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This paper deals with the synthesis conditions—defect formation relationship in zeolites.
Silicalite-1 (MFI-type) is used as a model material. Samples synthesized from a system with
high basicity (at 100 °C), a system with moderate basicity (at 150 °C), and a fluoride-
containing system in neutral medium (at 170 °C) were compared. Well-crystallized materials
with sizes ca. 0.1, 1-10, and 30-40 um were obtained. The samples are analyzed by
complementary methods providing information on the short- and long-range order in the

zeolite framework. A strong correlation between the number of point defects in the zeolite
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framework and preparation conditions is established. Silicalite-1 synthesized under mild
synthesis conditions from a highly basic system exhibits a larger number of framework
defects and thus low hydrophobicity. Further, the calcined samples were subjected to
aluminum and silicon incorporation by post-synthesis treatment. The Al/Si incorporation in
the zeolite framework and its impact on the physicochemical properties is studied by XRD,
TEM/SEM, solid-state NMR, FTIR, and thermogravimetric analyses. The defects healing as a
function of the number of point defects in the initial material and zeolite crystal size is
evaluated. The results of this study will serve for fine-tuning zeolite properties by in situ and

post-synthesis methods.

1. Introduction

The most commonly utilized molecular sieve materials at large scales are the microporous
alumosilicate zeolites. These crystalline solids possess an ordered system of voids and/or
channels.!) Their structure consists of tetrahedra involving a central T atom (T = Si, Al, Ge,
B, ...) surrounded by oxygen atoms at vertices. This basic element is further connected to the
adjacent tetrahedron via shared oxygens.

The impact of zeolites on modern society in terms of the advancement of chemical process
industries and environmental protection is immense. The zeolites represent the backbone of
oil refining catalysts and petrochemicals production. They are used as catalysts in gas exhaust
systems, as sorbents in gas separation, as water softeners in solid detergents, remediation of
municipal water, capturing radioactive nuclides, etc.?® The zeolite applications stem from
their unique properties (shape-selectivity, ion-exchange capability, acidity/basicity,
hydrophobicity/hydrophilicity, adsorption capacity) that are governed by their crystal
structure (framework type) and chemical composition.™®! Further, the size and morphology of
the zeolite crystals substantially affect their performance in these applications.*Y These
zeolite features determine the effectiveness of the ion-exchange process, impose diffusion
limitations, control the quantity of adsorbed molecules as well as influence the (hydro)thermal
stability of zeolite materials since the contact surface between zeolite and the entity of interest
depends on the size and shape of the crystal. The optimal performance of zeolite material
results from a subtle interplay between their crystalline network, chemical composition-
related properties combined with the crystals' size and morphology. For this reason, it is
necessary to bear in mind all the properties of zeolite crystals when considering their potential
usage and related operations, e.g., their transport through pipes in industrial facilities.™?

Accordingly, it is expected that processes of modulating the properties of zeolites via various
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top-down approaches such as post-synthesis treatments will depend on the intrinsic properties
of the crystal. For instance, the hollow structures harvested upon desilication of beta zeolite
crystals retain the high crystallinity of parent material.*® In terms of post-synthesis fine-
tuning zeolite properties aiming to adjust the Si/Al ratio, the method proposed by Breck and
Skeels was found to be particularly efficient for the enrichment of silicon content.™ Therein,
FAU-type material treated with ammonium hexafluorosilicate solution presented fewer
framework hydroxyl vacancies and higher structural stability. Additionally, the amount of
extra-framework Al was reduced.

The preparation conditions determine the zeolite properties.!? Indeed, zeolite synthesis
conditions directly affect the properties of the final product at all levels, from the nature of the
T atom incorporated in the framework, the morphology and size of formed crystals, but also
the level of crystallinity, the size of the coherent crystalline domains and the framework
defects.[*>®! As an illustration, recently, Tanigawa et al. have shown that the variation in the
Si/Al ratio in the synthesis mixture as well as changing the Si and/or Al sources yields CHA-
type materials of different sizes.”*” Shinno et al. reported that the initial content of Ge controls
the phase composition of the end product in the preparation of chiral STW-type material.[*®]
Besides, the addition of Mo to the preparation system resulted in nanosized Mo-ZSM-5
zeolite with higher structural stability under hydrothermal steaming conditions and fewer
silanols, especially silanol nests defects, compared to the reference Mo-free counterpart
material.l'¥) Clearly, these characteristics straightly determine the physicochemical properties
of a zeolite, including the (hydro)thermal stability and the catalytic and adsorption
performance. It was shown that the zeolite materials obtained from fluoride-containing
reaction media normally present larger crystals possessing fewer defects rendering them less
prone towards deactivation and consequently more active as catalysts.?>?!) The defect sites
were also identified as one of the factors affecting the hydrothermal stability of zeolites, thus
representing a bottle-neck for their application since they exhibit a higher affinity towards
water.) Point defects in zeolite structure, i.e., a missing T atom within zeolite lattice, are
manifested as silanol nests — a group of four Si-OH groups which may interact via hydrogen
bonds.!??! Other common types of defects in zeolites are associated with non-bridging oxygen
atoms (=Si-0), which occur through incomplete condensation of silicate species during
zeolite synthesis.*

This study is dedicated to the synthesis—properties relationship in zeolites by establishing the
dependence of zeolite features on the preparation conditions. Particularly, the focus of this
study is the impact of physical and chemical parameters on zeolite framework defects
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formation. Besides, the study demonstrates how the drawback of a large number of structural
defects could be turned into an advantage that facilitates the engineering of zeolite properties
by post-synthesis treatment.

