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Abstract

The rational control of silanol groups is still an elusive dream in zeolite synthesis. To enhance
our understanding of this phenomenon, we have performed various hydrothermal post-
synthesis treatments on nanosized Silicalite-1 using sodium molybdate, sodium chloride, and
ultrapure water to evaluate the alteration of silanol content. All treated samples exhibited a
phase transition from orthorhombic to monoclinic confirmed by X-ray diffraction (XRD).
Fourier-Transform Infrared (FTIR) and solid-state Nuclear Magnetic Resonance (NMR)
spectroscopy showed a decrease in the concentration of silanol groups in the post treated
samples. The treatment with sodium molybdate leads to the removal of approximately 98% of
the silanol groups, while the samples treated with sodium chloride and ultrapure water
showed a decrease of 90% and 20% respectively, compared to the parent silicalite-1.
Additionally, the results from pyridine adsorption followed by FTIR show that the Parent-
Silicalite-1 and the H,O-Silicalite-1 samples contain a significant amount of defects, requiring
13.55 and 11.18 pmol, respectively, to saturate all the unsymmetrical bridging sites, while for
the sample treated with sodium chloride only 1.07 umol is needed to saturate all siloxane
sites. In contrast, the treatment with sodium molybdate produced a free-defects zeolite.
Molybdenum was found to contribute to the removal of both weak and strong hydrogen-
bonded silanol groups through its insertion into the zeolite framework, while sodium played a
significant role in condensing open bridges within the zeolite framework and removing less
weak and strong hydrogen bonded silanol groups. This condensation of silanol groups seems
to be facilitated by the polarization of silanol groups in presence of Na® promoting the
formation of siloxy groups that eventually condense easily with adjacent SiOH groups,

liberating water molecules during the activation process of the samples.

Keywords: Silanol groups, nanosized zeolites, defects removal.
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Introduction

Since the discovery of Mobil-Five (MFI) zeolites in the late 1960s, studies aiming to deeply
understand their complex structures continue to emerge because of the high importance of
these materials in the chemical industry*. Silicalite-1 and ZSM-5 are two counterparts of the
same MFI phase, corresponding to the purely siliceous and the aluminum-containing MFI
zeolites, respectively?. A long-standing historical debate has centered on the space group
adopted by both zeolites either as made, with the structure-directing agent (SDA) inside the
pores, or calcined after the removal of the SDA*®. Furthermore, these zeolites exhibit a
structural symmetry transition (orthorhombic-to-monoclinic) when temperature changes’ or
when they are filled with different guest molecules®™. A recent study has shown that this
transition may also correlate with the symmetry of the SDA used*. Then, the flexibility of the
zeolite framework plays a key role in determining the adoption of symmetry.

In all the studies cited above, two Bravais lattices are involved: orthorhombic (Pnma) and
monoclinic (P2;/n). The Pnma space group is characterized by three angles of 90° and 12
nonequivalent tetrahedral sites, while the monoclinic P21/n exhibits a deviation of one angle
by less than one degree, resulting in 24 nonequivalent tetrahedral sites. According to our
previous studies, treating nanosized silicalite-1 with sodium molybdate leads to a splitting of
some XRD peaks, accompanied by the removal of silanol groups*>*®. Other treatments found
in the literature aim to fine-tune the concentration of silanol groups in zeolites through either
physical or chemical methods'>*"~*°. Given the significant impact of silanol groups on the
properties of zeolites such as hydrophobicity, thermal stability, acidity, and coke-trapping
ability, the understanding and control of such defects is of great interest*®%. However, the
understanding of such groups is far from trivial. In a recent study, we demonstrated the
complex nature of silanol groups in zeolites using a combination of NMR, IR and DFT
techniques, and categorized the silanols in four groups: isolated (non H-bonded), weakly,
moderately, and strongly H-bonded®. Notably, the distribution of silanol groups was found to
vary with the crystal size, raising questions about their reactivity and acidity. Using DFT
calculations, we calculated the deprotonation energy of these groups considering several
configurations of silanols and Brensted acid sites and we have found that silanol groups cover
a wide range of acidities, with some reaching deprotonation energies equivalent to strong
acids®. This study shed light on the favorable functionalization of nanosized zeolites with
metals compared to micron-sized zeolites'*®. Despite significant progress in recent years,

