and 0.032 cm?
g~ for the acid leaching. If related with the total mesoporosity,
these values represent in percentage the 5.5%, the 10.6%, the
12.0% and the 13.2% of Vy, respectively. Complementary to
the results from physisorption, Vy, is directly extracted from
the 3D TEM data at the single crystal level (Fig. 4b). For each of
the four stages of the dealumination, two zeolites’ crystals

Fig. 3 SEM images of steaming 1 (a) and acid leached zeolites (b). The surface roughness and the mesoporosity between twinned crystals is already
present at the early step of the dealumination. HRTEM micrograph illustrating the presence of a stacking fault in a steaming 2 zeolite (c) and the full
field area (d). At more advanced stages in the treatment, such as after a second hydrothermal treatment or a leaching, the mesopores furtherly con-

centrate on stacking faults (white arrows).
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Fig. 4 Microporous (V) and mesoporous (V) volumes obtained by N, physisorption (a). The sum of V,, and Vy results in the total porous volume
that is accessible during the adsorption and desorption. Mesoporous volume obtained by 3D TEM on individual grains as the sum of the closed
(orange) and open (blue) mesoporous volume (b). The discretized PSD derived from 3D TEM for both closed (c) and open (d) porosity along with the

dealumination steps.

representing the typical grains according to the description
provided in the previous paragraph (and shown in Fig. 1a and
b), were chosen for the electron tomography measurements.
The mesoporous volume is therefore obtained by image pro-
cessing on the 8 segmented zeolite reconstructions, however,
given the size of the zeolite crystals, the spatial resolution does
not allow to track the micropores since the pixel (or voxel)
resolution is ~1 nm (or 1 nm?®). Furthermore, when Vy is
retrieved from 3D images, it is returned in voxel units, ie.
either in nm® or as a percentage of the whole volume of the
zeolite. For this reason, we have converted V,; into the
common unit of volumes for porous materials, by considering
the structural density of Y zeolites equal to 1.37 g cm™>, as
expressed in the literature.”® Thus, Vy, evolves from (0.021 +
0.004) cm® g~ after steaming 1 (corresponding to 2.9 + 0.5%
when normalized to the total volume of the zeolite), to (0.058 +
0.014) cm?® ¢! after ionic exchange (7.9 + 1.8%), keeps rising

This journal is © The Royal Society of Chemistry 2025

up to (0.088 + 0.019) cm® g~ " after steaming 2 (12.0 + 2.6%)
and at the end of the HNO; leaching step it reaches (0.115 +
0.016) cm® g7 (equivalent to 15.8 + 2.2%). In this case, given
that the analysis is performed on a limited number of
samples, the error associated with the averaged value corres-
ponds to the deviation from the mean. The closed and open
mesopores can be easily visualized (Fig. 1e) and calculated.
The reader will find more details about the image processing
methodology in the SI. The closed V), for instance is estimated
0.002 cm® g~" at steaming 1 (equivalent to 9.5% of the meso-
porous volume), 0.004 cm® g™* at ionic leaching (6.7% of Vy,),
0.008 cm® g™ ! after steaming 2 (9.1% of Vi) and 0.007 cm® g™*
(6.3% of V) at the fully dealuminated stage. These porous
contributions are shown in Fig. 4b. Although the mesoporous
volume occupies a smaller portion of the total porous volume,
by comparing the results from both techniques, it is possible
to confirm the rising trend of Vy;, mainly due to the fraction of
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open mesopores. Once the pores classifications and volumes
are provided, it is interesting to describe the mesopores by
their diameter distribution. The PSD is classically derived by
N, physisorption measurements. In this case, the BJH method
was employed to obtain the PSD plots in Fig. S6. The diameter
distribution in the adsorption branch illustrates a single popu-
lation of pore size peaking around 7 nm (steaming 1) and
around 10 nm (ionic exchange). A bimodal distribution (at
least) features the samples after steaming 2 with a first peak
around 7 nm and a second broad one around 15 nm. For the
leached zeolites, while the first pores population keeps unvar-
ied, the second one has shifted towards a mean diameter of
22 nm. However, despite the important information that can
be extrapolated from these PSD data, the physisorption is an
indirect technique that supposes geometrical assumptions in
terms of pores morphology. Thus, the realistic shape, size and
localization of the mesopores remain still unclear. To get a
better insight into the spatial distribution of the different
pores size populations, four grains of zeolites (among the
eight volumes) were selected, that is one volume for every step
of the dealumination. Here, the PSD is extracted with protocols
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of image processing that are detailed in the SI. In order to
keep a distinction between the main classes of mesoporosity,
the PSD is computed for both the closed and the open meso-
pores, as we show in Fig. 4c and d. From the graphics, we
observe that the pores introduced during the first two treat-
ments are characterized by a monomodal pore diameter distri-
bution, with a maximum between 7-8 nm diameter. This is
valid for both the open and closed mesopores. For the two
further steps in the demetallation process, while the closed
mesopores are still marked by a PSD between 7-8 nm, the
open pores exhibit a multimodal size distribution. Within the
zeolite after steaming 2, broad size distributions are found for
diameters of 5 and 13 nm. Within the zeolite after leaching, a
minor population around 5 nm diameter is followed by a
smooth main population at 14 nm and a tail between 25 and
30 nm diameter. The graphical representation of the zeolites
and their open pores from the ion exchange to the HNO; final
leaching is given in Fig. 5a-f. No intercrystalline mesopores
are observed in these three zeolites, which means that the PSD
for the open porosity refers exclusively to channeling meso-
pores and surface roughness. In this intricate pore network, as