2. Results and discussion

2.1. Characterization of the silicalite-1 materials

XRD patterns (Figure 1) of the studied silicalite-1 samples present the reflections
corresponding to the MFI-type zeolite framework. Considering that the XRD measurements
were conducted under identical conditions, the highest peak intensities and the cumulative
pattern intensity in the micro-sil-1 samples signify a higher ordering degree. The nanosized
silicalite-1 crystals are uniform in size and morphology, as shown in the SEM image in Figure
1. According to the DLS analysis (Figure S1), the nano-sil-1 ranges from 60 to 230 nm, with a
maximum at 114 nm. The crystals are rounded without any expressed crystal face. In contrast,
the coffin-shaped morphology with well-developed faces was observed in micron-sized MFI
samples (Figure 1). Such features are common for MFI-type materials. The size of the crystals
obtained from OH and F~ medium is 1-10 um and 30-40 pum, respectively.

The morphological features of the three samples reflect in the N, physisorption isotherms
(Figure S2). The nanosized MFI-type materials exhibit a combination of type | and type 1Va
physisorption isotherm with H4 hysteresis loop at p/po > 0.8 typical for aggregated nanosized
particles.! On the other hand, micron-sized MFI-type materials exhibit type la isotherm with
a sharp uptake at low relative pressures followed by horizontal adsorption and desorption
branches, indicating a relatively small external surface area.™ All materials present high
micropore volume in accordance with their high crystallinity (Table 1). Besides, the Sget area
and Vimeso Value of the nanosized sample (501 m°g?, 0.43 cm®g?) are higher than those of the
micron-sized ones (371 mg*, 0.01 cm®y%; 375 m%g %, 0.02 cm3g™Y) due to the presence of

textural mesopores between the zeolite crystals.
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Figure 1. XRD patterns (A) of the studied silicalite-1 materials and their respective SEM

images: (B) micro-sil-1-F, (C) micro-sil-1, (D) nano-sil-1.

Table 1. XRD, nitrogen physisorption, chemical, TG, NMR and IR analyses of the studied

series of MFI-type zeolite materials.

Sample f®  Seger Vimic /| Vieso SI/AI" SiOHeq SiOHin weight loss 4z
m’g™] [em’g™]  [em®g™] [umolug™]  [umolng™]  [%]” [umolg™]”
nano-sil-1 1 501 0.16 0.43 1083 2084 7.0 (9.6) 0
nano-sil-1-Al 1.06 518 0.16 0.41 45 1901 1742 7.4 (9.6) =17
nano-sil-1-Si 1.09 387 0.15 0.30 703 706 1.4 (1.8) -1947
micro-sil-1 1 371 0.17 0.01 140 744 1.7 (2.6) 0
micro-sil-1-Al 1.15 385 0.17 0.03 73 102 575 2.7 (4.2) -157
micro-sil-1-Si 0.92 427 0.17 0.03 139 546 1.2(1.7) -202
micro-sil-1-F 1 375 0.18 0.02 25 0.6 (0.8) -
nano-ZSM-5 1 516 0.17 0.38 42 2478 2877 8.7 (11.5) 0
nano-ZSM-5-Al  1.04 448 0.14 0.37 14 3169 1115 11.5(15.3) -716
nano-ZSM-5-Si  1.14 350 0.15 0.20 57 786 2420 8.5 (11.1) -1885

Y. — relative crystallinity calculated with respect to parent material in each series; “weight

loss up to 200 °C and for the whole measurement range (25 - 800 °C; values in the brackets);

“defect structure factor 4 is calculated according to the previously published method using

nano-sil-1 as reference material.**



Silanol groups in zeolites develop on sites where framework bonds are terminated, such as on
the outer surface of the crystal or at the framework defects. Herein, different silanols,
representative of different types of defects, were studied by *H MAS NMR (Figure 2A), and
their respective amounts are summarized in Table 1 (column 4z). The set of experimental
results reveals a strong impact of synthesis conditions on the number of silanols. In line with
previous findings, F-medium yields nearly defect-free crystals, whereas, in the OH-system,
the samples present a significant amount of SiOH groups. Moreover, fewer defects are
generated at higher synthesis temperatures, i.e., 150 and 170 °C. The use of a highly basic
TPA-rich mixture at low crystallization temperature causes generation of the largest amount
of framework defect in nanosized crystals. The number of framework defects in micron-sized
crystals is lower, which is a consequence of lower basicity and higher crystallization
temperature. Namely, in the OH systems for synthesis of all-silica zeolites the positive
charge of the structure directing agent is balanced by siloxy defects, =Si-O . Thus, increased
concentration of hydroxide anions, therewith increased concentration of cations, contributes
to generation of higher number of framework defects as more silanols get deprotonated to
compensate the charge of cations. Further, at elevated reaction temeperatures the coalescence
and ordering of silicate species occurs more rapidly meaning that the crystal growth rate is
faster under these conditions. However, the supersaturation is lower at higher temperatures
due to increased solubility. Generally, the dominant crystal growth mechanism at low
supersaturations is spiral growth resulting in crystals of smooth surface. At higher
supersaturation values prevails 2D growth mechanism via adhering growth units to the
surface nuclei. Statistically, stacking sequences discordance becomes more probable when
there are more nutrients. Hence, defect-rich crystals of roguh surface are obtained from much
supersaturated systems. Consequently, when the reaction temperature rises and
supersaturation becomes lower, the organization of the zeolite building units is more precise
and less prone to formation of defect sites. Herein, the lowest number of framework defects is
detected in the fluoride medium synthesized sample due to the slow crystal growth rate (the
supersaturation in fluoride media is lower) as well as the ability of fluoride anion to balance
the positive charge of TPA™ cation in the zeolite structure by forming pentacoordinated [(Si-
0-)4SiF ]. Subtle interplay of described phenomena leads to the crystallization of materials of
different properties. These conclusions are based on the combined *H NMR — TG analysis
(Figure 2B). The presence of silanols in silicalite-1 renders the materials partially hydrophilic,
which was demonstrated by *H NMR spectra of a studied set of all-silica MFI-type zeolites
upon water adsorption and by the TG analysis of hydrated samples (Figure S2B, Figure 2B,
6



Table 1). Namely, the amount of physisorbed water on zeolite materials (associated with
weight loss up to 200 °C; Table 1, values in the brackets) is higher as the number of SiOH
defects in zeolite crystals gets augmented as substantiated by water adsorption

experiments./*!
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Figure 2. '"H MAS NMR spectra of silicalite-1 samples prepared from different synthesis
mixtures (A) dehydrated at 400 °C in vacuum line and (B) TGA curves of the silicalite-1

samples upon hydration in 77% humidity atmosphere.