achieving rational control of silanol groups remains an elusive goal in zeolite synthesis. We
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previously reported that treating Silicalite-1 with sodium molybdate could heal silanol
groups**?®. Although the obtained Silicalite-1 was free of defects and molybdenum was
incorporated into the zeolite structure, the role of the different components present in the post-
treatment solution including H,O and Na® in healing silanol groups are still unclear. To
deepen our understanding of this phenomenon, we have performed different hydrothermal
post-synthesis treatments on nanosized Silicalite-1 using (i) ultrapure water (H,0), (ii) water
and sodium chloride (H,O + Na®), and (iii) water and sodium molybdate (H,O + Na® +
MoO,%) to evaluate the alteration of silanol content. These treatments resulted in an
orthorhombic-to-monoclinic phase transition as determined by X-Ray Diffraction (XRD), and
different degrees of silanol groups removal, as confirmed by Nuclear Magnetic Resonance
(NMR) and Fourier-transform infrared spectroscopy (FTIR) analyses.

Materials and methods

Synthesis of Parent MFI zeolite

Silicalite-1 zeolite (MFI type framework structure) was prepared from a precursor suspension
with the following molar composition: 1 SiO,: 0.28 TPAOH: 40 H,0. In a typical synthesis,
tetra-n-propylammonium hydroxide (TPAOH, 20 wt.% aqueous, Alfa Aesar) was first mixed
in a polypropylene bottle with ultrapure water under magnetic stirring, followed by dropwise
addition of tetraethyl orthosilicate (TEOS, 98%, Aldrich). The solution was kept at room
temperature under magnetic stirring for 24 h, and then hydrothermally treated at 90 °C for 42
h. After the treatment, the solid product was recovered by centrifugation and washed with
ultrapure water until the supernatant reached a pH of 7. The solid was dried overnight at 60
°C and then calcined at 550 °C for 5 h.

Post-treatments of the Parent MF1 zeolite

The silicalite-1 zeolite was post-treated under hydrothermal conditions in the following
solutions: (1) ultrapure Milli-Q water (18.2 MQ.cm), (2) an aqueous solution of sodium
chloride (NaCl, Alfa Aesar), and (3) an aqueous solution of sodium molybdate (Na;MoOs..
2H,0, Alfa Aesar). For both sodium molybdate and sodium chloride post-treatment, the
aqueous solution was prepared by dissolving the appropriate amount of salt to achieve a
sodium concentration of 0.3 mol L™ The parent Silicalite-1 was mixed with the post-
treatment solution at a solid-to-liquid ratio of 1:20 in polypropylene bottles and stirred
magnetically for 3 h at room temperature. The hydrothermal post-synthesis treatment was

then carried out at 90°C for 7 days. The treated samples were washed with ultrapure water



and centrifugation. Finally, the solids were dried at 60 °C overnight and calcined at 550 °C for
5h.

The prepared samples are abbreviated as follow: parent silicalite-1 sample is referred to as
Parent-Silicalite-1, the sample treated with ultrapure water is referred as H,O-Silicalite-1, the
sample treated with an aqueous solution of sodium chloride is referred as Na-Silicalite-1, and
sample treated with an aqueous solution of sodium molybdate is referred as Mo-Silicalite-1.
Characterization

X-ray diffraction (XRD) patterns were collected using a Bruker D8 Advance diffractometer
equipped with Cu and Ka radiation (A = 1.5418 A) with a step of 0.017° at a scanning speed
of 0.075 min™. Scanning Electron Microscopy (SEM) images and energy dispersive X-ray
spectroscopy (EDS) analyses were performed using a JEOL JSM-IT800 Schottky field
emission scanning electron microscope. SEM images were collected at low accelerating
voltage of 0.8 keV and a current of 10 nA. EDS elemental analysis were acquired using an
electron beam with a 10 keV. The particle sizes were measured with ImageJ software. 2°Si
MAS NMR experiments were performed on Bruker AVANCE IIlI (11.7 T) 500 MHz
spectrometer at a resonance frequency of 99.3 MHz. The spectra were recorded with a 4 mm
probe, spinning of 14 kHz. A n/3 pulse with a radiofrequency power of 21 kHz was applied,
and a recycle delay of 20 s was used to ensure adequate relaxation between acquisitions.
{*H}**Si CP-MAS NMR cross-polarization experiments were performed with a contact time
of 5 ms and a recycle delay of 2 s. The chemical shifts of 2Si are referenced to
tetramethylsilane (TMS).

