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ABSTRACT: Missing silicon—oxygen bonds in zeolites are
shown to be the cause for structural instability of zeolites in hot
liquid water. Their selective removal drastically improved their
structural stability as demonstrated using zeolite beta as example.
The defects in the siloxy bonds were capped by reaction with
trimethylchlorosilane, and Si—O-—Si bonds were eventually
formed. Hydrolysis of Si—O—Si bonds of the parent materials
and dissolution of silica—oxygen tetrahedra in water causing a
decrease in sorption capacity by reprecipitation of dissolved silica
and pore blocking was largely mitigated by the treatment. The
stability of the modified molecular sieves was monitored by *Si-
MAS NMR, transmission electron micrographs, X-ray diffraction,
and adsorption isotherms. The microporosity, sorption capacity,
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and long-range order of the stabilized material were fully retained even after prolonged exposure to hot liquid water.

Bl INTRODUCTION

Porous aluminosilicates such as zeolites are used as shape
selective solid acid catalysts for many industrial processes.' >
While the stability against water in gas phase reactions has been
studied extensively, much less is known about the chemistry of
such materials in hot liquid water. Structural and functional
stability are, however, essential to be able to use them as
catalysts for reactions in which the presence of large
concentrations of water is unavoidable. Recent work demon-
strate the corrosive properties of hot liquid water and the rapid
degradation of zeolites."

Understanding the process of framework decay, as well as its
prevention, has been addressed in several reports. We have
recently shown the pathway of framework destruction in hot
liquid water, starting with the selective hydrolysis of
tetrahedrally coordinated Si (Si T-sites), and leading eventually
to the dissolution and reprecipitation of silica. These processes
are accompanied by a loss in sorption capacity and
crystallinity.” At the same time, dealumination is not observed
with the coordination of Al T-sites remaining mostly
unchanged by treatment in hot liquid water.’ The reduced
catalytic activity is attributed to site blockage by reprecipitation
of dissolved silica. The group of Resasco recently communi-
cated an in-depth study of factors influencing the (poor)
stability of zeolites in hot liquid water, confirming that the
concentration of silanol defects and the hydrolysis of Si—O—Si
bonds are the key factors in the lattice disintegration.”

It has been shown by the group of Resasco that
hydrophobization with organosilanes improves framework
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stability of zeolite HY.*” The initial method aims to lower
the rates of hydrolysis by minimizing water concentration in the
pores via silylation of the external surface.” Obviously, the
approach may be limited if water is formed at high rates in the
pores. Under such circumstances, only the direct prevention of
the hydrolytic attack of water onto Si—O-Si bonds may
stabilize the zeolite, a hypothesis postulated in the follow-up
work by Zapata et al.”

On the basis of the detailed insight into the deconstruction of
zeolite frameworks in hot liquid water, we decided to explore
whether internal SiOH groups can be chemically healed or
protected via reaction with a silylating agent. This approach has
been explored previously,'””"* to modify the chemical
composition, as well as the acid and structural properties of
zeolites. Chlorosilanes were used, for example, by Kraushaar et
al, to characterize “SiOH nests”, i.e., the group of up to four
OH groups generated by removal of a tetrahedrally coordinated
lattice cation.'”"?

In this work, we explore the impact of reacting a silylating
agent, trimethylchlorosilane (TMS-CI), with a series of BEA
zeolites with well-defined SiOH nest concentrations. The
modified materials are examined for their hydrothermal stability
and compared to the parent defect-rich zeolites. It will be
shown that the stability in hot liquid water, as measured by the
retention of the zeolite crystallinity, is improved for the silylated
material. It will also be shown that, despite hydrolysis

Received: December 7, 2015
Published: March 13, 2016

DOI: 10.1021/jacs.5b12785
J. Am. Chem. Soc. 2016, 138, 4408—4415


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b12785

Journal of the American Chemical Society

generating mesopores in silylated and untreated materials, the
microporosity is only retained in the stabilized material. This in
turn implies that the specific size and shape selectivity in the
BEA framework were also retained.

B RESULTS AND DISCUSSION

Model System. Three samples of zeolite beta (BEA) with
varying concentration of defect sites synthesized from boron-
containing materials were used to test the impact of improving
framework stability through selective removal of structural
defects. We focus on the BEA structure, because it has been
previously used as an efficient catalyst for acid catalysis in
water.” BEA has 12-membered ring pores organized in a three-
dimensional network.'*'® Tt occurs in three different
polymorph structures, of which only polymorphs A (BEA)
and B (BEB) are present in the investigated samples.

