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Abstract

Shaping is a crucial step in the preparation of catalysts at the industrial scale, but a rationalized
understanding of how binders impact the catalyst’s performance is still far from apparent. In
this work, the effect of shaping with common binders (boehmite, y-Al.O3 and silica) on the
acidity and catalytic properties of an acid zeolite catalyst, H-ZSM-5, is probed. The zeolite-
binder samples (1:1 ratio) are shaped following commonly employed procedures and analyzed
using both conventional characterizations of the acidity and porosity as well as using advanced
fluorescence microspectroscopic characterization. In the latter approach, the fluorescence
intensity stemming from the Bregnsted acid catalyzed furfuryl alcohol oligomerization is used
to determine in detail the effect of shaping on the acid zeolite’s catalytic activity. Through
density functional theory (DFT) calculations the observed changes in catalytic performance are
assigned to atomic-scale processes such as the interaction of acid sites with binder related
molecular species and the migration of ions. The most detrimental effects related to shaping are
migration of cations, e.g. Na*, from the binder to the zeolite, which is an important mechanism
for silica binders, as well as pore blockage by alumina and silica species. Strong acid sites are
also likely to be converted into weak ones upon interaction with binders. A counterbalancing
effect is the genesis of some additional bridging OH groups upon filling of local defects with
alumina species from alumina binders. With such knowledge in hand, it becomes possible to

balance these effects to get the desired properties.

Keywords: zeolite, shaping, alumina, silica, fluorescence microscopy, density functional

theory



1. Introduction

Zeolites, and more particularly H-ZSM-5, are widely used and studied as acid catalysts in a
large range of laboratory scale reactions and processes relevant to the (petro)chemical industry*
and for biomass conversion.? For their integration in industrial processes, the zeolite catalysts
need to be shaped into pellets, tablets, etc.>> However, due to the poor self-binding properties
of zeolites, binders are typically added to allow the formation of the desired catalyst size and
shape and to improve the mechanical strength of the material.®® The most widely used binders
are based on silica and alumina. Although previously assumed to be inert in the catalytic
process, it has become clear that the binder can modify the acidity and hence the catalytic
performance of the shaped zeolite catalyst.®%:11:12%6 Optaining detailed knowledge of the
interaction modes between binders and zeolites would be a strong asset in the prediction of the
consequences of shaping on the performance of the catalyst. Since most zeolite catalysts are
chosen and optimized before shaping, such knowledge is key to anticipating the final properties
of the industrial catalyst.

However, the literature dealing with zeolite shaping and binder effects is not abundant,
probably due to historical reluctance for sharing industrial know-how. This trend has changed
in recent years. In early studies, bulk techniques such as temperature-programmed desorption
(TPD)Y" and Fourier-transform infrared (FTIR) spectroscopy with probe molecules like
pyridine”*8 have been used to quantify the effects of the binder on the acidity of the embedded
zeolite catalysts. Recently, several studies on fluid catalytic cracking catalysts have directly
assessed the binder effect on the acidity of zeolites in a spatially resolved manner by
fluorescence microscopy.'31%-20 The use of fluorogenic probe reactions like the acid catalyzed
oligomerization of furfuryl alcohol allows to identify and localize the Brgnsted acid sites that
actively participate in the catalytic process.?"?? This is a highly complementary approach to

TPD techniques, which indirectly quantify the global number of acid sites, as it also gives



information on the relative accessibility of active sites. The use of bulky probe molecules, often
monitored by FTIR, also allows to distinguish accessibility variations however in an indirect
fashion.?® Furthermore, in comparison to bulk scale FTIR and TPD techniques, fluorescence
microscopy has a higher sensitivity enabling data collection at the single catalyst pellet level.
For this reason fluorescence microscopy with fluorogenic probe reactions should enable to
resolve i) binder effects that are typically lost in bulk-scale characterization and ii)
modifications in catalytic activity at the scale of individual binder-embedded zeolite catalysts.

The main mechanisms of zeolite acidity modification during shaping that have been
discussed in literature depend on the binder nature: dealumination,®!324-26
realumination,'+16:20.27-29 ‘neytralization of acid sites®*° with cationic species, and pore blocking
by extraframework Al species,® among others, are likely to take place. In this work, binder
effects on the catalytic activity of acid zeolites were unravelled using an aluminium-poor H-
ZSM-5 (Si/Al = 507) as reference material. By using aluminium-poor zeolites as reference
material, the suggested binder effects should each have a very pronounced effect on the catalytic
performance; the very low amounts of Brgnsted acid sites, are however challenging to study
with current state-of-the-art bulk-scale characterization techniques used in catalysis research.
To overcome this hurdle, fluorescence microscopy was used. For this shaped, aluminium-poor
reference zeolite material confocal laser-scanning microscopy (CLSM) is used to evaluate the
catalytic activity distribution within full zeolite-binder pellets. As the catalytic activity is
limited to zeolite nanocrystals, it allows the observation of the zeolite nanocrystals' distribution
within the pellets. Additionally, traditional characterization techniques such as nitrogen
physisorption were used to characterize the textural properties of the pellets.

Shaping of the H-ZSM-5 zeolite was performed with archetypical binders employed in
industry (e.g. for catalytic cracking® and hydrocracking®® processes): boehmite, y-Al.O3

(calcined boehmite) and silica (scheme 1). Additionally, the effect of peptization in an acidic



medium during shaping with boehmite was investigated, as this step is known to play an
important role when shaping with boehmite;3** peptisation of boehmite influences (1) the
mesopores size, (2) the mechanical strength of the extrudates and (3) also yields a better
dispersion of the active phase. The acid catalyzed furfuryl alcohol (FFA) oligomerization
reaction was used to probe the catalytic activity in a spatially resolved fashion at the pellet scale
using CLSM, and at the individual zeolite crystal scale using nanometer accuracy by stochastic
chemical reactions (NASCA),**3%-40 3 super-resolution fluorescence microscopy approach.
Finally, to rationalize at the atomic scale the observed binder effects on the catalytic
performance, density functional theory (DFT) calculations were made. Whereas the simulation
of perfect zeolite catalysts is commonly reported, the studies dealing with zeolites containing
defects, and including the behaviour of the external surface of the crystals, are much less
abundant.***2 To the best of our knowledge, the effect of the binder was never considered in
DFT simulations. In present work, using recently developed models,**-** migration of Na* ions
from the silica binder to the zeolite, as well as pore blockage by alumina, and to some extent
silica, species, are found to be detrimental to the catalytic performance of H-ZSM-5. The
genesis of some new bridging OH groups upon filling of local defects with alumina species

from alumina binders is seen to have a counterbalancing effect.
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Scheme 1 Used zeolites, binders and resulting samples.