Fig. 5 3D volumes of zeolites used for the 3D TEM analysis after the ionic exchange (a), the steaming 2 (c) and the leaching (e) and their corres-
ponding 3D rendering of the mesopores network (b, d and f). The PSD of the open mesopores is divided here into three ranges (g): red (d <
8 nm), grey (8 < d < 20 nm) and green (d > 20 nm). The zoomed renderings from 1 to 6 of the mesopores correlate the pores morphology with

their sizes.
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we observe in Fig. 5d-f, the whole distribution of diameters
has been divided into three intervals, each of them assigned to
a color code. If the diameters d < 8 nm the pores are shown in
red, if 8 <d <20 nm in gray and if d > 20 nm in green. After
the ion exchange step, almost the entire network of open
mesopores falls into the d < 8 nm class. For the steaming 2
and for the acid leaching, the smallest range is attributed to
the external roughness, the external mouths of the channeling
mesopores, the pore throats and the pore branching. This
range corresponds to the first pore population that was
observed in the graph of Fig. 4d. Larger diameters in the range
of 8-20 nm are attributed to the body of the mesopores, and
they constitute the broader peak in the PSD plot. Finally,
within the steaming 2 and the leached zeolites, the interval of
diameters above 20 nm characterizes the largest void fractions
due to the coalescence of the channeling mesopores. These
elements forming the tail of the PSD graph are located close to
the crystal core. Not only the electron tomography describes a
similar PSD such as the BJH method, but in addition it maps
in 3D the spatial relationship between size populations of
pores. Therefore, according to the 3D TEM results, the PSD
does not refer only to different types of open porosity but
additionally indicate that different diameters correspond to
different portions of the same mesopore. Ergo, a typical chan-
neling mesopore is described by a narrow mouth, a larger
body (with possibly narrower throats and secondary branch-
ing), and a potentially even larger bulge towards the core of
the zeolite, where it could merge with other porous entities.
Some examples of these pore features are portrayed in the
cropped frames of Fig. 5g, listed from 1 to 6.

Geometrical parameters: sphericity, overlapping factor and
bottleneck diameter

A qualitative analysis on the morphology of the mesopores is
provided in Fig. 6. From the slices of the tomographic recon-
structions, one could notice that rounded mesopores charac-
terize the grain after the first steaming (Fig. 6a and b). After
the ion exchange (Fig. 6¢ and d) both rounded and elongated
intracrystalline mesopores are observed. It is interesting to
note in the crop of the reconstructed slice that the intracrystal-
line channeling mesopore is apparently shaped by rounded
porous units of regular diameter, recalling ‘pearls in a neck-
lace’. These porous units spatially follow one another and
merge on the plane parallel to the hexagonal base (xy plane)
along a direction of elongation, in this case from the middle
of the facet to the core of the grain. This configuration is made
more irregular and entangled after steaming 2, where the
directions of elongation branch out (Fig. 6e and f). At this
stage, the channeling mesopores are numerous. They can run
on the (xy) plane along several directions, and sometimes they
intersect even before reaching the center of the zeolite. When
the leaching is performed, the geometry of the channeling
mesopores gains in regularity (Fig. 62 and h). Even if porous
units with rounded morphologies are still observed in shaping
the channel, the pore walls look smoother. With all due pre-
caution, we might claim that after the leaching step, the pore
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STEAMING 2 IONIC EXCHANGE STEAMING 1