The intergrowth of the polymorphs, as well as their relative
abundance, was assessed with X-ray diffraction (XRD). The X-
ray diffractograms of the materials showed a variety of broad
and sharp reflections as the result of the interplanar stacking
faults. This disorder increases the tortuosity of the pores in the
(001) plane. ' Of the nine crystallographically distinct
tetrahedral sites (T), Vjunov et al. recently showed that the
Si T, and T, sites, connecting the 4-membered ring, are most
accessible to hydrolysis.”

The boron containing BEA zeolites were synthesized by
isomorphous substitution of the tetrahedral Si framework
atoms with B."”~"? Aluminum was present only in traces as a
result of impurities in the silica source. Hence, the Si/Al ratio
was higher than 150.

Water can leach boron from its framework position via
nucleophilic attack, forming SiOH nests, ie, four silanols
within close vicinity and tetrahedral geometry. Generally, SiOH
nests are considered to be labile at elevated temperatures,
resulting in condensation of the hydroxyl groups, subsequent
closure of SiOH nests, and a distortion of the framework
structure.”’

The zeolites were synthesized in the presence of Na* ions, to
minimize charge compensation by the templating amines,
which in turn would protect B(SiO),” units during
calcination.”* During the ion exchange step, Na* cations were
replaced with NH,*, which were then decomposed in one last
calcination step. Compared to Na* and NH,’, the resulting
charge balancing protons are very poor in maintaining the
tetrahedral coordmatlon of the framework boron at high
calcination temperatures.”” As a result, it becomes trigonally
bonded to the framework. In the final step, boron is completely
removed from the framework as BO,” in the presence of
water” as verified by '"B-MAS NMR. The defect-form (e.g,,
BEAl4,,) obtained in this way has defined concentrations of
SiOH nests, which directly correlate to the Si/B ratios of the as-
made material.

The physicochemical characterization data of the three B-
BEA zeolites from which defect-rich materials were derived are
shown in Table 1. An upper limit for the concentration of B
incorporated corresponding to a Si/B ratio of 14 is apparent.

It appears that the maximum packing density of the charge
balancing cations determines this upper concentration.'***

The morphologies of the as-made zeolites were probed
macroscopically with He ion microscopy (HIM) (Figure S1).
All showed well-separated, large pillow-shaped particles (d ~ 1
/tm) w1th terrace structures indicating growth along the z-

** The uniformity of the samples, independent of their Si/B

Table 1. Elemental Analysis and N,-Physisorption Data

B micropore mesopore
concentration volume volume
sample  Si/Byq made [mmol/g]* [em®/g] [em®/g]
B-BEA14 14 0.88 0.23 0.05
B-BEA16 16 0.81 0.23 0.03
B-BEAI19 19 0.67 0.25 0.08

“Elemental analysis is based on the calcined Na-form. N,-
physisorption data is based on defect form of the material.

ratio, was also reflected in the N,-physisorption isotherms
(Table 1), indicating nearly identical micro- and mesopore
volumes for all three samples.

Note that only B-BEA19 showed a hysteresis loop in the
sorption isotherm (Figure S4), indicating some mesoporosity.
The HIM images in Figure SI indicate a larger presence of
smaller particles for B-BEA19, which is concluded to induce
mesopore formation between particles.

Strategies to Remove Structural Defects via Si-
Reincorporation. A large number of silylating agents capable
of reacting with SiOH groups has been documented in
literature, 1nclud1ng SiCl,"" silanes Sl(CH3) Cl,_,'”"? octade-
cyltrichlorosilane® or hexamethydisilazane.'® The approach of
Kraushaar et al., who silylated silicalite with Si(CH;);Cl (TMS-
Cl) was adopted for this study.'>*® TMS-CI was chosen to
minimize the concentration of HCl formed during surface
reactions. To scale production of stabilized zeolites, a flow
reactor system was developed, in which silane vapors were
passed through the reactor bed using N, as carrier gas. The
typical reaction pathway for removal of SiOH nests is depicted
in Scheme 1. In the first step, TMS-Cl caps a SiOH defect
through a condensation reaction accompanied by the release of
HCL. In subsequent steps, further defect healing is achieved by
Si—O—Si bridge formation and methyl group removal, likely in
the form of methane. The optimized reaction conditions are
reported in Table S1 in the Supporting Information.