2. Materials and methods

2.1. Zeolite material and pellet preparation

Zeolites were shaped in the form of pellets (diameter: 1 mm, length: 5 mm), into two steps:
kneading (Brabender N50 with cam mixer blades) followed by piston extrusion (ERMA). ZSM-
5 zeolite powder with a Si/Al ratio of 507 provided from Zeolyst (CBV1002) was mixed with
the different binders at a fixed 1:1 mass ratio before shaping. The unshaped zeolite is called Z-
507 in the following (scheme 1).

Shaping with boehmite was performed starting from a Pural SB3 precursor from Sasol,
either in the presence of water (Z-507-B) or with a nitric acid solution (4 wt.% with respect to
the peptisable boehmite weight) for peptization (Z-507-B-a). In the latter case, after 30 minutes
of kneading, an NH4OH solution (17 wt.%) is added for neutralization and further kneading for
15 minutes. For the shaping with y-Al203, the boehmite powder was first calcined (2h at 600°C),

and then kneaded with the zeolite and water (Z-507-Al). Ultrasil (Evonik, sodium content: 4750



ppm) silica was chosen for the silica-ZSM-5 pellets (Z-507-S-b). The kneading step was
performed in the presence of tetraethyl ammonium hydroxide (35 wt.% TEAOH solution in
water) with a molar ratio SiO2/TEAOH = 120. Pure binders were also shaped to give reference
samples, their shaping follows the same procedure as the one used for the zeolite-binders
composites. Their name is given in Table 1.

The extrusion was done thanks to a piston extruder (ERMA). Then, the pellets were dried
at 80°C for 12h, cut to get 5 mm long pellets, and calcined under air at 600°C for 2h (ramp:

5°C/min).

2.2. Standard zeolite characterizations and catalytic testing
N2 physisorption
A Micromeritics 2020 ASAP gas adsorption analyzer was used for nitrogen sorption
measurements. Before analysis, the samples were outgassed for 1h at 100°C and for 4h at 500°C
under vacuum (1.10° mbar). The total surface area (Sger) was determined from the BET
equation. The t-plot method was used to obtain the microporous volumes and the Sex: (surface
excluding the contribution of micropores). The micropore surface (Sy) is the difference between

the Sger and Sext of the samples.

Hg intrusion

The mesoporous and macroporous volumes of the catalysts are obtained by mercury
intrusion. This method is based on the non-wetting behaviour of the mercury for the solids. The
pore size can be determined based on the external pressure needed to force the mercury into a
pore against the opposing force of the mercury surface tension. The contact angle of the mercury

with the pore walls is considered to be 140°. The technique is normally used for pores with a



diameter greater than 3.7 nm. The samples are pre-treated 4h at 250°C and the analysis is made

on an Autopore 1V 9520 (Micromeritics).

FTIR of OH groups and adsorbed pyridine

In situ Fourier Transform Infra-Red (FTIR) spectroscopy was performed using a Nexus
(ThermoOptek Nicolet) spectrometer. All the spectra were recorded at a resolution of 4 cm™
and 32 scans. The zeolites were pressed into self-supported wafers which were placed into an
IR cell and treated in situ at 723 K during 10h under secondary vacuum (10° mbar). The
spectrum of the sample was then recorded to analyze the OH groups in presence. Pyridine was
then introduced in contact with the sample (ca. 20 mbar equilibrium at room temperature). The
concentrations of Brensted Acid Sites (BAS) and Lewis Acid Sites (LAS) after
thermodesorption of pyridine (at 423 K for 2h) are obtained using the molar extinction
coefficients for the bands at 1545 and 1450 cm™ which are respectively 1.67 cm™*xumol™? and
2.22 cmixpmol .4

Fourier self-deconvolution (FSD) of the IR spectra was performed on Thermo Omnic
software in the 4000—-3000 cm™* spectral range, using a line bandwidth of 20 cm™ (width of the
contribution at the half-height) and an enhancement factor of 1 (ratio of the bandwidth before
and after FSD treatment).
Meta-xylene isomerization catalytic test

The isomerization of meta-xylene was carried out in a fixed-bed reactor at 300°C with a
weight hourly space velocity of 1.2 h™. Before the measurement, the samples (50 mg) were
activated at 300°C under air for 2h. The effluent was analyzed by gas chromatography (Agilent,
HP6580 with an FID detector and an FFAP column, 50 m (L) x 0.32 mm (ID) x 0.5 pm

(thickness)).



2.3. Fluorescence microscopy experiments

The glass cover slides (22x22 mm, #1) were calcined at 500°C and treated in an ozone
reactor (Ultra violet products, PR-100), before the sample was drop casted on cover slides from
an aqueous suspension of 10 mg crushed pellet in 10 mL Milli Q (Synergy UV, Merck
Millipore). Subsequently, the cover slides containing the sample are calcined in a muffle
furnace (Nabertherm LVT3/11) to remove any organic contaminants. This calcination is
performed using the following heating program which allows removing the contaminants while
minimizing alterations to the sample. First, the sample was heated at 1°Cxmin™ from room
temperature to 80°C. This temperature was held for 1 hour, after which the sample was further
heated to 120°C at 1°Cxmin™. Again, this temperature was held for 1 hour, after which the
temperature was further increased at 1°Cxmin to 450°C, where it remained for at least 48
hours. The coverslips with the sample were removed from the muffle furnace directly before

the microscopy experiment to prevent unwanted contamination from the environment.

2.4. CLSM experiments

The CLSM experiments were performed on an Olympus IX81 microscope equipped with a
laser combiner and either 100x, 1.4 NA or 20x, 0.75 NA objective lens. The fluorescence signal
is detected using a photomultiplier tube (PMT). The excitation laser light of 532 nm was filtered
using a 535 nm dichroic mirror and a 545-645 nm emission filter. The pellets were added to a
solution of FFA (4 vol%) in Milli-Q for 24 hours before being placed on a glass cover slide.
For imaging of the full pellets, 141 subsequent 512 by 512 pixel images were taken spaced 0.25
pim in depth covering a total depth of 35 pum using a 20x objective. Full field-of-view images
were stitched as 4x4 mosaic for every depth, resulting in 636x636 um? images. For local areas
imaging, separate 512 by 512 pixel images were taken by 100x objective at every 0.25 pm for

a total depth of 15 pm (61 images), with a total field of view of 127x127 um? area sizes. The



software package ImageJ was used to construct a 3D representation of these images. ImageJ

was then used to calculate the average particle intensity of each particle.