To sum up, we prepared highly crystalline MFI-type zeolite materials with different
morphology, size of the crystals, and hydrophobicity/hydrophilicity. Nanosized silicalite-1
(60-230 nm) with relatively high hydrophilicity was prepared in a highly alkaline system at
low crystallization temperature (100 °C). The silicalite-1 crystals synthesized at higher
temperature (150 °C) at moderate alkalinity exhibits certain hydrophilicity since they adsorb
2.6 wt.% water in a 77% humidity atmosphere. On the contrary, crystallization in a neutral
fluoride-containing system at high temperature (170 °C), where slow crystal growth is
favored, affords large, almost defect-free, MFI crystals (30-40 um) of low affinity towards
water (0.84 wt%). Specifically, at higher OH concentration, the ratio = SiO /= SiOH
increases and prevents the complete condensation to =Si-O-Si=; this effect is accentuated
when a relatively low synthesis temperature is used. In the F-medium, the pH is lower, and
there are fewer =SiO  entities. Besides, the slow crystal growth limits defect formation.
Further, the zeolites having a high amount of defects were subjected to post-synthesis
treatment with solutions of Al or Si compounds aiming to incorporate additional framework
atoms and modify/improve their physicochemical properties. For the sake of comparison,
nanosized ZSM-5 samples (90-400 nm) were also included in this set of experiments.



2.2. Post-synthesis modification of MFI-type zeolite

XRD patterns of Al and Si modified samples (Figure S3) show high and even improved
crystallinity in respect to the parent materials (Table 1). Moreover, the particle size remains
unaffected by any applied modification procedures as revealed by SEM and DLS analyses
(Figure S4, Figure S5). Nitrogen adsorption (Table 1, Figure S6) shows minor fluctuations of
micropore volume in studied zeolites. In contrast, external surface area and mesoporous
volumes indicate that any moieties get deposed on the crystal surface of crystals during the

treatment.

20 nm

Figure 3. HR TEM images of nano-sil-1 (A, B), nano-sil-1-Al (C, D), and nano-sil-1-Si (E, F).

TEM analysis of the series of nanosized silicalite-1 samples (Figure 3) reveals that the
respective nanoparticles are complex agglomerates constituted by the superposition of thin
MFTI crystallites. In line with DLS findings, the crystals’ size is constant in all of the studied
samples. Moreover, the crystal morphology remains preserved in the treated samples. Further,
no amorphous layer is observed on the surface of the particles after the post-synthesis
treatment. Finally, the STEM EDX analysis (Figure S7) shows that in the aluminated nano-
sil-1 the Al is uniformly distributed within the crystals.
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The set of experimental results show that the post-synthesis Al and Si incorporation in MFI
framework does not affect the zeolite intrinsic features in terms of their crystallinity, textural
properties, size, and morphology. However, to evaluate the potential impact of post-synthesis
framework modification on the performance of newly obtained materials, atomic-level
information is required. Therefore, a comprehensive spectroscopic investigation has been
conducted to ascertain the features of modified materials from the point of view of their water
adsorption affinity, the nature of the existent silanol groups, including the Al and Si atoms'

local environment. The collected results are presented in the following sections.

2.2.1. Thermogravimetric analysis

The weight loss observed in the TG and respective dTG curves of the hydrated studied MFI-
type materials (Table 1, Figure S8) is ascribed to the removal of water molecules since the
main events in all samples occur below 200 °C. As expected, the total weight loss is higher in
the nanosized samples having greater specific surface area and more defects than the micron-
sized materials. Compared to the initial samples, in the Si-treated materials, the general trend
is less water adsorbed, whereas the aluminated materials present a larger or identical amount
of adsorbed water. Notably, despite the distinct quantity of the adsorbed water on the initial
silicalite-1 materials, the water amount is nearly equal in the Si-treated samples, no matter the
crystal size. The results indicate that the silication renders the zeolites more hydrophobic,
while the Al-treatment increases the affinity towards water. Moreover, in term of reducing the
water adsorption capacity, the silication causes a more pronounced effect in the nanosized
materials.

2.2.2. IR analysis

The differences in the IR spectra in the hydroxyl groups region (Figure 4) of the studied
samples are reflected as the net change in defect structure factors between the starting zeolite
and the product material (42, Table 1). It enables the estimation of the relative number of
defect sites as reported elsewhere.**! Herein, the total amount of silanols determined on the
grounds of *H NMR of the parent material was taken as the reference value. The declining
defect structure factors of the modified samples strongly imply that both kinds of processes
render defect healing. From that point of view, the silication is more efficient than
alumination. Besides, the smaller size, i.e., larger external surface available for contact with
the treating agent and shortened diffusion path-way, causes a more expressed effect. In
addition, for micro-sil-1 the outcome is less dependent on the nature of the modification

process. Furthermore, the collected spectra provide insight into the Bransted acid sites in the
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studied materials. In ZSM-5 series (band at 3612 cm %) the Bransted sites remain unaltered in
both Al- and Si-treated samples, while in nano-sil-1-Al some are generated (3607 cm™?). This
redshift of the Bronsted acid sites band compared to ZSM-5 is ascribed to the perturbation of
the bridging OH groups by extra-framework Al (EFAI) species rendering these entities highly
acidic.?” Moreover, in nano-sil-1-Al the EFAI is indicated by the band at 3675 cm .
Finally, it is interesting that no matter the treatment, the silanol nests (3550-3400 cm™")
remain in the micron-sized series presenting a redshift of the bands’ maximum, thus
indicating a difference in the H-bonds among the SiOH groups.”® Besides, in the micron-
sized series, are observed bands at 3696 and 3686 cm " that are assigned to loosely H-bonded

hydroxyl groups (almost free) located at internal positions.!*"!
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Figure 4. Normalized IR spectra in the hydroxyl groups region of the studied MFI-type
zeolite materials (A — nano-sil-1; B — micro-sil-1; C — nano-ZSM-5).