ACID LEACHING

Fig. 6 Reconstructed slices monitoring the evolution and propagation
of the mesoporous morphology within the zeolites at the four steps of
the dealuminating treatment: after steaming 1 (a and b), ionic exchange
(c and d), steaming 2 (e and f) and acid leaching (g and h).

geometry tends to a cylinder (Fig. 6h) instead of a necklace.
Thus, to describe this evolution via a more quantitative
approach, three geometrical descriptors were extracted from
the tomographic volumes. The chosen parameters are the pore
sphericity, the overlapping factor and the bottleneck diameter.
The first one accounts for the degree of anisotropy of each
mesopore and is a function of the pore’ surface and volume
according to eqn (1) in the SI. Based on its definition, each
mesopore can be classified in one of the five categories of the
sphericity ¢ ranging from a very low (¢ close to 0) to a very
high (¢ close to 1) spherical class.*' The results for the spheri-
city, which are reported in Fig. S7, show that all along the deal-
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umination the closed mesopores are populating classes of
higher sphericity than the open mesopores, and are character-
ized by a constant mean volume. Contrarily, the open meso-
pores populate the least spherical classes and are associated to
an increasing mean volume during the dealuminating treat-
ments. The second parameter, the overlapping factor A/R is
introduced to detail the peculiar configuration of the open
channeling mesopores. The overlapping factor is based on the
hypothesis that the pore morphologies can be described by
arrays of variously intersecting spheres forming extensive
lengths, recalling the ‘pearls in a necklace’ analogy.
Mathematically, #/R consists of the ratio between the over-
lapped distance between two spheres and their radius, and it
assumes that the porous units are spheres of equal radius. Its
value is ranged between 0 and 1 (boundary conditions), where
0 means that the porous units are totally disconnected, and we
do not longer observe a channel, and 1 that the porous units
are integrally intersecting, and the shape of the channel tends
to a cylinder. Finally, the bottleneck factor a/R describes the
degree of narrowing in a channeling mesopore. In this case, a
corresponds to the smallest radius (i.e. the bottlenecking
radius) that is measured at the intersection between the two
spheres of radius R. Similarly to the overlapping factor, also
a/R is bound between the limit values of 0 and 1. More details
on the mathematical formulation of these two parameters A/R
and a/R and their reciprocal relation are found in eqn (2) and
(3) of the SI, together with schematic illustrations (Fig. S8 and
S9). It is worth mentioning here that both the overlapping and
the bottlenecking factor were analytically retrieved by knowing
the PSD, the surface area and the volume for each mesopore.
By considering the porous network of Fig. 5, the computation
of /R and a/R has been realized for 5 to 8 channeling pores
(or pores’ fraction) per zeolite with homogenous R. These
results are summarized in Fig. S10 of the SI. After the ion
exchange, //R is 0.3 + 0.2 and a/R is 0.7 + 0.2, meaning that for
a typical pore diameter of 8 nm such as the one obtained by
image processing PSD (Fig. 4d), the bottleneck diameter is 5 +
1 nm. In steaming 2, #/R decreases to 0.2 + 0.1 and the bottle-
necking is 0.5 + 0.2, leading to a constriction of 6 + 2 nm in
size within a pore with a steady diameter of 13 nm. For the
acid leached zeolite, the overlapping factor rises again to 0.3 +
0.2 and a/R results in 0.6 + 0.3, for which the bottleneck
reaches 8 + 3 nm diameter for a channeling mesopore of
14 nm diameter. Although this method can present some
approximations, since both the pores surface and volume are
considered in a discretized space of voxels, it provides for the
first time a description of the bottlenecking effect that is
based on real space data and direct measurements and is
recurrent over the whole length of channeling mesopores.