2.5. Integrated light and electron microscopy

To enable a straightforward correlation of structural information obtained by scanning
electron microscopy (SEM) with single catalytic turnover activity maps obtained by NACSA
microscopy, an integrated light and electron microscope was applied in this research. This
integrated system is based on an FEI Quanta 250 FEG environmental scanning electron
microscope in which the original SEM chamber door is replaced with the SECOM platform
acquired from Delmic BV. The SECOM platform comprises a sample stage, capable of holding
a high numerical aperture oil-immersion objective lens (Nikon plan APO VC 100x, 1.4 NA),
and an optically transparent window that allows excitation and fluorescence light to be guided
into and out of the vacuum SEM chamber. This configuration makes it possible to first obtain
structural images from the top of the sample and to consecutively perform wide-field
fluorescence imaging from the bottom side. The fluorescence imaging is achieved by using
excitation light at 532 nm provided by an Omicron Laser hub, which is guided towards the
objective lens by 442/532 nm dichroic mirror and filtered out before detection with a 542 nm
long-pass filter. Due to the vacuum conditions in the sample chamber during SEM imaging, a
vacuum compatible immersion oil (1-Ethyl-3-methylimidazolium acetate (BASF)) was used.
An EMCCD camera (Hamamatsu C9100-23B, 512x512 pixels) is positioned on the outside of
the SEM door to detect the emitted fluorescence signal. The optical pathway in our specific
system differs from the standard SECOM platform, as it was optimized for single-molecule

detection.
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2.6. NASCA experiments
The acquired wide-field fluorescence microscopy movies were analysed using the Localizer
plug-in  for Igor Pro  (Wavemetrics).*®  Localizer is available  online
(https://bitbucket.org/pdedecker/localizer) and is applied to localize the individual fluorogenic
turnovers and accumulate them into the NASCA activity maps. As such, the activity maps
contain all turnovers that occurred over the course of the movie and within the focal plane,
which is typically positioned in the middle of the crystals. After the turnovers are accumulated,

identical emitters in consecutive frames are removed by position consolidation.

2.7. DFT calculations

Periodic DFT calculations were performed with the PBE (Perdew, Burke, and Ernzerhof)
exchange-correlation functional*’ with VASP 5.4.1.%84 The projected augmented wave (PAW)
method™ was used to describe the core-electron interactions. The plane wave basis set was
limited to a kinetic cutoff energy of 400 eV. A density dependent dispersion correction, dDsC,>
was applied. The convergence criterion for the electronic self-consistent field relaxation was
fixed to 10™ eV. All calculations were performed at the I'-point, except for the (100) surface
models where a 1x1x2 k-point mesh was used. Full geometry optimizations were performed

using a conjugate-gradient algorithm, with a convergence criterion on forces of 0.02 eVxA™.

Models for the H-ZSM-5 zeolite surfaces were taken from ref. >4 The amorphous silica
surface model obtained by Tielens et al.>? was considered as a starting point for the investigation
of the interaction with sodium, with the following cell dimensions: a = 12.775 A, b = 17.636
A, ¢ =25.173 A. y-Al,03 surface models by Digne et al.,>***° constructed along the (110) and

(100) orientations, were also computed for comparison.
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3. Results

3.1. Conventional porosity and acidity characterization
The porous properties of unshaped and shaped samples (50 wt.%) are reported in Table 1.
The textural properties of the shaped binders were also measured as a reference, to deduce the
deviation between the expected value and the measured one for shaped zeolites (Table 1). The
adsorption isotherms are compared in Figure S1. The BET surface of the Z-507 sample is

dominantly microporous, by contrast with that of the used binders.

Table 1. Textural properties as measured by N2 desorption and Hg intrusion experiments, Brgnsted and Lewis acidities
determined from pyridine-IR measurements. Sget, Sy, Sext are the BET, microporous and external (non-microporous) surface
areas respectively, Vy, Vmeso and Vmacro are the microporous, mesoporous and macroporous volumes respectively. For the
shaped zeolite samples, the deviation between the measured feature and the theoretical one (considering the features of the pure
zeolite and the shaped binders, and the 1:1 ratio of zeolite and binder in the shaped zeolite samples) is given in parentheses.

Sample SeeT Su Sext Vi Vmeso Vmacro BAS LAS
name (m3g) | (m%Qg) (m3/g) (mL/g) | (mL/g) (mL/g) (umol/g) (umol/g)
Z-507 371 307 64 0.116 0.02 - 5+3 1745

294 132 162 0.057 0.35 8+3 134220
280782 | aory | (a7om) | (+1%) | (%) | (-1%) 0.01
286 127 159 0.057 0.34 8+3 94+15
£-507-B (-9%) | (-19%) | (+1%) (-3%) | (+10%) 0.08
268 128 140 0.056 0.21 8+3 104+15
Z-S0T-AL 1 oy | (18%) | (+2%) | (a%) | (om) | 02O
257 119 138 0.052 0.46 0 1245
Z-507-S-b | Caony | (2am) | (s19%) | (12%) | (o) | O%8
L-B-a 266 10 256 0.002 0.69 0.01 0 206+30
L-B 257 6 251 0.001 0.60 0.06 0 193+30
L-Al 217 7 210 0.001 0.44 0.15 0 217430
L-S-b 173 6 167 0.002 0.99 0.20 0 0

The determination of the porous properties from N2 physisorption for samples with micro-,
meso- and macroporosity is a complex problem and the resulting values are strongly dependent
on the chosen methods.5®%7 The t-plot method, routinely used in the field, and applied in present
work is expected to lead to an under-estimation of the microporous volume V. Thus, only
trends will be discussed, rather than absolute values. The microporosity is only insignificantly
influenced by the shaping, and in the case of the silica binder micropore blockage seems
apparent with 12% volume loss. The evolution of mesoporosity during shaping is much less
systematic; for boehmite without acid peptization an increase in mesopore volume is observed

while a loss in mesopore volume is observed for silica and alumina as binder. Note, however,

12



that mesoporosity is obtained by assembling grains of different sizes, inducing natural
deviations with respect to the value obtained by a linear combination of the mesoporous
volumes of the binder and that of the zeolite.

Surface hydroxyls of Z-507 based samples have been characterized by infrared
spectroscopy. IR spectra have been mathematically treated by Fourier Self Deconvolution
(FSD) to better depict the subtle differences between the samples in the hydroxyl region (Figure
1 for the boehmite and alumina shaped samples, Figure S2-B for the silica-shaped series). In
addition, a theoretical spectrum of Z-507-B-a sample (in green) has been calculated from the
combination of experimental IR spectra of Z-507 and L-B-a, accounting for the zeolite:binder

1:1 ratio in the pellets.

20 T T T T T T T T
—— Z-507-Al
13737 —— 7-507-B
—— 7-507-B-a
— —— Z-507-B-a (theo)
= 3677 Z-507 (x1/2)
=
8
@ 3772
c
: \
2
? 3795
o)
<
0 - -
T T T T T T T T T
3900 3800 3700 3600 3500 3400

Wavenumbers (cm™)

Figure 1. FSD-IR spectra of Z-507 based samples in the hydroxyl region after thermal activation at 723 K under secondary
vacuum. Z-507-B-a (theo) (in green) calculated spectrum corresponds to a linear combination of experimental Z-507 (x 1/2)
(dot) and L-B-a (x 1/2) spectra (not shown). Z-507 spectrum is reported in dotted line for 500 mg of Z-507, ie at similar Z-507
content than other samples.