Scheme 1. Schematic Depiction of the Stepwise Process of a
Typical Silylation Procedure, Showing the Removal of
Silanol Nests in BEA Structure, and the Associated *Si
Chemical Shifts, Is Shown”
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“Color coding is as follows: carbon, black; hydrogen, white;
incorporated silicon, turquoise; framework silicon, orange; oxygen, red.
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To test the thermal stability of silylated samples,
thermogravimetric analysis coupled with a differential scanning
calorimetry was conducted. The plots are shown in the
Supporting Information (Figure S2). The exothermic peak,
indicative of decomposition of alkyl groups present in the
material, has its maximum at 600 °C. A continuous mass loss
totaling 10% is observed over the whole temperature range,
which is attributed to water desorption as well as removal of
alkyl groups.® At 300 °C only marginal mass loss of 3% was
observed. Thus, it can be concluded that the silylated material is
stable under the silylation conditions as well as conditions
chosen for hydrothermal stability testing.

Impact of Silane. The impact of the amount of silane on
the defect healing efficiency was explored using the defect form
of B-BEA16 (BEAI16y,). The high concentration of defects in
this material is evident from the *’Si-CP-MAS NMR results
(Figure 1). The large Si Q® peak at —103 ppm associated with
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Figure 1. *Si-CP-MAS NMR spectra of BEA16,, with increasing
amounts of TMS-CI (1—20 mL). The intensities are normalized to the
Q* peak intensity at —112 ppm. Primary silylation product (Spﬂmm) at
~10—1S ppm, secondary product at about —15 ppm (Ssemndm) and
trace amounts of tertiary product (Stemw) at —60 ppm. Color-coding
is reported in the legend.

the defect Si(OH)(OSi); species significantly outweighs the
neighboring Q* peak (=112 ppm), caused by Si fully
surrounded by other Si atoms, Si(OSi),. Additionally, a peak
at —92 ppm was observed, attributed to the Q species,
Si(OH),(0Si),.””** The appearance of Q> peaks is related to
the presence of silanols in a geminal conformation.”® Note that
the presence of trace amounts of Al (Si/Al 150) results in a
signal at —106 ppm,”® thus causing a slight overestimation of
the contribution of defects.
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After reaction with TMS-Cl, the Q* and the Q’ peak
intensities decreased significantly. Simultaneously, Si species at
higher chemical shifts were observed, which are assigned to
primary (~10—1S5 ppm) and secondary (about —15 Iz)pm) and
tertiary (—60 ppm) silylation products (Scheme 1)."

On the basis of the N,-isotherms (Table 2) silylation also led
to a decrease in the micropore volume, whereas the mesopore

Table 2. N,-Physisorption Data for BEA16, Silylated with
Increasing Amounts of TMS-Cl

BET micropore volume mesopore volume
sunple  [m?/g]" Lo /] fom /]
Defect form 580 023 0.03
1 mL silane 435 0.18 0.05
S mL silane 340 0.14 0.05
10 mL silane 330 0.13 0.04
20 mL silane 325 0.13 0.03
30 mL silane 330 0.13 0.04

“BET: Brunnauer—Emmet—Teller.

volume was hardly affected. As the majority of SiOH groups
exists inside the channels, the formation of silylation side
products leads to reduced micropore accessibility.'” There
appears to be a maximum accessibility loss. Increasing amounts
of silane, beyond 10 mL, hardly reduced the micropore volume.
Instead, the mesoporosity appears to be slightly reduced,
possibly due to silylation of surface hydroxyls and the
generation of a mesoporous structure at the outer surface of
the particles. Increasing amounts of TMS-Cl reduced the
intensity of the Q peak; however, there was no significant
difference between 10, 20, and 30 mL of TMS-CI. Instead, an
additional peak (~10 ppm) is observed at higher silane
loadings, which we attribute tentatively to a dimethylchlorosilyl
species attached to a defect SiOH. At such large loadings and
temperatures, reaction between the methyl group as opposed to
the chloro group cannot be ruled out unambiguously leading to
the formation of a separate species observed at ~10 ppm rather
than 15 ppm. For further Si—O-Si bridge condensation
reactions to occur, yielding tertiary (—60 ppm) and quaternary
(Q*) products, three and four silanol groups, respectively, must
be within close proximity and correct geometrical orientation to
each other.'” If SiOH groups are solely found on the particle
surface, as in case of silica gels, only the formation of primary
and secondary products is possible. Therefore, we conclude
that the applied postsynthetic treatment method preferentially
removed internal SiOH nests.

Increasing Time on Stream. Having determined that
effective silylation is achieved using as little as 5 mL of silane
per 0.75 g of zeolite, it was explored how the time on stream
affects the results.