2.2.3. NMR study
The deconvoluted *H NMR spectra of the studied materials are depicted in the Figure 5 and
the respective peak assignations are given in the Table S1. The spectra reveal a certain
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amount of retained adsorbed water despite the heating at 200 °C preceding the experiment.
Again, there is a marked difference between micron- and nanosized samples subjected to
post-synthesis treatment. As to the initial material, the profile of the micron-sized samples'
spectra is rather unaltered upon the modification. Still, the difference is the enlarged
contribution of silanol nests (4.5 ppm) in the spectrum of micro-sil-1-Si and thus a higher
quantity of water (2.8, 5.7 ppm). Further, the post-synthesis process changes the distribution
of H species in the nanosized MFI-type materials. Besides, depending on the method, some
moieties become more discerned and/or new ones appear. The Al incorporation leads to the

generation of Brgnsted sites and EFAI species in nano-sil-1 (4.4, 7, 2.5 ppm).

nano-sil-1-5i micro-sil-1-5i nano-ZSM-5-5i

A
1 1 1 1 1 1 1 1 . i " 1 1 i 1 1 1 1 1 L 1 1 1 1 1
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I - i L

I 1 1 1 i 1 1 1 I 1 1 1 i | 1 i 1 i 1 1 1 1 1 1 1 I 1 L 1 n L 1 1
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nano-sil-1 micro-sil-1 nano-ZSM-5
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Figure 5. Normalized *H MAS NMR spectra of studied MFI-type zeolite materials with the

respective deconvolution curves. The value of y-axis is identical in all spectra.

Furthermore, in this material, the features of isolated silanol groups (1.05, 1.2 ppm) become
more expressed. Analogously, the resonances corresponding to bridging SiOHAI groups (4.5,
5.5 ppm) and EFAI (2.7 ppm) get enhanced in nano-ZSM-5-Al, confirming the incorporation

of supplementary Al atoms in the framework. The alumination, however, generates additional
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aluminous deposits within the zeolite voids. Besides, the emergence of the bands at 0.8 and 7
ppm suggests the formation of new types of EFAI groups and Brgnsted acid sites, respectively.
Also, other non-hydrogen bonded silanols develop, giving rise to peaks at 1.05, 1.2, and 1.4
ppm. In both Al-treated nanosized zeolites, a signal at 6.7 ppm stems from the NH," charge-
balancing cations is observed. The presence of ammonium is a consequence of the use of NH3
solution with the aim to extract the excess Al. The outcome of the treatment of nanosized
MFI-type materials with (NH4)2[SiFs] is the diminution of the total spectral intensity
compared to the initial materials. Regarding the number of H atoms in the studied samples,
the results indicate the reduction of silanols, which means that the net amount of defect sites
in the zeolite framework has declined. Likewise, less silanols signify fewer sites available for
bonding/adsorbing water. Further, in Si-modified nanosized ZSM-5 are present tetrahedral Al
sites along with the enlarged fraction of the extra-framework species (2.7 ppm). Namely, the
relative contribution of this signal to the total spectral intensity is 5.5% in nano-ZSM-5,
whereas in nano-ZSM-5-Si it reaches 8%. Hence, it is deduced that the framework Al is
partially eliminated during the silication process.

2"Al NMR spectra of the studied MFI-type samples (Figure 6) provide information on the Al
environment in these materials. Post-synthesis modification with AICI; solution induces
incorporation of Al into zeolite framework (tetrahedral coordination, 54 ppm; 3607 cm* in
IR; 4.5 ppm in *H NMR) and formation of a small fraction of extra-framework octahedral Al
species in nano-sil-1-Al (0 ppm; 3675 cm ™ * in IR; 2.7 ppm in *H NMR). On the other hand, in
micro-sil-1-Al the dominant Al entities are extra-framework octahedrally coordinated dimers
and/or trimers found at 6.5 ppm with some tetrahedral Al having a somewhat different
environment than in nano-sil-1-Al and ZSM-5 since the corresponding peak lies at 58 ppm.!
Furthermore, higher intensity of 54 ppm signal indicates that in zeolite ZSM-5, additional Al
atoms are embedded into the framework upon the alumination (3612 cm ™ in IR; 4.5, 5.5 and
7 ppm in *H NMR). Besides, via this approach are produced octahedral EFAI moieties giving
rise to the resonance at 1.5 ppm. Potentially, some of these species may be correlated with the
0.8 ppm signal observed in *H NMR spectrum. A slight decrease of the area of the resonance
around 0 ppm in the nano-ZSM-5-Si-calc compared to the initial material indicates that some
extra-framework Al deposits in zeolite voids may be extracted during the treatment with
(NHg)2[SiFg].**!

13



micro-sil-1-Al

nano-sil-1-Al

nano-ZSM-5-Si

nano-ZSM-5-Al

nano-ZSM-5

1 1 1 1 1 1 1 | 1
150 100 50 0 -50
S [ppm]

Figure 6. Normalized >’Al MAS NMR spectra of aluminated silicalite-1 samples (A) and a

series of nanosized ZSM-5 samples (B).