For the Z-507 boehmite and alumina shaped samples, 5 main spectral contributions are
visible, stemming from the presence of different hydroxyl species located on the surface of

alumina binder and zeolite crystals. The bands at 3795, 3772, 3677 cm™ are assigned to
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aluminol species (OH-p1-Aly, OH-pi-Alyvi, OH-p2-Aly; respectively®®) while the band at 3737
cm? is related both to silanol groups and OH-p1-Aly.*+*+%8 In addition a weak contribution at
3610 cm™ is present for all Z-507 alumina shaped samples, assigned to the acid bridging Si-
OH-A\I groups,® which is absent in the parent Z-507 sample as well as in the binder. This may
imply the moderate alumination of the Z-507 framework during the kneading-extrusion process.
For the silica shaped sample (Figure S2), the main feature shown by FTIR is the predominance
of silanol groups in the sample, without any appearance of any other specific OH group.

After thermal activation, pyridine adsorption and following desorption at 423 K were then
performed for all samples to quantify the various kinds of acid sites: Lewis and Brgnsted (LAS
and BAS, Table 1). For the pure Z-507 zeolite, the amount of detected BAS of about 5 umol/g
is close to the detection limit and far below the theoretical value of 32 umol/g, calculated from
the Si/Al ratio. This also means that it is difficult to detect a loss in acidity after shaping as for
the shaped samples, half of this concentration is a priori expected, since the binders are not
exhibiting any BAS, and the pellets contain 50 wt% zeolite. However, interestingly, the
pyridinium ion signal on boehmite and alumina shaped samples is more intense than that of the
original Z-507 zeolite (Figure S2-B, Table 1). This result correlates well with the increasing
concentration of bridging Si-OH-Al acid sites observed in the hydroxyl region (Figure 1) and
is indicative of Al migration from the binder to the zeolite framework. On the other hand, no
pyridinium ion signal is observed for silica shaped Z-507-S-b. While these measurements were
operated close to the limit of detection, it does suggest a negative effect of the shaping on the
acidity.

Finally, to detect acidity differences in the shaped zeolite samples, meta-xylene
isomerization tests was performed. From the results reported in Figure S3, it can be seen that

samples shaped with boehmite or alumina display a similar activity which is slightly higher
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with respect to the parent zeolite, whereas shaping with silica leads to a significant reduction in
acidity.

To conclude, the conventional characterization techniques reveal some trends in the effect
of shaping on the acidity of the parent ZSM-5. Whereas aluminium-rich binders lead to an
increased amount of acid sites, silica almost completely removes the acidity. The latter also

leads to a reduction in microporosity which might indicate pore blockage.

3.2. Probing the spatial distribution and catalytic activity of the acid zeolite particles
after shaping using CLSM

The effect of the binder and shaping procedure on the catalytic activity distribution was next
examined at the full pellet scale using fluorescence microscopy. The pellets were submerged in
an aqueous FFA solution (4 vol%) and were left to react for 24h at room temperature in the
dark. Next, the pellets were broken in half perpendicular to their long axis and the freshly
exposed surface was studied by placing these broken pellets vertically on a clean cover slide.
The used probe, FFA, undergoes an acid-catalyzed oligomerization at the zeolite Brgnsted acid
sites leading to a colored fluorescent product.*’ For this particular experiment, the aqueous
solution remains clear and colorless for the whole duration of the experiment from which we
conclude that most of the fluorescent oligomers remain confined in the H-ZSM-5 pores; this is
also in line with previous reports.?1-?2%° Hence, the fluorescence signal is representative of the
number of oligomers locally formed and can be used to map out the catalytic activity.

As a reference measurement, the used binders were submitted to the same reaction
conditions. After 24h, no fluorescence signal could be measured at the level of the support
particles (boehmite, alumina or silica) nor in the supernatant. Next, the reactivity distribution
throughout the whole cross-section (Figure 2) of the pellet was probed. The pellets were initially
imaged with a 20x objective. Sixteen tile images, each 159x159 pm?, were combined to form

the full overview image of the pellet cross-section of 636x636 um? (Figures 2A-C). Next, a Z-
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stack of 141 such slices spaced 0.25 um was recorded for each sample in order to reconstruct
the reactivity in a representative 35 pum thick slice of the intact pellet. Several areas inside the
pellet were additionally probed with a 100x objective for high-resolution images (Figures 2D-

F; 127x127 pm? field-of-view using 512x512 pixels or 248x248 nm? per pixel).

Figure 2. 2D projections of the activity assessed by measuring the fluorescence of the formed FFA oligomer over a depth of
35 (A-C) or 15 (D-F) microns of shaped Z-507 pellet using as a binder either A) boehmite, Z-507-B sample, B) peptized
boehmite, Z-507-B-a sample, C) alumina, Z-507-Al sample. D-F) show the respective high-magnification, high-resolution
activity maps of local areas of the pellets. The colour scale represents the fluorescence intensity when excited at 532 nm (2
mW in focus).

It is important to keep in mind that the parent zeolite displays some intra-crystal
heterogeneity. Indeed, populations of crystals with high and low activity and mesoporosity
coexist in the same batch related to the preparation conditions.* Based on the measurements of
the pure compounds (binder and zeolite), the fluorescence signals observed (green-yellow) in
the shaped samples can be assigned to the location of catalytically active Z-507 zeolite
crystals,While the dark zones are linked to the catalytically inactive binder fraction,

catalytically inactive zeolite crystals and the macroporous voids. Such voids are indeed
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abundant for samples shaped without boehmite peptization step (Z-507-B) or with alumina (Z-
507-Al) (Figures 2A and C), in line with the presence of macropores as determined at the bulk
scale (Table 1).

The fluorescent domains themselves show a distribution in fluorescence intensity.
Several zones in the Z-507-Al pellet (Figure 2F) were subjected to an additional 5X
magnification which results in a 3D image of the zeolites within the pellet (Figure 3). In Figures
3B-D these zones are displayed as a 2D projection of the 3D images (see the electronic
supporting information gif3D_figure 3A.gif and Gif3D_figure 3D.gif for 3D projections
rotating around their central axis). In these projections, individual clusters of active zeolites can
be seen, and the concentration and activity of these clusters vary significantly. There are several
possible causes for this inhomogeneity in observed activity. To start with, the used Z-507 zeolite
itself has a significant variation in catalytic activity.®® Further, differences in molecular
transportation throughout the pellet due to the binder, zeolite pore blockage and a spatially
inhomogeneous effect of the binder on the zeolites are additional factors that need to be

considered.