Mesopore formation and evolution during dealumination

Pore nucleation. The isolated mesopores of 7-8 nm dia-
meter, together with intercrystalline mesopores (and surface
roughness) are observed already at the earlier stage of the deal-
umination. In particular, the intercrystalline mesopores are
found along the edge of the facets, while the isolated meso-
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pores are heterogeneously distributed throughout the core of
the zeolite. Specifically, a higher density of isolated mesopores
is observed within the internal surfaces of Fig. 2b-d. These
mesopores align parallel to the basal and lateral facets respect-
ively, which presumably belong to the {111} symmetry.
Moreover, from the cross sections we notice that at least one of
the internal surfaces (highlighted with yellow arrows) shows
the typical features of a defective plane. Through the mor-
phology of the lateral facets, characterized by a twinned profile
orthogonal to the basal plane, we have attributed it to a stack-
ing fault surface. Two aspects of such closed mesoporosity can
be highlighted after the initial hydrothermal treatment. Firstly,
arrays of isolated mesopores are found along the intersection
of planes parallel to facets, ie. at the crossing of {111} sur-
faces. Secondly, a higher concentration in specific portions of
the zeolite may be associated with pre-existing defects, in this
case at a defective 2D surface. Some examples of the intercrys-
talline mesoporosity are provided in Fig. 2e-g and in Fig. 3.
These mesopores are spatially extending at the interface of
intergrown twinned grains, literally delimiting the surface in
between. Since the microporous matrix is cleaved at these
grain boundaries, the intercrystalline mesopores present an
irregular morphology that retraces the crystal surface. These
results suggest that the removal of the microporous matrix
after a single hydrothermal step often occurs in regions where
defects from the process of synthesis of the material, such as
stacking faults or twinning, preexist. This assumption is corro-
borated by previous studies, where the role of defects as trig-
gering sites of mesopores nucleation was investigated for
different families of zeolites. In Beta zeolites (BEA) the dealu-
mination starts at specific T-sites and the mesopores extend
on the most defective plane (which are the (001) in BEA) where
stacking faults are concentrated.*” In the MFI and FAU topolo-
gies, the mesoporosity is associated to twinning planes, that
are supposed to be less stable than the non-twinned ones, and
to intergrowths.*®**™** Even for mesopores derived from NH,F-
based etching solution, the grain boundaries and the inter-
grown crystalline polyhedrons in Y zeolites are considered to
be the preferential sites to remove material, because of the
strain of the framework on such boundaries.*® Here, we tenta-
tively provide a structural framework for justifying such meso-
pore arrangement. Whether the pore nucleating T-site is still
uncertain, we suggest that the pore initiates at a prior point
defect and during the steaming it grows by the very local
coalescence of nearby newly formed point defects. However,
we suppose that these nucleating sites of the newly formed
mesopores are still invisible to tomography. Their presence,
though, might be explained by the discrepancy between the
mesoporous fraction obtained by N,-physisorption and 3D
TEM. In defect-poor crystal zones, the absence of propagation-
directing structural features (for example grain boundaries)
constrains the closed mesopores to an isotropic growth regime
until reaching a critical size, without the further possibility to
coalesce in anisotropic fashion. More recently, it was shown by
DFT computation for the FAU and USY structure that defect
sites (surface termination defect or point defect) are more
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favorable for initiating the dealumination reaction than bulk
non-defective sites.”” Although the modeled defect sites are
not structurally comparable to stacking faults, it is likely that
bond distortion at a stacking fault will have comparable effects
of facilitating dealumination. The localization of dealumina-
tion-related mesopores along stacking faults is therefore
reasonable from a thermodynamic standpoint. However, a
further analysis is required for corroborating ab initio the
mechanism of pores formation and extraction of Al from the
grains, accounting for which type of defects is more prone to
bond breaking for the insertion of secondary pores.