The ?Si NMR spectra (Figure 7) of the initial silicalite-1 samples are not well resolved,
suggesting inhomogeneity of environments of Si atoms and thus the presence of structural
defects. These spectra are decomposed into several signals that represent at least 12 non-
equivalent crystallographic sites (T sites) in the MFI-type materials. The contribution of the
peaks at -91 ppm that originate from geminal Q? ([(HO),-Si-[(OSi),]) Si species is almost
negligible. The signals at —102 ppm correspond to Q* ([(HO)-Si-[(OSi)s]) silicon sites and
become amplified in the #Si {1H} CP NMR spectrum (Figure S9). Close inspection of the
micro-sil-1 spectrum reveals two different environments of Q2 silicon species manifested by
two components contributing to the shoulder at —102 ppm. This is correlated with the two
types of silanol groups found in the IR spectra: free (3755-3700 cm ) and loosely H-bonded
OH groups (3696 and 3686 cm ™). Q* ([Si-[(OSi)4]) features exhibit signals between —108 and
—118 ppm. The post-synthesis treatments result in more discerned 2°Si NMR spectra in the
case of both nano-sil-1-Al and nano-sil-1-Si. Besides, the relative area of the Q2 signal

diminishes and is particularly low in nano-sil-1-Si. Furthermore, in the respective %Si {"H}
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CP NMR spectrum, the band of Q3 Si is the most prominent while the =91 and —114 ppm
signals are fairly enhanced. Although this kind of spectrum is not quantitative, the observation
that the ?°Si {*H} CP NMR spectrum of the nano-sil-1-Si sample is rather poor compared to
the initial material (higher signal-to-noise ratio in nano-sil-1) implies that the total amount of

defects is lower in the samples treated with (NH)2[SiFs].
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Figure 7. *°Si MAS NMR spectra and the respective deconvolution curves of the parent

silicalite-1 samples and the Al- and Si-treated counterparts.

Hence, it is deduced that the incorporation of T atoms in the zeolite framework by this mode
of post-synthesis treatment is highly efficient in terms of defects’ healing. Opposite to the
effect in nano-sil-1-Si, silication of micron-sized material decreases the ordering degree
reflected in less resolved 2°Si NMR spectrum of micro-sil-1-Si than of the initial material.
Besides, the fraction of Q silicon sites is amplified in the treated sample. However, in #Si
{1H} CP NMR spectrum of micro-sil-1-Si, the relative contribution of Q* is higher than the
Q3 species. Likewise, the overall intensity of the *°Si {*"H} CP NMR spectrum of the micro-
sil-1-Si is higher than for the parent sample. Clearly, the silication of micron-sized silicalite-1
is not as effective as in nanosized material, and additional defect sites were generated via this
process. This could be explained by fundamental properties of nano- and micron-sized
crystals — larger crystals have lower surface area exposed to contact with the solution of

silication agent. Moreover, nano-sil-1 is a hierarchical material presenting mesopores smaller

15



than 5 nm (TEM images, Figure 3) which also prompts achieving proximity of silication agent
and crystal surface. Thus, with respect to nanosized sample in micro-sil-1 sample there is
lower probability for the analogous post-synthesis modification process to take place under
the same conditions of the treatment. Besides, not each incorporation of a new framework
atom is completely successful, i.e. a discontinuity between SiO, tetrahedra (Q° site) might
occur. Recent findings on effective defect healing via recrystallization in water solution of
TEAOH and NH4F at 170 °C suggests that further optimizing the conditions of the silication
treatment (temperature, duration period, concentration of ammonium hexafluorosilcate)

should produce materials with higher connectivity level."

3. Conclusion

We studied the number of framework defects in silicalite-1 crystals as a function of synthesis
conditions. It was found that the basicity of the system and the crystallization temperature
have a pronounced effect on the number of framework defects and, accordingly,
hydrophobicity/hydrophilicity of the zeolite. Thus, the material synthesized at a relatively low
temperature (100 °C) from a highly basic system exhibited a larger number of framework
defects, while the one synthesized from a neutral system at a high temperature (170 °C)
presented the lowest quantity of silanol-type defects. Hence, the framework defect number in
a zeolite is determined by the complex interplay between the synthesis medium, the reaction
temperature, and the crystal growth rate. Namely, the nucleation and crystal growth rate are a
function of saturation of silicate species that is low in fluoride medium rendering slow crystal
growth and the formation of almost defect-free crystals. In contrast, the concentration of OH™
ions governs the condensation as well as protonation of silicate anions. This effect is stronger
at lower temperatures leading to a less-connected framework.

We developed procedures for post-synthesis Al and Si inserting in the zeolite framework.
Upon being subjected to these procedures, zeolites possessing a higher number of framework
defects have produced materials with fewer defect sites. The T atom anchoring into lattice
positions and the subsiding of silanol defects is particularly noticeable in the case of
nanosized MFI-type materials. Indeed, it is surmised that the larger external surface and
shortened diffusion path of nanocrystals contribute to the efficiency of the post-synthesis
modification process. Further, no matter the sample, more silanol defects are healed in the
presence of a silication agent than due to Al treatment.

The collected set of results delivered findings on the opportunities of engineering defect sites

within zeolite crystals via a direct synthesis approach as well as by employing post-synthesis
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modification processes. Guidelines to prepare materials possessing fewer point defects and
consequently of higher hydrophobicity are provided and represent the basis for designing
zeolite materials of enhanced (hydro)thermal stability.

4. Experimental Section

Zeolite preparation: The nanosized silicalite-1 zeolite (sample denoted as nano-sil-1) was
synthesized using tetrapropylammonium hydroxide (TPAOH, Alfa Aesar, 1M),
tetraethoxysilane (TEOS, Aldrich, 98%), and doubly distilled water produced in our
laboratory. Firstly, the needed amount of TPAOH was mixed with the water in a
polypropylene bottle, followed by the addition of TEQOS, yielding a reaction mixture with the
following molar composition 25 SiO, : 9 TPAOH : 480 H,O. TEOS was hydrolyzed
overnight and subsequently hydrothermally treated at 100 °C for 30 h in a preheated
convection oven. The recovered solid phase was washed with distilled water until a neutral
pH was attained. The washed material was calcined at 550 °C for 5 h. The temperature of
550 °C was reached with a heating rate of 1.75 °C min™*.,

The micron-sized silicalite-1 zeolite (sample denoted as micro-sil-1) was obtained from the
synthesis mixture having the molar oxide composition 25 SiO, : 3 TPAOH : 1500 H,O
prepared by admixing the needed amounts of TPAOH, water, and TEOS in a polypropylene
bottle. After the hydrolysis of TEOS that was conducted overnight, the reaction mixture was
charged into Teflon-lined autoclave and placed into a convection oven preheated at 150 °C for
24 h. The recovered solid phase was treated in the same way as the nano-sil-1 material, i.e.,
washed with water until a neutral pH and calcined at 550 °C for 5 h. The temperature of
550 °C was attained with a heating rate of 1.75 °C min ™.