Figure 3. 2D projections of the activity assessed by measuring the fluorescence of the formed FFA oligomer over a depth of
15 micron of the Z-507-Al sample pellet (A). Three areas were probed with an additional 5X zoom (B-D). The colour scale
represents the fluorescence intensity when excited at 532 nm (2 mW in focus).
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The comparison between the different binders learns that peptized boehmite yields the most
homogeneous distribution of catalytically active zeolite crystals (Z-507-B-a sample, Figure
2B), while a more spatially heterogeneous distribution is seen in pellets made with boehmite
and alumina as binders(Z-507-B and Z-507-Al samples, Figure 2D, 2F). The peptization results
in a better dispersion of the boehmite binder particles and in an increased mixing with the
zeolite. Without peptization, binder particles cluster into aggregates spanning from several
microns to several hundreds of microns in diameter.

When silica was used as binder (Z-507-S-b) a strongly reduced fluorescence signal was
observed and the laser power had to be increased seven-fold to record the shown data (Figure
4). This indicates a strongly negative effect of the silica binder on the acid zeolites which is
likely due to i) the presence of sodium (4750 ppm) in the silica precursor which can exchange
the acid Si-(OH)-Al Brgnsted protons or ii) zeolite pore blockage by dissolved species
originating from the binder and hindering the access to the active sites. For this binder, also an

aggregation of particles and the presence of large voids are observed.

Figure 4. 2D projection of the activity assessed by measuring the fluorescence of the formed FFA oligomer over a depth of 15
micron of a Z-507-S-b pellet. The colour scale represents the fluorescence intensity when excited at 532 nm (14 mW in focus).

To quantitatively assess the binder effect on the catalytic activity, a detailed analysis of the
fluorescence intensity of the zeolitic fraction in the 15 pum thick pellet slice was performed.
Figure 5 shows intensity distribution histograms of the particles identified inside the shaped

catalyst. With respect to pure Z-507, boehmite and alumina binders all result in a shift of the
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distribution towards lower intensity, thus lower acidity, and in a broadening of the distribution
(Figure 5-A). To check if these histograms represent different populations, we performed the
Kruskal-Wallis ANOVA test which showed that between Sample Z-507-B and Sample Z-507-
Al there is a statistically significant different effect on the acidity of the embedded zeolites. Z-
507-B is the most affected sample, whereas Z-507-Al is closest to the original sample.

Peptization of boehmite (sample Z-507-B-a) results in an intermediate situation.
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Figure 5. Histogram of the mean particle intensity of the fluorescent domains in figure 3 and 4. Excited at 532 nm, laser powers:
2 mW and 14 mW for the silica binder.

The measured fluorescence intensity, and thus catalytic activity, is lowest when a silica
binder is used (sample Z-507-S-b, Figure 5-B). In comparison, samples shaped with boehmite
and alumina binders show about 10-20 times higher catalytic activity. Thus, the quantification
of the fluorescence intensity provides a much more precise method to rank the samples one
with respect to the other, if we compare with traditional methods (table 1). Silica appears to
have a dramatic effect on catalytic activity. At the individual particle level, shaping with
alumina also decreases the acidity. Among boehmite and alumina shaped samples, peptization
seems to be beneficial and both increase the mean catalytic activity and result in a much broader

intensity distribution. Sample Z-507-Al exhibits the most active zeolite domains.
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3.3. Visualizing the binder effect on individual acid zeolite particles using NASCA

In order to further visualize the impact of the binder on the catalytic activity at the level of
individual acid zeolite crystals, NASCA microscopy with single catalytic turnover sensitivity
and improved spatial resolution was employed. To study the catalytic activity of the affected
zeolites, pellets were gently crushed and sonicated in Milli-Q water to remove most of the outer
binder shell allowing easier access to the zeolite. Next, they were drop-casted on a clean cover
slide and calcined to remove possible fluorescent contaminations.

On the original Z-507 sample, several types of particles were observed by NASCA:® some
exhibit a high catalytic activity homogeneously distributed throughout the whole particle
volume, others only display activity at the outer rim of the crystals, and finally, the third group
of particles displayed no measurable activity. The same three families are observed for samples
shaped with boehmite and alumina binders (Z-507-B, Z-507-B-a and Z-507-Al, Figure 6A to
F). In agreement with the CLSM data, zeolites that were bound with boehmite show a
significant loss of activity compared to the pure zeolite.® Similar results are obtained for the Z-
507-B and Z-507-B-a samples, but with a slightly higher final reactivity when boehmite is
peptized (Z-507-B-a). The results for the zeolite shaped with alumina (Z-507-Al, Figure 6-E-
F) are in strong contrast to those shaped with (peptized) boehmite. In this case, all observed
crystals show higher activity, with a larger population of crystals that shine from their rim to
their core. In conclusion, the number of fully active crystals can be ordered as a function of the

used binder: Alumina (Z-507-Al) > peptized boehmite (Z-507-B-a) ~ boehmite (Z-507-B).
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Figure 6. NASCA reactivity maps (right) and their corresponding SEM images (left) of alumina-poor H-ZSM-5 Z-507 zeolites
shaped with different types of binders. A)-B) boehmite, Z-507-B, C)-D) peptized boehmite, Z-507-B-a, E)-F) alumina, Z-507-
Al, and G)-H) silica, Z-507-S-b, 1)-J) unshaped Z-507 reference sample.

For the Z-507-S-b sample, shaped with silica, when NASCA is performed using the same

concentration of FFA as for the sample prepared from the pellets made with alumina binders,
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almost no turnovers are observed, as expected from the CLSM measurements. Therefore the
concentration of FFA was increased twofold in order to obtain the NASCA reactivity maps in
Figure 6H. These particles (consisting out of 2 or 3 zeolite particles) show an activity
exclusively on their combined edges: this is a strong indication that most acid sites located in
the core of the crystals of Z-507 have been poisoned, while not all sites located at the rim have
been poisoned (even if a large part of these have also been poisoned, as attested by the necessity
of the FFA concentration increase). We suggest that this could be due to the migration of the
sodium present in the silica binder into the zeolite crystals. Yet, we can also not exclude a pore
blockage effect of silica, as attested by the loss of microporous volume (Table 1). DFT
calculations reported in section 3.4 further substantiate the role of sodium migration from silica

and the preferential poisoning of the core of the crystals.

3.4. DFT calculations
To better understand the experimental observations and give an atomic scale interpretation,
we performed periodic density functional theory calculations, to unravel the interaction of bulk
versus external surface sites with alumina and silica monomers, likely to be formed in the course
of the shaping and to migrate in the pore system of ZSM-5, and with sodium ions (as they are

likely to play a key role when silica is used as a binder).

e Interaction of ZSM-5 with alumina and silica monomers

Al(H20)(OH)s and Si(OH)4 monomers were considered, being the most simple models of
species that may be formed in the medium from alumina and silica binders. Their interaction
with various sites of the bulk and external surface of the zeolite was quantified thanks to the

adsorption energy AadsUmonomer defined in equation (1).