Fourier transform infrared spectra (FT-IR) analysis of pyridine adsorbed were recorded by a
Nicolet Nexus FTIR spectrophotometer. All spectra were recorded at 64 scans and a
resolution of 4 cm™. The samples were pressed into self-supported disks with a radius of 1.6
cm and a weight of approximately 20 mg. Before the measurements, the disks were outgassed
at 450 °C for 2 h under 107 torr pressure (heating rate of 5 °C min™). After saturating the
sample with pyridine at room temperature, the sample was kept under vacuum (10~ ¢ torr)
for 30 minutes to remove physically adsorbed pyridine molecules. Spectra were acquired at
50, 100 and 150°C to estimate the desorption of pyridine. FT-IR spectra were post-processed
using Peakfit software. The spectra were deconvoluted with Gaussian functions to better
interpret and analyze specific wavenumbers. To ensure consistency of the obtained data, peak
positions were constrained at specific wavenumber range, while amplitudes and widths were
constrained. Subsequently, the software autonomously centered the Gaussians based on

wavenumber, amplitudes, and widths to fit the spectrum trend in this region accurately, using
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the appropriate number of functions. Furthermore, in order to elucidate the dynamic spectral
behavior and analyze the impact of increasing the concentration of Py, the basic probe
adsorption spectra were correlated using Two-Dimensional Correlation Spectroscopy (2D-
COS)?®. 2D-COS correlates changes in peak intensities induced by molecular perturbations,
allowing the study of molecular behavior within the zeolites. This technique serves as a potent
tool in analyzing different spectral datasets through the application of a cross-correlation
function, yielding two distinct yet symmetrical 2D plots. The first plot, termed the
synchronous plot, showcases positive peaks along the diagonal, known as auto peaks,
summarizing the observed changes within the spectral dataset. This synchronous plot
establishes relationships between spectral intensity changes that are in-phase with each other.
Conversely, the second 2D plot, referred to as the asynchronous plot, delineates out-of-phase
intensity changes, thereby enhancing resolution within the spectral region of interest.
Distinguished from the synchronous plot by its lack of peaks along the diagonal, the
asynchronous plot highlights spectral variations that occur with temporal or frequency offsets.
Both plots exhibit off-diagonal peaks, known as cross peaks, which correlate spectral changes
observed across the dataset. In our study, we employ 2D-COS to analyze the impact of
increasing the mol number of Py, leveraging its ability to discern complex molecular

interactions and elucidate dynamic spectral behavior.

Results and discussion

The SEM images of the Parent-Silicalite-1 sample with an average particle size of ~120 nm
and the post-synthesis treated samples H,O-Silicalite-1, Na-Silicalite-1, and Mo-Silicalite-1
are presented in Figure 1. As shown in Figure 1A-D, all the zeolite samples exhibit an
irregular spherical morphology and no change is observed after the post-treatment. SEM-EDS
elemental analysis shows an average Mo content of 0.26 wt% for the Mo-Silicalite-1 sample
and a Na content of 0.13 wt% for the NaCl-Silicalite-1 sample (Table S1).
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Figure 1. SEM images and particle size distribution (inset) of (A) Parent-Silicalite-1, (B) Mo-
Silicalite-1, (C) Na-Silicalite-1 and (D) H,O-Silicalite-1 samples.

The high crystallinity of the parent and post treated samples was confirmed by XRD (Figure
2). The Parent-Silicalite-1 sample exhibits orthorhombic symmetry (Pnma space group),
while the post-synthesis treated samples showed the transition to the monoclinic symmetry.
(Specifically, the splitting of the XRD peaks at 23.3°, 23.7°, and 24.4° (20) confirms the
presence of the P21/n space group for both the Na-Silicalite-1 and Mo-Silicalite-1 samples. A
more pronounced splitting was observed for samples Na-Silicalite-1 and Mo-Silicalite-1
(Figure 2B). This change is further corroborated by a clear variation in the unit cell volumes,
calculated using Le Bail refinements in GSAS-II software?”. The unit cell parameters and
volumes for the Parent-, H, O-, Na-, and Mo-Silicalite-1 samples are detailed in Table 1. The
increase in unit cell volume corresponds to expansions of 0.19, 0.26 and 0.27 % for samples
H,O-Silicalite-1, Mo-Silicalite-1 and Na-Silicalite-1, respectively, when compared to the

Parent-Silicalite-1 sample.
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Figure 2. XRD patterns in the range of (A) 3 — 80° (20) and (B) and 22 — 27° (26) of (a)
Parent-Silicalite-1, (b) Mo-Silicalite-1, (c) Na-Silicalite-1 and (d) H,O-Silicalite-1 samples.