Micron-sized silicalite-1 crystals were prepared using F as mineralizer (sample denoted as
micro-sil-1-F) from the system 1 SiO; : 0.08 TPABr : 0.04 NH4F : 20 H,O by mixing the
appropriate amounts of water, fumed silica (SiO,, Sigma, 99.8%), tetrapropylammonium
bromide (TPABr, 98%, Aldrich) and ammonium fluoride (NH4F, 98%, Aldrich). The
synthesis was performed at 170 °C for 9 days. The recovered powder was washed with water
until a neutral pH and calcined for 5 h at 550 °C. The temperature of 550 °C was attained with
a heating rate of 1.75 °C min™.

The nanosized ZSM-5 zeolite (sample denoted as nano-ZSM-5) was prepared from the
reaction system having the initial Si/Al = 150 and molar composition 25 SiO; : 0.0833 Al,Os :
9 TPAOH : 480 H,O. TPAOH, doubly distilled water, TEQOS, and aluminium isopropoxide

(Fluka, >98%) were stirred overnight in a polypropylene bottle and transferred into a
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preheated convection oven at 100 °C for 3 days. The final product was harvested by
centrifugation and washing with water until reaching a neutral pH followed by calcination for
5 h at 550 °C. The temperature of 550 °C was reached with a heating rate of 1.75 ° C min”.
Post-synthesis modification: The alumination procedure was conducted by suspending 1 g of
calcined MFI-type zeolite material in 50 g 0.4 wt. % aluminium chloride hexahydrate (Merck,
97%) solution. The mixture was stirred at 80 °C over-night. After the treatment, the solution
was decanted, and the excess Al was washed away first by washing with NH; solution
(c(NH3) = 0.1 mol dm™3, Alfa Aesar) and then with distilled water. The separation of the
liquid and solid parts was made by centrifugation. The aluminated samples were denoted by
adding the suffix “-Al” to the label of the sample, e.g., “micro-sil-1-Al” stands for aluminated
micron-sized silicalite-1 sample.

The silication procedure was carried out at 80 °C for 72 h. Herein, 1 g of calcined MFI-type
zeolite material was dispersed in 54 g of water and agitated at 80 °C. After 1 h, when the
temperature of the suspension was equilibrated, 25 g of an aqueous solution of ammonium
hexafluorosilicate (c(NH4)2[SiFs]) = 1.6 x 10° mol dm™, Prolabo, 98%) was added
dropwise.™! The solid was recovered by centrifugation and repeatedly washed with hot
distilled water. Finally, it was calcined at 550 °C for 5 h. The silicated samples were
designated by adding the suffixes “-Si” to the label of the sample, e.g., “micro-sil-1-Si”
represents micron-sized silicalite-1 sample that was treated with (NH4),[SiFg] solution and
subsequently calcined for 5 h at 550 °C (heating rate of 1.75 °C min™%).

Physicochemical characterization: The powder X-ray diffraction of the samples was
measured employing a PANalytical X’Pert Pro diffractometer with Cu Ka radiation (4 =
1.5418 A, 45 kV, 40 mA). The electron micrographs of the prepared crystals were collected
by MIRA-LMH (Tescan) SEM equipped with a field emission gun. For TEM analysis, an
analytical double (objective and probe) corrected JEOL ARM200CF microscope equipped
with a 100 mm Centurio EDS detector was employed. An accelerating voltage of 120 kV was
applied. HR STEM-HAADF (high resolution scanning transmission electron microscopy
high-angle annular dark-field imaging) and BF TEM (bright-field transmission electron
microscopy imaging) approach were employed for the medium and high-resolution imaging
and STEM EDX for assessing the chemical composition. The camera length was fixed at 8
cm.

The textural properties of the samples were assessed on the grounds of the nitrogen
adsorption/desorption isotherms using a Micrometrics 3Flex volumetric adsorption analyzer.

Prior to the measurement, the samples were degassed at 300 °C under a vacuum overnight.
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The specific surface area, Sger, was calculated according to the Brunauer-Emmett-Teller
method, whereas the total pore volume was taken from the nitrogen adsorbed volume at
p/po=0.95. The t-plot method was employed for the estimation of the micropore volume.
Further, the mesoporous volume was determined as the difference between the total and
micropore volumes, Vimeso = Viotai-Vmic-

The solid-state °Si, *H, and #®Si {*H} cross-polarized (CP) magic-angle spinning (MAS)
NMR spectra were acquired on a Bruker Avance I11-HD 500 (11.7 T) spectrometer using 4
mm-OD zirconia rotors. Single-pulse excitation of 2.3 ps was used for °Si MAS NMR
experiment and 20 s of recycling delay at a spinning frequency of 12 kHz. *H MAS NMR was
performed on samples dehydrated at 200 °C. A Hartman-Hann echo was used with a z/2 pulse
of 4.25 us, a spinning rate of 14 kHz, and a recycle delay of 2 s. *°Si {*H} cross-polarized
(CP) MAS NMR spectra were recorded with a contact time of 7.5 ms and a recycling time of
3 s. Finally, 2’Al MAS NMR was performed on the Bruker Avance 400 spectrometer with a
spinning speed of 14 kHz, pulse of 0.9 pus and recycle delay of 1 s. TMS was used as a
reference for chemical shifts of *H and #°Si while AI(NOs); x 6 H,0, c(Al(NO3); x 6 H,0) =
1 mol dm~®) for 2’Al MAS NMR measurements. The spectra were deconvoluted using dmfit
software applying Gaussian-Lorentz model.

Prior to 'H MAS NMR experiments, the samples nano-sil-1, micro-sil-1 and micro-sil-1-F
were heated at 450 °C in a vacuum chamber for 4 h (spectra in Figure 2A). Upon this
treatment, the samples were exposed to water vapor, and the corresponding spectra are
displayed in Figure S2B. For the spectra displayed in Figure 5, the heating of the samples at
200 °C preceded the experiments. The quantification of H sites was performed with respect to
the spectrum of adamantane acquired under the same experimental settings.