AadsUmonomer = Uzeolite-monomer — Uzeolite — Ubinder eq. (1)
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where Uzeolite-monomer, Uzeolite aNd Ubinger are the electronic energies of the zeolite interacting with
the monomer, of the “empty” zeolite and the isolated monomer respectively.

For the bulk site, the aluminium atom was placed at the T5 site, located at the
intersection between the straight and sinusoidal channels. The (100) external surface models
chosen”® exhibit an Al-(H.0) as the most stable acid site. Numerous configurations were probed
that can be classified into 3 main families, depending on the interaction mode with the
framework: 1) van der Waals and hydrogen bonding may result in non-covalent interaction, ii)
in some cases binder monomers also form covalent bonds with framework atoms, iii) finally,
proton transfer reaction from the zeolite to the binder monomer takes place in some cases. The
results also depend on the nature of the framework sites undergoing such interactions (close to
Si or Al atoms). Selected geometries are presented in Tables 2 (bulk sites) and S2 (external
surface sites). Adsorption energies are gathered in Figure 7, details being given in Tables S1
and S2.

Generally speaking, the adsorption of the alumina monomer is stronger (strongest
adsorption: -250 kJ/mol) than that of the silica monomer (strongest adsorption: -154 kJ/mol).
Both for silica and alumina monomers, the adsorption around silicon sites (strongest adsorption:
-150 kJ/mol) is generally weaker than close to aluminium (strongest adsorption: -250 kJ/mol).

For the alumina monomer, the most favourable adsorption modes correspond to
hydrogen bonding plus proton transfer from the zeolite framework (example: configuration C
in Table 2). This illustrates the basicity of the AI-OH group of the monomer, as already shown
by Benco et al. in the case of gmelinite.®° For this mode, interaction strength with the bulk and
external acid sites is of similar intensity. The modes leading to the formation of covalent
Siframework-Obinder OF Alframework-Obinder COrrespond to a more moderate energy gain, but still with
strongly negative adsorption energy, in particular when such a covalent bonding is accompanied

by proton transfer (minimal values: -198 kJ/mol). When framework aluminium sites are
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involved, p2-OH (Alv-(OH)-Aly) are formed (configurations A and B in Table 2). In some
cases, this is accompanied by the weakening of the Si-OH---Al bond, converting a bridging OH
group into a pseudo-bridging silanol (configuration B in Table 2), as proposed by DFT for
amorphous silica-alumina.5-% When framework silicon sites are involved, the reaction is less
favourable (minimal value: -105 kJ/mol), which can be linked to the formation of pentahedral
silicon (configuration E in Table 2), belonging to a Siv-(OH)-Alw group. Configurations, where
the alumina monomer is bonded to the framework through hydrogen bonds only, were also
calculated and appeared to be much more stable at the external surface of the zeolite than in the
bulk (Figure 7, Table 2 entries D and F), and more stable close to the framework aluminium
site rather than to purely silicic zones, again as a consequence of the higher basicity of oxygen

atoms close to framework Al atoms.

Binder - o o o Zeolite bulk
monomer. B + External surface
TZO ) S L On Al site:
Al OH == Covalent bonding
OH OH occumumm 00 Covalent bonding plus
L P+ HH proton transfer
_ oo == Hydrogen bonding
L Hydrogen bonding plus
OH o proton transfer
jronll
OH/SI\O%H oo o On Si site:
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" ; ; . ; . . ; . . T . .| == Hydrogen bonding
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Figure 7 DFT computed adsorption energies of alumina and silica monomers (kJ/mol) at the bulk and external surface sites of
ZSM-5. For the external surface site, a selection of data is presented following various families given in Table S2, which also
reports the exhaustive data.

Regarding the silica monomer, again the modes combining hydrogen bonding plus
proton transfer from framework Brgnsted acid sites (H in Table 2) are favoured. However, these
modes are absent at the external surface, where the Brgnsted acid site (Al-(H20)) appears to be
too weak to protonate Si-OH groups from the monomer. Thus, silica monomers interact more

strongly with bulk sites rather than external surface sites, which could be at the origin of the
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loss of the fluorescence at the core of the crystals shaped by silica, upon pore blocage by linker

residues.

Table 2. Alumina (left) and silica (right) monomer adsorption representations in the bulk of ZSM-5 depending on the nature
of the monomer, the adsorption site and the bond formed. (a) Ball and stick representation of the monomer and the adsorption
site (Al: pink, Si: yellow, H: white, O: red), (b) Schematic representation of the adsorption, atom originally from the zeolite
network are represented in red, atoms originally from monomer are represented in black.
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e Exchange of Brgnsted acid sites with Na*

Since the experimentally employed silica sources hold a non-negligible sodium content, it
is of interest to quantify the relative affinity of the sodium cations for the silica binder versus
the zeolite. Therefore, we have constructed models for sodium exchanged silica, H-ZSM-5
(bulk and external surface). Starting from the amorphous silica surface model of Tielens et al.>2
(Figure 8-a), from H-ZSM-5 bulk models (Figure 8-b), and external surface models of H-ZSM-
5,% exhibiting an Al-(H20) as the most stable acid site (Figure 8-c), a set of H*>Na" exchange

reactions (equation (2)) was simulated and their reaction energy was quantified.
Silica-Na + H-ZSM-5 2 Silica-H + Na-ZSM-5 Eq. (2)

Several exchange positions were sampled, Figures 8d,e,f depict the most stable ones. The
corresponding exchange energies are -63 kJ/mol for the bulk H-ZSM-5 zeolite, versus -27
kJ/mol for the external surface site. Notably, the latter protonated model exhibits an Al-(H20)
site as the most stable Brgnsted acid site, whereas the bulk zeolite model exhibits only Si-(OH)-
Al sites. The negative exchange energies show that the affinity of the zeolite towards sodium is
higher than that of the silica binder, meaning that sodium migration is expected to take place,
on a thermodynamic basis. This favorable Na*/H* exchange is likely to explain the decrease of
the activity measured by fluorescence microscopy in the Z-507-S-b sample, when compared to
the Z-507 sample, as well as the loss of catalytic activity in xylene isomerization.

The comparison of the exchange energies for bulk and external surface models of ZSM-5
shows that the bulk bridging OH groups are more prone to be exchanged. The lower
electrostatic field experienced at the external surface with respect to the bulk sites® might be
the reason for the weaker interaction, as well as the different nature of the surface site (Al-
(H20) at the external surface, instead of bridging OH group within the bulk). This is also in
agreement with the observation of a stronger decrease of the fluorescence intensity at the core

of the crystals rather than at the rim sites for Z-507-S-b, although the definition of the external
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surface by DFT is much more local (a few A) than by fluorescence microscopy (rims bright

over dozens of nanometers).