Table 1. Cell parameters and unit cell volume of the parent and post treated samples

determined by Le Bail refinement.

Sample Symmetry| a(A) b (A) c(A) B(°) | Volume (A% | GOF | reduced X2 | wR
Parent-Silicalite-1 Pnma 20.07459 | 19.89570 i 13.37975 - 5343.85 1.74 3.02 4.14
H,O-Silicalite-1 P2,/n 19.89701 : 20.10822 i 13.38301 90.5014 5354.25 1.70 2.90 4.09
Na-Silicalite-1 P2,/n 19.89903 | 20.12017 { 13.38414 | 90.5915 5358.35 1.92 3.70 4.62
Mo-Silicalite-1 P2,/n 19.89992 : 20.11966 : 13.38175 90.6089 5357.48 1.80 3.24 4.32

Considering the atomic-level ordering, 2°Si NMR spectra show a considerable enhancement in
the spectral resolution of the Q* species, between -120 and -110 ppm, for Mo-Silicalite-1 and
Na-Silicalite-1 (Figure 3A). This region corresponds to SiO, tetrahedra surrounded by four Si
atoms?®. The 2°Si chemical shifts are intimately related to Si-O-Si bond angles. The improved
resolution indicates a higher degree of local order, as narrower angular distributions at the
tetrahedral sites lead to more uniform chemical shift values. This enhanced order is not
observed in the Parent-Silicalite-1 sample, and while the H, O-Silicalite-1 sample shows

some spectral changes, the improvement in resolution is less pronounced. The slight reduction



in defect concentration in the H, O-Silicalite-1 sample suggests that the treatment had a

minor effect, but not as significant as in the Mo- and Na-modified samples.

A B

-100 -110 -120 -100 -110
29Si chemical shift (ppm) 298j chemical shift (ppm)

Figure 3. (A) Single pulse ?Si NMR and (B) ?*Si{"H} CPMAS NMR spectra of (a) Parent-
Silicalite-1, (b) Mo-Silicalite-1, (c) Na-Silicalite-1 and (a) H,O-Silicalite-1 samples.

The post-treatments have strongly influenced the local order of the crystals in all treated
samples. To evaluate the concentration and nature of silanol groups, 2°Si{*H} cross-
polarization magic angle spinning NMR (CPMAS) spectra were recorded (Figure 3B). The
main signal, centered at around -102 ppm corresponds to Q® species i.e. SiO, tetrahedra
surrounded by three Si atoms and a hydrogen atom. This explains their selective detection in
the CPMAS spectra, even though some Q* species appearing at -110 ppm may be in close
vicinity to some silanols. A very low amount of Q2 species is observed at around -93 ppm,
which corresponds to SiO, tetrahedra surrounded by two Si atoms and 2 hydrogen atoms.
Based on the normalized intensities, the post-treatments seem to contribute to removing the
silanol groups differently in the four treatments. The zeolite structure with fewest silanol
groups is Mo-Silicalite-1, followed by Na-Silicalite-1 and H,O-Silicalite-1. This correlates

well with the improved resolution observed in the single pulse NMR spectra (Figure 3A).

The amount and type of silanols groups of the samples have been studied by FTIR

spectroscopy. The FTIR spectra (Figure 4) contain several bands in the hydroxyl region,
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which can be categorized as follows: isolated and weakly hydrogen-bonded SiOH groups
appear in the range of 3750-3735 cm™ 1, SIOH groups influenced by medium-strength
hydrogen bonding are observed between 3650-3500 cm™ ¢, and those affected by strong

19,23,29

hydrogen bonding are found in the 3580-3300 cm™ ! range
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Figure 4. FTIR spectra with deconvoluted bands in the hydroxyl region (4000-3000 cm™) of
(A) Parent-Silicalite-1, (B) Mo-Silicalite-1, (C) Na-Silicalite-1, and (D) H,O-Silicalite-1

samples.