The Fourier-transformed infrared (IR) spectra of the studied materials were recorded on a
Nicolet Impact 410 FTIR spectrometer equipped with a DTGS detector in the range 400-4000
cm . Pressing of the powder materials into self-supported thin pellets preceded the
measurements. The pellets were placed in the IR cell connected to the vacuum line and heated
at 450 °C (2.36 °C min ™) for 2 h under the pressure of 10-6 torr before acquiring the spectra
at room temperature. The obtained spectra were normalized to the weight of the self-
supported disc.

Thermogravimetric analysis (TG) of the samples was per-formed by employing a Setaram
Setsys TGA instrument. The samples were heated up to 800 °C with a rate of 5 °C min* in
airflow. The overnight exposure of the samples to the atmosphere of 77% relative humidity

preceded the TG experiments. Agilent AES 5100 VDV inductively coupled plasma atomic
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emission spectrometer (ICP-AES) was employed to measure the elemental composition of the
studied MFI-type materials.

Dynamic light scattering (DLS) analysis was used to measure the nanoparticles'
hydrodynamic diameters in the suspension using a Malvern Zetasizer Nano instrument. The
analyses were performed under the following conditions: scattering angle 173°, HeNe laser

with 3 mW output power at 632.8 nm wavelength.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.

Acknowledgements

This work has been supported in part by CARNOT-ESP project SDNANOZET 5281. V.V.
acknowledges the financial support from the Industrial Chair ANR-TOTAL ‘“NanoClean
Energy” (ANR-17-CHIN-0005-01) and FEDER 18P01675. A. P. acknowledges the support
from the Embassy of the French Republic in Republic Croatia, Ministry of Science and
Education, and the Agency for Mobility and EU programs.

Received: ((will be filled in by the editorial staff))
Revised: ((will be filled in by the editorial staff))
Published online: ((will be filled in by the editorial staff))

References

[1] M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-Reinoso, J.
Rouquerol, K. S. W. Sing, Pure Appl. Chem. 2015, 87(9-10), 1051.

[2] E. T. C. Vogt, B. M. Weckhuysen, Chem. Soc. Rev. 2015, 44, 7342.

[3] M. Breysse, J.-R. Bernard (Institut Francais du Petrole) FR2479707A1, 1981.

[4] P. Tian, Y. Wei, M. Ye, Z. Liu, ACS Catal. 2015, 5, 1922.

[5] M. Moliner, A. Corma, React. Chem. Eng. 2019, 4, 223.

[6] E. M. Flanigen, Stud. Surf. Sci. Catal. 2001, 137, 11.

[7] P. Payra, P. K. Dutta, in Handbook of Zeolite Science and Technology, (Eds: S. M.
Auerbach, K. A. Carrado, P. K. Dutta), Marcel Dekker, New York, USA 2003, Ch. 1.

[8] Zeolite market report summary, https://www.fortunebusinessinsights.com/industry-

reports/zeolite-market-101921, accessed: July, 2021.

20



[9] I. Yamagishi, R. Nagaishi, C. Kato, K. Morita, A. Terada, Y. Kamiji, R. Hino, H. Sato,
K. Nishihara, Y. Tsubata, S. Tashiro, R. Saito, T. Satoh, J. Nakano, W. Ji, H. Fukushima, S.
Sato, M. Denton, J. Nucl. Sci. Technol. 2014, 51, 1044.

[10] J. B. Nagy, P. Bodart, I. Hannus, 1. Kiricsi, Synthesis and Use of Zeolitic Microporous
Materials, DecaGen, Szeged, Hungary 1998.

[11] F. DiRenzo, Catal. Today 1998, 41, 37.

[12] W. Vermeiren, J. P. Gilson, Top. Catal. 2009, 52, 1131.

[13] A.R. Morgado Prates, T. Chetot, L. Burel, C. Pagis, R. Martinez-Franco, M. Dodin, D.
Farrusseng, A. Tuel, J. Solid State Chem. 2020, 281, 121033.

[14] D.W. Breck, G. W. Skeels (Union Carbide Corporation) US4503023, 1985.

[15] A. Palkié, B. M. Szyja, M. Migeti¢, T. Cendak, M. Akouche, K. Jurai¢, M. Cargonja,
D. Mekterovi¢, V. Vusak, V. Valtchev, Inorg. Chem. Front. 2019, 6, 2279.

[16] C.-T. Chen, K. lyoki, Y. Yonezawa, T. Okubo, T. Wakihara, J. Phys. Chem. C 2020,
124, 11516—11524. https://doi.org/10.1021/acs.jpcc.0c02578

[17] T. Tanigawa, N. Tsunoji, M. Sadakane, T. Sano, Dalton Trans. 2020, 49, 9972.

[18] Y. Shinno, K. lyoki, K. Ohara, Y. Yanaba, Y. Naraki, T. Okubo, T. Wakihara, Angew.
Chem. Int. Ed. 2020, 59, 20099.

[19] S. V. Konnov, F. Dubray, E. B. Clatworthy, C. Kouvatas, J.-P. Gilson, J.-P. Dath, D.
Minoux, C. Aquino, V. Valtchev, S. Moldovan, S. Koneti, N. Nesterenko, S. Mintova, Angew.
Chem. Int. Ed. 2020, 59, 2.

[20] H. Kessler, J. Patarin, C. Schott-Darie, in Advanced Zeolite Science and Applications,
Vol. 85 (Eds: M. Stocker, H. G. Karge, J. C. Jansen, J. Weitkamp), Elsevier, Amsterdam, The
Netherlands 1994, Ch. 3.

[21] S. Prodinger, H. Shi, H. Wang, M. A. Derewinski, J. A. Lercher, Appl. Catal. B 2018,
237, 996.

[22] R. M. Barrer, M. B. Makki, Can. J. Chem. 1964, 42, 1481.