Figure 8. Surface models for a) silica, from Tielens et al.,> side view, b) bulk of the H-ZSM-5 zeolite, view along the sinusoidal
channel, c) external surface of the H-ZSM-5 zeolite, side view, cut along the (100) orientation, from ref. 43 . Only the topmost
atoms of the slab are shown. d), €) and f) show corresponding best models where one H* ion was exchanged with one Na* ion.

For comparison, we also computed the exchange energy starting from sodium-exchanged
alumina,® or sodium exchanged aluminated amorphous silica. The later model was built by
substituting one of the silicon atoms of the amorphous silica model by a {Al,H} pair. Results
(Table S3 and Figure S4) show that sodium-exchanged alumina would also lead to poisoning
of the H-ZSM-5 zeolite, but aluminated silica would lead to a strong decrease of the
phenomenon. This illustrates the stronger sodium affinity for aluminosilicate solids in general,

rather than pure silica or alumina, and opens perspectives to avoid sodium poisoning.
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4. Discussion
To go one step further in the atomic-scale understanding, the experimental observations
and the DFT data are linked together to determine which interaction mode leads to the observed

acidity evolution, in combination with data from the existing literature.

4.1 Alumina binders
Regarding boehmite and alumina binders and corresponding shaping procedures (leading to
the Z-507-B, Z-507-B-a and Z-507-Al samples), and according to DFT calculations,
considering the partial dissolution of alumina and the mobility of the formed species moving
from the binder to the zeolite in the course of the shaping procedure, several phenomena take

place.

Pore blockage

Pore blockage can be invoked from all the computed interaction modes of the defect-free
zones of the zeolite with the dissolved binder monomers. Pore blockage is experimentally
observed from nitrogen adsorption measurements (Table 1) and is likely stronger when the
alumina monomer gets trapped inside the zeolite framework. At the external surface, the
remaining translational degrees of freedom of the monomer may remain higher, thus giving the

entering molecule the possibility to access the zeolite microporous volume and the acid sites.

Genesis of weak acid sites

Binder/zeolite interaction modes that involve proton transfer from the zeolite to the
Al(OH)3(H20) moiety (entries A and C in Table 2) are expected to convert strong acid sites
into weaker ones, harboured by the Al(OH)2(H20)2" species. These species play the role of the

compensation cation, instead of H*. The newly generated Al-(H20) group is indeed a weaker
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acid site with respect to the original Si-(OH)-Al group.*® Upon activation, Al(OH)2(H20)." may
be dehydrated into species such as Al(OH)2(H20)*, Al(OH).", AIO*. This overall process was
proposed as the neutralization of the zeolite by aluminium species.*

In the mode depicted in entry B, a bridging OH group is converted into a Pseudo-Bridging
Silanol, known to be a weaker acid site with respect to bridging OH groups,®25-5" put still able
to dehydrate alcohols thanks to the synergistic effect of their Brgnsted and Lewis acid
moieties.%® Moreover, the same covalent mode creates a new p2-Al-OH group, which can be
described as weak Bransted acid sites, when found on y-Al,03.%* These sites are, however, not

likely to catalyze alcohol dehydration.®%°

Genesis of new bridging OH groups

The mode depicted in entry E of Table 2 corresponds to the covalent interaction of alumina
monomers with silicon-rich zones of the framework, which were initially not acidic at all. Upon
the formation of a new Si-O bond, it generates a Siv-(OH)-Alv group, which is highly likely to
behave as an additional Brgnsted acid site. Notably, these covalent interaction modes are also
likely at the external surface of ZSM-5, according to our DFT calculations: this could be linked
to the enrichment of acid sites at the external surface of zeolite Y with boehmite, reported
recently by Lakiss et al.1*

The filling of framework defects with alumina species may also be invoked. Quantified
information can be obtained from previous DFT calculations dealing with the opposite process,
namely the formation of an EFAI mononuclear species and a silanol nest, from a regular zeolite
framework site. In the case of ZSM-5 as well as for other zeolites, the overall dealumination
process was shown to correspond to a free energy loss,’"* meaning that alumination of silanol
nests will correspond to a free energy gain, thanks to the release of four water molecules for

each incorporated AI(OH)3(H20) species (Scheme 2). This reaction also forms new Si-(OH)-
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Al sites starting from a silanol nest (as suggested in the past for various zeolites shaped with
aluminium-containing binders®11:162027-29) \with a gain on Brgnsted acidity, and a reduced pore
blockage problem with respect to the interaction of the AI(OH)3(H20) species with a defect-
free zone.

The question about the balance between alumination and dealumination reactions needs to
be raised. In the current situation, where an abundant alumina reservoir is put in contact with
the zeolite, the balance between alumination and dealumination reactions is highly likely to be
dominated by the former process. Another clue is that the dealumination of zeolite is often
accompanied by the increase of the mesoporous volume, which is not the case here (Table 1).

Alumination may, however, take place only if kinetic limitations for the formation of
alumina monomers can be overcome. This is likely what explains the differences observed
between the Z-507-B, Z-507-B-a and Z-507-Al samples. Indeed, our simulations only consider
a single species, AI(OH)3(H20), expected to be obtained upon alumina/boehmite dissolution
(before thermal treatment) or as a consequence of thermal treatments (considering the mobility
of some AI** ions, in particular when boehmite is transformed into y-Al,O3 °78). Thus, the
different properties exhibited by the Z-507-B, Z-507-B-a and Z-507-Al samples may be
connected to the different monomer concentrations, depending on the chosen binders
(boehmite, y-Al203) and shaping procedure (including peptization by nitric acid or not).
Considering the higher activity observed for Z-507-Al (Figure 5), one may propose that higher
numbers of monomeric species are formed when putting y-Al203 in contact with liquid water
and the zeolite, than when starting from boehmite. It is indeed not a surprise that boehmite
(AIO(OH)) is more stable in the presence of water than y-Al2O3z, the former being the hydrated
form of the latter. Regarding the boehmite binder, it is expected that dissolution processes are
more quantitative in the presence of nitric acid, favouring the hydrolysis of Al-O-Al bridges,

on top of promotion of the dispersion of the boehmite aggregates. Thus, the alumination
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processes (at the external surface of the zeolite, or defects sites of the bulk) are more likely
during the preparation of Z-507-B-a than Z-507-B. Moreover, in the presence of nitric acid,
Al(OH)3(H20) likely is already protonated, limiting the extent of the proton transfer from the
zeolite to AI(OH)3(H20). All this may explain the activity ranking between the two samples :

Z-507-B-a > Z-507-B (Figure 5).
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Scheme 2. Reaction equations involved in the incorporation of alumina (top) and silica (bottom) monomer at point defects of
the zeolite. The reverse reactions are dealumination and desilication reactions respectively.