Based on the semi-quantitative analysis of normalized FTIR spectra (Figure 5A), a 33%
reduction in the isolated silanol groups and a 2% reduction in the strong hydrogen-bonded
silanol groups were calculated after treatment of the Parent-Silicalite-1 sample with ultrapure
water (Figure 4D). Treatments with sodium molybdate and sodium chloride resulted in a 90%
and 85% reduction of the isolated silanol groups, respectively, along with a 73% and 40%
reduction in the strong hydrogen-bonded silanol groups for Mo-Silicalite-1 and Na-Silicalite-

1 samples, respectively (Figure 4B and C).
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Figure 5. (A) Semi-quantitative comparison of the sum of the weight-normalized areas of the
Gaussian functions underlying the medium and strong interactions in the region 3600-3200
cm™ (purple), isolated silanols 3740-3735 cm™ (green), and the quantitative concentration of
isolated silanols measured at 1596 cm™ in according to method reported elsewhere®. (B)
Evaluation of the weight-normalized area related to the 8a stretching mode of silanols

(1596 cm™) as a function of the molar increase of Py concentration.

Additionally, the silanol groups in the parent and post-treated samples were studied by FTIR
of Py adsorbed (Figure S.1). The FTIR spectra of the samples recorded after the adsorption of
Py show five bands at 1597, 1577, 1492 and 1446 cm™', corresponding to the 8a, 8b, 19a and
19b normal modes of the CCN vibrations, respectively®*. As the concentration of the Py
increases, the weak 19a band at 1492 cm™ corresponding to Al symmetry becomes more
pronounced. The band 19b (B2 symmetry) splits into two absorption bands at 1445 and 1433
cm ' related to pi-type ring interactions of the physisorbed Py . The band at 1597 cm™ is
associated with the 8a vibration mode, which is assigned to silanol groups bonded to Py. The
Parent Silicalite-1 and H, O-Silicalite-1 samples show a linear increase in Py adsorption,
while the Mo-Silicalite-1 and Na-Silicalite-1 samples reach a plateau at low Py concentrations
of 1.5 and 3.5 pmol, respectively. Py associated with free silanol groups is desorbed as the
temperature increases, leading to a reduction in the intensity of the 1446 cm™ ! and 1597
cm” 1 bands and a strengthening of bands in the hydroxyl region. The concentration of the
SiOH groups was quantified by calculating the molar absorbance of Py at 1597 cm™ for each
sample (g1505= 0.25 + 0.04 cm™mol™)® at 90 °C (Figure S2). The terminal silanol group
concentration decreased by 93% and 87% for the Mo-Silicalite-1 and Na-Silicalite-1 samples,

respectively (Figure 6B). This is further supported by the synchronous and asynchronous 2D-
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COS evaluation of the FTIR data (Figure 6). A comparison of spectra for Na-Silicalite-1 and
H, O-Silicalite-1 with the Parent-Silicalite-1, at incremental Py adsorption (0-4.1 pmol),
shows that the bands at 1597, 1578, and 1445 cm™ ! increase proportionally with Py
concentration (Figures S3 and S4). In the synchronous 2D-COS spectra for Mo-Silicalite-1
and Parent-Silicalite-1 (Figure 6A), a new adsorption band appears at 1489 cm~ ! (Figure
6B).
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Figure 6. (A) Synchronous correlation and (B) asynchronous correlation in 2D COS (Two-Dimensional
Correlation Spectroscopy) spectra of Mo-Silicalite-1 and Parent-Silicalite-1 samples in the 1650-1400 cm™
range. (C) Direct comparison of the spectra of Mo-Silicalite-1 (in red) and Parent-Silicalite-1 (in black) after Py
adsorption carried out dose-by-dose in the region 1650-1400 cm™. Subtraction of the normalized spectra of Mo-
Silicalite-1 and Parent-Silicalite-1 for equal numbers of moles of Py adsorbed. (D) The positive peaks represent

the component present in Mo-Silicalite-1 and absent in the Parent-Silicalite-1 sample. (E) Deconvolution of the
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FTIR spectra in the region of 1550-1400 cm™ for sample Mo-Silicalite-1 after Py adsorption at 25 °C (2.022
torr).