[23] T. Sano, H. Ikeya, T. Kasuno, Z. B. Wang, Y. Kawakami, K. Soga, Zeolites 1997, 19,
80.

[24] F. Lonyi, J. H. Lunsford, J. Catal. 1992, 136, 566.

[25] F. Thibault-Starzyk, F. Maugé, in Characterization of Solid Materials and
Heterogeneous Catalysts: From Structure to Surface Reactivity, 1% ed. (Eds: M. Che, J. C.
Védrine) Wiley-VCH Verlag GmbH & Co. KGaA 2012, Ch. 1.

[26] S. Bordiga, P. Ugliengo, A. Damin, C. Lamberti, G. Spoto, A. Zecchina, G. Spano, R.
Buzzoni, L. Dalloro, F. Rivetti, Top. Catal. 2001, 15, 43.

21



[27] S. Bordiga, I. Roggero, P. Ugliengo, A. Zecchina, V. Bolis, G. Artioli, R. Buzzoni, G.
Marra, F. Rivetti, G. Spanod, C. Lamberti, J. Chem. Soc., Dalton Trans. 2000, 3921.

[28] Y. Mathieu, S. Rigolet, V. Valtchev, B. Lebeau, J. Phys. Chem. C 2008, 112, 18384.
[29] A. Gola, B. Rebours, E. Milazzo, J. Lynch, E. Benazzi, S. Lacombe, L. Delevoye, C.
Fernandez, Micropor. Mesopor. Mater. 2000, 40, 73.

[30] K. lyoki, K. Kikumasa, T. Onishi, Y. Yonezawa, A. Chokkalingam, Y. Yanaba, T.
Matsumoto, R. Osuga, S. P. Elangovan, J. N. Kondo, A. Endo, T. Okubo, T. Wakihara, J. Am.
Chem. Soc. 2020, 142, 3931.

22



A quantitative correlation between zeolite synthesis conditions and defect formation is
exemplified by studying MFI-type materials. Post-synthesis modification with Si/Al results in
Si/Al incorporation in the zeolite framework and healing point defects. The efficiency of the
process in terms of the amount of healed defects with respect to their number in the parent

material and zeolite crystal size is assessed.
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Figure S1. DLS curve of the nanosized silicalite-1 zeolite.
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Figure S2. N, adsorption isotherms of the studied silicalite-1 materials (A). Closed symbols
represent the adsorption, whereas open symbols the desorption branch. *H MAS NMR spectra
of silicalite-1 samples prepared from different synthesis mixtures upon adsorbing water (B).
The dehydration at 400 °C preceded the water adsorption.
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Figure S3. XRD patterns of the parent MFI-type materials (A — nano-sil-1; B — micro-sil-1; C
— nano-ZSM-5) compared with the respective samples modified with Al as well as the

calcined Si-treated samples.
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Figure S4. éEMimages of the nano-sil-1 (A), nano-sil-1-Al (B), nano-sil-1-Si (C), micro-sil-
1 (D), micro-sil-1-Al (E), micro-sil-1-Si (F), nano-ZSM-5 (G), nano-ZSM-5-Al (H), nano-
ZSM-5-Si (1).
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Figure S5. DLS curves of the parent nanosized MFI-type materials (A — nano-sil-1; B — nano-
ZSM-5) compared with the respective samples modified with Al as well as the calcined Si-
treated samples.
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Figure S6. Nitrogen adsorption isotherms of the parent MFI-type materials compared with the
respective samples modified with Al as well as the Si-treated samples (A — nano-sil-1; B —

micro-sil-1; C — nano-ZSM-5). Closed symbols represent adsorption whereas open symbols
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Figure S8. Thermogravimetric analysis curves and the corresponding differential
thermogravimetric analysis curves of the hydrated samples from the studied series of

materials: A, D — nano-sil-1; B, E — micro-sil-1; C, F — nano-ZSM-5.
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Figure S9. Normalized *H and Si {*H} cross-polarized MAS NMR spectra of the parent

nanosized (A) and micron-sized (B) silicalite-1 sample and the corresponding silicated

samples.
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Supporting Table

Table S1. Chemical shifts of the curve maximums observed in the *H MAS NMR spectra of
the studied series of samples. E.g. in the columns corresponding to micro-sil-1 are combined
all signals observed in the spectra of micro-sil-1, micro-sil-1-Si and micro-sil-1-Al. The
resonances were assigned on the grounds of corresponding reference.

nano-sil-1 micro-sil-1 nano-ZSM-5
S/ppm  assignation Ref. o/ ppm  assignation Ref. | 6/ppm  assignation Ref.
08 extra-framework 1
' Al species
1.05 isolated silanols 2 1.05 isolated silanols 2 1.05 isolated silanols 2
1.2 isolated silanols 8 1.2 isolated silanols 3 1.2 isolated silanols 3
1.3 isolated silanols 4
1.4 isolated silanols 4
1.7 external silanols 5 1.7 external silanols 5
isolated internal isolated internal
1.8 silanols  and/or 57 1.8 silanols  and/or 7
geminal silanols geminal silanols
2 internal silanols 5 2 geminal or vicinal
silanol
2.1 internal silanols 5
2.2 internal silanols 5
25 extra-framework 5
' AIOH
27 extra-framework 9
' AIOH
28 strongly bound
' water
31 water adsorbed on 1
' dehydrated surface
3.2 H-bonded water un
34 H-bonded water 1
3.7 ggzs;gzgnvater 12 3.7 Bronsted acid sites  °
3.9 H-bonded water 8 39 H-bonded water 8 39 H-bonded water 8
4.4 bridging SiOHAI 13
silanol nests; 1314 L . 1314
45 bridging SIOHAI 4.5 bridging SIOHAI
bridging OH in
55 small channels or *°
cages
5.7 liquid-like water 6
6.7 NH," ions 16 6.7 NH," ions 16
7 disturbed bridging 3 7 disturbed bridging 3

Si(OH)Al

Si(OH)Al
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