Pore growth and coalescence. The ion exchange promotes
another type of porosity, which in our study is identified as the
intracrystalline channeling mesoporosity. Accordingly with the
work of Sato and coworkers and contrarily to the general
assumption, the three ionic exchange baths involve an exten-
sion of the mesopore system and a potential change in the
structure of the zeolite.*® It is thought that while the raise of
V,, could be imputed to the change of the cation, the increase
in Vy is believed to be caused by washing the EFAL away.
Although we do not completely exclude this hypothesis, we
have observed a new category of mesopores with an increased
volume at this stage: the elongated intracrystalline mesopores
(together with the isolated mesopores and the surface rough-
ness of Fig. 5¢ and d). The common peak at 7-8 nm of dia-
meter in the PSD for both closed and open mesopores (Fig. 4c
and d) may hint at the close relationship between these two
classes of porosity. This hypothesis finds support in the recon-
structed slice of the ionic exchange zeolite of Fig. 6, suggesting
that the channeling mesopore is none other than a sequence
of more regularly shaped isolated mesopores. Therefore, as it
was previously presented in the pioneer works,>*° the open
channeling mesopores are likely to derive from the closed
cavity-like mesopores. In agreement with this research, we also
claim that the introduction of the mesopores in Faujasite Y
zeolites by following a typical dealumination pathway initially
responds to a unique mechanism of lattice rearrangement to
form isotropic cavities (or closed) mesopores. These cavities
expand until reaching a size of 8 nm diameter, confirmed by
the closed PSD of Fig. 4c. Beyond this critical size, the pore
diameter stops growing, and the cavities start coalescing,
where they are sufficiently populated, along discrete orien-
tations typically within (111) planes. Such pore growth mecha-
nism could also explain the peculiar necklace-like (instead of
cylinder) morphology. As it is verified by the important volume
fraction related to the very low sphericity class of porosity
(Fig. S9), the channeling mechanism relays the isotropic pore
growth regime. The constant increase of the mesoporous
volume is ensured even after the second high temperature
steaming and confirmed by both N, and 3D TEM. At this
stage, the porous system evolves with the nucleation and
coalescence of cavities-like mesopores (including the small
mesopores invisible by 3D TEM), resulting in new isolated and
channeling mesopores, as for the previous steps, and by reci-
procal merging of channeling mesopores, leading to a truly
connected mesopores network. When the channeling meso-
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pores run from the middle of the lateral facet to the center of
the zeolite, the trajectory is not totally linear and the mesopore
shape is seemingly ‘faceted’. Interestingly, when they run from
the corner of the octahedron shaped zeolite to its center, the
channeling mesopores are propagating along two intersecting
planes of symmetry {111}. We suspect that defects such as
twins or stacking faults might concentrate along these radial
trajectories and, to minimize the mesopore surface energy, the
pore coalescing may evolve along this 1D axis, generated by
two intersecting defective (111)-type planes. Stacking faults are
indeed known to be a very frequent structural defect in FAU
crystals, and previous investigations of dealuminated FAU have
recognized a correlation between stacking faults and channel-
ing mesopore localization.®® As it was reported by Karwacki
and collaborators, the mesopore orientation is in fact sympto-
matic of the shortest way to restructure the lattice in order to
remove the Al atoms of the framework.” This framework
arrangement to include the mesopores can find an agreement
in the XRD results reported in SI. The evolution of the lattice
parameters and the changes in percentage of the crystallinity
within the samples (Table S2), showing oscillating values,
suggests the presence of amorphous material, in some extent
correlated to the mechanism of mesoporisation. This hypoth-
esis is corroborated by the physisorption results on the micro-
porous volume, where the amorphous material possibly
occluding the micropores, could explain the non-linear behav-
ior of V,, compared to V. The presence of such amorphous
extra-framework phase that is generated during the dealumina-
tion, and in particular during the steaming, is also guessed in
Fig. 6e and f. This material could be associated with a phase
of higher density, particularly in the external crust and within
the mesopores, where the ADF-STEM contrast differs from that
of the typical microporous matrix. Furthermore, this finding
aligns with the results of recent work that revealed the pres-
ence of a dense, segregated aluminosilicate phase.*®
Differently from the closed mesopores, the open channeling
mesopore are characterized by a bimodal PSD according to 3D
TEM measurements. The two populations of diameters refer to
different morphological aspects of the same pore, instead of
two distinct populations of mesopores. On one hand, the peak
at 5 nm is assigned to the mesopore entries on the facet, to its
constricted portions and to some minor branching. On the
other hand, its main body is mainly described by the second
broad population peaked at 13 nm. Compared to the previous
treatment, even if the steaming 2 results in larger main body
pore diameter, the necklace morphology leads to frequent bot-
tlenecks. Finally, the regions where the channeling mesopores
mutually converge are depicted by the tail of the PSD for d >
20 nm. Therefore, while the isolated mesopores keep constant
in size and in their total volume, corroborating the hypothesis
of a pore nucleation mechanism that is constrained by a build-
ing block critical size of 8 nm, the channeling mesopores
show a gradient in the diameters size from the facet to the
center of the zeolite. As it was already evoked by Mehlhorn and
coworkers,"” the pore evolution is confined between crystalline
domains and amorphous material around, acting like bound-
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aries to its growth. Thus, it is plausible that the class of lower
diameter in such a pore is caused by an accumulation of amor-
phous extra-framework material surrounding the pore, as the
reader can observe in the outer surface of Fig. 6e and in the 3D
representation of the pore size distribution in Fig. 5d, con-
dition that is not verified in the core of the zeolite where larger
diameters are attributed. To summarize, the steaming 2 not
only creates closed mesopores but also digs into the core of
the zeolite along radial directions on the (111) plane and
enlarges the already existing open pores, while keeping the
necklace-like pore configuration. The presence of extra-frame-
work material as a collateral effect of the treatment is also
accounted. Finally, the evolution of the intercrystalline meso-
porosity was not recorded step-wise by 3D TEM since the
selected crystals were chosen specifically to be bare of such
complexity. The analysis by SEM, on the other hand, could
incorporate the diversity in terms of grain morphologies along
with the dealumination (Fig. S3), where we could appreciate
the abundance of this type of mesoporosity between twinned
crystals at every stage of the protocol.