4.2. Silica binder
Regarding the silica-shaped sample (Z-507-S-b), a strong depletion of the acidity was observed
when compared to the original Z-507 sample as well as compared to the alumina-shaped
samples. Note that the effects of silica binders vary substantially in the literature, probably due
to variations in silica source used but also the shaping procedures. 820 Similar to the case of
boehmite and alumina binders, the question of the occurrence of dealumination may be raised,
especially since in the case of silica, the aluminium reservoir is absent. Dealumination was
indeed proposed as a possible origin of a drop in Brgnsted acidity® or framework aluminium

content®* after shaping with silica. Although the basic medium involved at the beginning of the
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shaping with silica should rather promote desilication,”” gradient-driven dealumination may
also be at the origin of the loss of acidity observed experimentally. Following our NASCA
observations, it is, however, not clear why this should take place preferentially at the core of
the crystals rather than at their rim. Thus, in the present case (ZSM-5, Si/Al =507, shaped with
ultrasil with TPAOH), dealumination is likely not the dominant phenomenon explaining the

loss of acidity. Instead, we propose three mechanisms that likely take place in our case:

Sodium exchange

Sodium exchange was found to be thermodynamically feasible from an energetic point of
view from our DFT calculations. Moreover, sodium interacts more strongly at internal porosity
sites rather than at the external surface of ZSM-5. This is compatible with the observation of a
stronger depletion of acidity in the core with respect to the rim of the zeolite crystallites.
Poisoning of ZSM-5 by Na* cations from Na-containing montmorillonite binder was already

shown in the past but without any spatial resolution of the phenomenon.®

Pore blockage

Similar to alumina monomers, all the other interaction modes of Si(OH)4 with the zeolite
framework may explain pore blocage, which is indeed observed by nitrogen adsorption
measurements. The fact that bulk sites are the ones that lead to the strongest interaction with
Si(OH)4 moieties may explain the strong depletion of microporosity observed for the Z-507-S-
b sample. The reverse trend was observed for alumina monomers, with a stronger interaction at
the external surface of ZSM-5, likely to explain why the pore blockage phenomenon is more
pronounced for Z-507-S-b than for the samples shaped with alumina and boehmite (Z-507-B,

Z-507-B-a, Z-507-Al, Table 1). Should Si(OH)4 be incorporated at the defects of the zeolite
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framework, this could limit the pore blocage phenomenon but will have no impact on the

Brensted acidity (Scheme 2).

Loss of strong Brgnsted acid sites by proton transfer to binder monomers

Our DFT calculations show that the most stable interaction mode of Si(OH)4 with ZSM-5
is hydrogen bonding plus proton transfer from the bridging OH groups of ZSM-5 (H entry,
Table 2). This was observed at the bulk sites only, the acidity of the external surface sites being
far too low to generate a Si-(OH2)" species. Assuming that the formed Si(OH)3(H20)" is only a
weakly acidic species, then the acidity depletion observed by fluorescence microscopy can be

explained.

5. Conclusion

Shaping an aluminum-poor zeolite (such as the Z-507 sample considered here, a ZSM-5
sample with Si/Al = 507) with alumina or silica binders, was shown to have a dramatic impact
on (1) the concentration in acid sites, (2) the access to the zeolite micropores and (3) the overall
catalytic performance. However, the observation and quantification of these effects could not
be reached by standard characterization techniques, whose sensitivity appeared to be too low to
rank the properties of samples based on a Si/Al=507 zeolite. Fluorescence microscopy appeared
to be a key tool to quantify and localize acidity evolutions, on full catalyst pellets level using
CLSM and on the single crystal level using NASCA. DFT calculations provided atomic scale
information about the processes that are likely at the origin of the observed features.

The phenomena shown to take place thanks to our combined experimental and theoretical
approaches are summarized in Scheme 3. For both families of binders, the resulting properties
of the shaped zeolite are the result of a complex interplay between the zeolite and the binder.

Migration of ions from and to the binder to the zeolite are shown to take place. On top of this,
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NASCA reveals a strong heterogeneity of the Z-507 crystals even before shaping in terms of
reactivity with respect to furfurylic alcohol, that induces a variability of their response to
shaping.

In the case of alumina, AI** cations (modeled in DFT by AI(OH)3(H20) monomers) are
stabilized both at the external surface of ZSM-5 and in the pore system, inducing pore blockage,
but also reacting with framework sites (i) to neutralize some of the bridging OH-groups Si-
(OH)-Al, (ii) to generate mild Brgnsted acid sites such as Al-(H20), pseudo-bridging silanols,
and po-Al-OH, (iii) generate Si-(OH)-Al when filling defects of the framework. Dealumination
may not be fully excluded, but the net balance is believed to be in favor of the alumination
process. Experimentally, a significant difference in acidity was found depending on the
boehmite and alumina binders and shaping procedure chosen. The acidity decreases when going
from a y-Al,O3 (calcined boehmite), boehmite dispersed in an acidic medium, then boehmite
shaped without acid. The differences are likely linked to the concentration in alumina
monomers, depending on the reactivity of the binder ions in the shaping medium.

In the case of silica, sodium is seen to play a major role explaining the vanishing of the
acidity properties. A thermodynamic driving force exists, that induces its migration from the
binder to the zeolite crystal core. Dealumination and migration of silica monomers (modeled as
Si(OH)y) are likely and explain the observed pore blockage. In the future, the transposition of
such an investigation to other samples with lower Si/Al ratio, and with more homogeneous
distribution of acid sites from one crystallite to another, will be beneficial. In this case standard
techniques will give quantitative information, that will be significantly enriched thanks to the
mapping of active sites offered by fluorescence microscopy techniques.

However, our observations and their atomic-scale assignments already open the door to a

better control of the evolution of the properties of the zeolite after shaping, which is crucial to

34



transfer the benefit of the laboratory scale catalyst design, to the practical implementation of

these solids.
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. AlR*migration * AIF* inducing neutralization / possibly pore blockage
Na —> Si* migration Si** inducing pore blockage / possibly weak acid sites

Scheme 3. Simplified representation of the main phenomena taking place during shaping of the Z-507 sample, as revealed by
flurorescence microscopy, textural analysis and DFT calculations. Left: fictive state with independent components (zeolite,
binder) and observed migrations. Right: state after shaping and thermal treatment. A model of the zeolite particle is chosen, the
heterogeneity of the initial Z-507 crystals is not depicted. Migrating species are named according to the cation they contain,
without further detail on the precise nature (level of hydroxylation and protonation state).
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