The adsorption of Py is directly related to the concentration of silanol groups in the samples.
The Py adsorbed on Parent-Silicalite-1 resulted in very intense absorption bands at 1446,
1580 and 1597 cm™', along with weaker bands 1495 and 1622 cm™ due to the high
concentration of silanol groups (Figure 7). The latter bands correspond to the 8a and 19a
stretching mode of the weak Lewis acid centers® and tend to disappear after heating the
Parent-Silicalite-1 sample to temperatures above 90 °C under vacuum. For the Mo-Silicalite-1
sample, these bands become more pronounced due to the presence of Lewis acid sites (Figure
7C) and exhibit a slight shift to lower frequencies. By subtracting the normalized spectra for
equal numbers of moles of Py (Figures 7D and S5), it becomes clear that the increase in these
bands is proportional to the emergence of a peak at 1456 cm™ 1, which represents the 8a
stretching mode of Lewis sites (5.31 pmol g™'; e1456= 2.22 + 0.04 cm™ mol ™). Unlike other
samples, these peaks show significant stability even at 120 °C (Figure S1), suggesting a
greater strength of these sites compared to pure silica samples reported in the literature®.
Based on the Py adsorption measurements performed on activated samples, it is possible to
assess the condensation of silanol groups and the resulting formation of strained,
unsymmetrical siloxane bonds. This is evidenced by the appearance of a band at 895 cm™ £,
which corresponds to the presence of unsymmetrical siloxane bonds (unsymmetrical siloxane
bond) *°.
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and 3.78 pmol Py and the dash-line shows the spectrum after saturation (2.052 torr). (E)
Reduction of the normalized area of the peak at 891 cm™ (%) vs the number of moles of Py
introduced into the system. (F) Py amount required for complete elimination of the peak at
895 cm™ representing the structural defects for samples Parent-Silicalite-1, Mo-Silicalite-1,
Na-Silicalite-1, and H,O-Silicalite-1.
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The intensity of the band at 895 cm™ ascribed to the number of structural defects in the
samples decreased upon the introduction of Py molecule. The reduction and eventual
disappearance of this band indicate that the highly strained Si-O-Si bridges present in the
Parent-Silicalite-1 sample break, facilitating the formation of SiOH and hydroxyl groups
bonded to Py. This observation allows for the estimation of the quantity of highly deformed
Si-O-Si bridges in the samples, as illustrated in Figure 7 E-F. The Parent-Silicalite-1 and
H,O-Silicalite-1 samples exhibit a significant number of defects, requiring 13.55 and 11.18
umol of Py, respectively, to fully saturate the unsymmetrical bridging sites. In contrast, the
Mo-Silicalite-1 sample appears to be free of defects, and for Na-Silicalite-1, only 1.07 umol
of Py is needed to saturate all the siloxane sites.

Therefore, while molybdenum contributes to the removal of a considerable amount of isolated
and weakly hydrogen-bonded silanol groups through its insertion into the zeolite framework,
as stated in our earlier studies, sodium plays a distinct role in condensing open bridges within
the zeolite framework. The removal of silanol groups is facilitated by their electrostatic
interaction with Na* , which promotes the formation of siloxy groups (SiO~ ). These siloxy
groups subsequently condense with adjacent SiOH groups, releasing water molecules during

the calcination process.
Conclusions

In this work, the removal of silanol groups using three post-synthesis approaches on
nanosized Silicalite-1 sample applying sodium molybdate, sodium chloride and ultrapure
water was explored. The post-synthesis treatments with sodium molybdate and sodium
chloride induced an orthorhombic-to-monoclinic phase transition, leading to a 0.26% increase
in unit cell volume compared to the sample treated with water. XRD,*Si NMR and {*"H}*Si
CPMAS NMR analyses demonstrated that the post-treatments resulted in varying degrees of
angular distribution for the tetrahedral sites and the removal of silanol groups, in the
following order: sodium molybdate > sodium chloride > ultrapure water. The reduction in
silanol group concentration was further confirmed by FTIR spectroscopy, showing a clear
decrease in the same order. Although the concentration of molybdenum incorporated into the
zeolite framework was relatively low (0.26 wt%, corresponding to 5.31 umol g™ of Lewis
acid sites), sodium also played an active role in these processes. The post-synthesis treatment
with sodium chloride produced effects similar to those observed with sodium molybdate,
leading to the removal of approximately 90% of the silanol groups in Na-Silicalite-1,
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comparable to the 98% removal in Mo-Silicalite-1. In contrast, the treatment with ultrapure
water (H,O-Silicalite-1) removed only about 20% of the silanol groups. This work provides
new insights into the reactivity and condensation of silanol groups in high-silica nanosized
zeolites, highlighting their relationship with flexibility and the hydrogen bond networks

established within their porous structures.
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