Pore smoothing. The use of the acid in the last step of the
dealuminating treatment leads to the final stage of the catalyst
post-synthesis design. According to electron tomography, the
channeling pore is here mainly characterized by a broad distri-
bution of diameters that peak at 14 nm, however the pore
mouths and a few constrictions justify the very little popu-
lation of diameters at 5 nm. Larger diameters describing the
void fraction, in this case around 27 nm, are found in the core
of the zeolite. Despite the similarity of the PSD obtained by 3D
TEM with the previous step of the dealumination, the channel-
ing mesopore is here reshaped into a more regular cylinder.
This is featured by a reduced bottlenecking effect, resulting in
a diameter of 8 nm (contrarily to the 6 nm of the steaming 2).
During the leaching, the mesopores are enlarged and their
walls smoothed. The pore surface level off involves the removal
of debris material, which is generated during the steaming
and accumulates on the pore walls, and that could possibly
obstruct the pore. Therefore, the rise of Vy that is registered at
this stage is not necessarily associated to a direct creation of
mesopores, but more to a morphological transformation of
such preexisting pores and surface smoothing. It is important
to stress that these results that address such specific factors
would be difficult to obtain by other techniques than 3D TEM.

Implications for material design

For a single steamed Y zeolite, as it was claimed by Kortunov
and collaborators,”® the secondary pore system is just emer-
ging. At this stage it occupies less than 3% of the total zeolite
volume and does not form a percolation network, since it is
basically constituted by isolated mesopores, intercrystalline
mesopores and surface roughness. Therefore, the diffusion
through the crystal must be assisted by micropores. The ion
exchange represents a real turning point in the design of a
mesoporous material, because the pore growth shifts from the
isotropic to the anisotropic regime with the development of
the intracrystalline channeling mesoporosity. The second
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hydrothermal treatment emphasizes the presence of channel-
ing mesopores until building a truly connected mesoporous
network that crosses the zeolite from edge to edge. This labyr-
inthic pore system is depicted in 3D in Fig. 5d and plays a key
role in the diffusive properties of the material. Finally, the
leaching represents a crucial passage in the catalyst prepa-
ration to obtain a highly efficient USY zeolite. This is achieved
by removal of non-framework material, such as debris, origi-
nated from previous treatments and by reshaping the pores
walls into smoothed cylinder-like morphologies. The access to
the active sites on the surface and inside the zeolite is eased,
and the material is ready to use for catalytic application.

Conclusions

This work provides mechanistic insight into the dealumination
process used to design a highly stabilized USY zeolite starting
from a Faujasite Y, by combining electron microscopy tech-
niques, especially 3D TEM, with physisorption analysis.
Through the collection of morphological descriptors, this study
traces the evolution of the porous network all along the
sequence of thermo-chemical treatments employed for a hier-
archical catalyst preparation. The incorporation of mesopores
inside the zeolite structure occurs at the expense of its intrinsic
microporous matrix in response to a morphological and struc-
tural rearrangement inside the lattice. The first mesopores to be
observed are isolated cavities-like mesopores on defective
planes, typically stacking faults, together with irregularly
shaped intercrystalline mesopores along the twinnings of the
crystal. Further dealuminating treatments are needed for the
development of the intracrystalline channeling mesoporosity.
Their morphology, similar to a necklace instead of a truly cylin-
der, calls for a mechanism of coalescence of isolated mesopores
on discretized directions of elongation, typically involving {111}
planes. We also suggest that the variety of mesopores is caused
by a heterogeneous concentration of defects. In particular, the
twin intersections further focus the localization of structural
dealumination, defect migration and mesopore stabilization.
Meanwhile, the closed mesopores are believed to nucleate in
crystal zones devoid of {111} twin planes and therefore remain
isolated. Additionally, this study reports the achievement of a
threshold pore diameter at the transition between an individual
isotropic pore growth, typical of the isolated mesopores, and a
migration-coalescence regime for the channelling mesopores.
However, the role of the amorphous material on the mesopore
size and the type of defects that is confined in the zeolite until
the final leaching step remains unclear. These findings provide
a dynamic structure-morphology framework that should foster
the further optimization of USY heterogeneous catalysts.
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