By keeping the sample at 300 °C for extended periods, it can
be seen in Figure S7 that the concentration of SiOH groups is
slightly reduced. Additionally, more primary and secondary
silylation products are converted into tertiary (—60 ppm) and
quaternary (Q*) products. The longer interval at 300 °C allows
more methyl groups of the deposited silane to react with
neighboring SiOH. Thus, the longer the time, the more the
microporosity is regained (Table S2).

Increasing Residence Time. Adjusting the inlet flow rate
of the carrier N, gas varied the residence time, i.e., the time for
a set amount of TMS-CI to react with the SiOH groups. This
neither improved the pore accessibility, nor further decreased

DOI: 10.1021/jacs.5b12785
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the defect concentration as monitored by NMR spectroscopy
and N,-physisorption (Figure S7 and Table S3). Thus, we
conclude that only the longer exposure to high reaction
temperatures improves the extent of surface reactions.
Method Reproducibility. To demonstrate the general
applicability of this approach, BEA14, and BEA194¢ samples
were investigated. Their *Si-CP-MAS NMR spectra are shown
in Figure 2. An assessment of the Q® and Q” signal intensities at

—_
©w

10

F —— BEA144
gk — BEA14silylated

E —— BEA194¢
"o 8F —— BEA194 silylated

S

N

o

90 -100 -110
Chemical shift (ppm)

Intensity [normalized to Q" (11 ppmy] (10

-80 -

Figure 2. Superimposed *°Si-CP-MAS NMR spectra normalized to
intensity of Q* signal at —112 ppm. The color-coding is reported in
the legend.

—103 and —92 ppm, respectively, leads to the conclusion that
both materials have a similar extent of defect concentrations.
The samples also show a comparable degree of defect removal
and loss in pore volume (50—55%; Table 3). The parallel
variation in properties of modified and the unmodified
materials demonstrate the general applicability of the method.

Table 3. BEA Samples and Their Porosity upon Silylation
and Water Treatment

BET micropore mesopore
sample [m?/g]  volume [cm’/g]  volume [cm®/g]
BEAl4 585 023 0.05
BEAl4y, + H,O 235 0.09 0.08
BEA14y silylated 300 0.12 0.02
BEA14y silylated + H,O 255§ 0.1 0.18
BEA19, 620 025 0.08
BEA19, + H,0 190 0.07 0.14
BEA19, silylated 300 012 0.02
BEA19, silylated + H,O 245 0.1 0.15

The IR spectra of the activated materials clearly show the
impact of the modification (Figure S3). The overall impact of
silylation is best seen in the difference in the IR spectra before
and after silylation (Figure 3). The positive peaks indicate
increased intensity; the negative peaks illustrate a decrease. The
lattice vibration overtones and combination bands between
2090 and 1740 cm™ did not change. In agreement with the
¥Si-CP-MAS NMR spectra, methyl groups remain in the
structure (C—H stretching bands at 3000—2800 cm™ and C—
H deformation bands at 1410 cm™").*’ Additionally, the bands
at 3725 and 3500 cm™' were significantly reduced in both
investigated samples. This former band is typically associated
with isolated SiOH groups at defect sites and may contain a
small contribution of SiOH at external surfaces.”” " The latter
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Figure 3. Difference IR spectra illustrating the silylation effectiveness
for BEAl44; and BEA19, Positive peaks indicate generation of
vibrations, negative peaks removal of vibrations. The spectra were
acquired at 300 °C in vacuum. Color-coding is reported in the legend.

broad band is caused by strong hydrogen bonding of internal
SiOH.>*373° The silylation reduced, thus, the intensity of both
internal SiOH groups. These had been associated with the
framework instability via hydrolysis of adjacent Si—O-Si
bonds.>” Protection or removal of these sites is critical to
stabilize zeolites kinetically in hot liquid water.

The generation of tertiary silylation products, the extensive
reduction in Q® peak intensities, and the decreased intensities
of bands associated with internal SiOH groups show
conclusively that the extensive removal of internal structural
defects stabilizes. These findings are in agreement with Resasco
et al. noting that short-chain alkylchlorosilanes were more
effective than long-chain ones to stabilize zeolites in hot liquid
water.”

Hydrothermal Stability of Modified Zeolites. The
impact of removing the internal SiOH of BEAl44 and
BEA19,,¢ on the stability in hot liquid water was explored in an
autoclave at 160 °C for 48 h in an excess of water (1:200).
These conditions lead to hydrolysis of the siloxane bonds in the
zeolite framework and partial dissolution of the crystal and
potential reprecipitation of $iO,.”°

The relative crystallinity of the parent and silylated zeolite
samples after hydrothermal treatment was estimated by
analyzing the areas under all peaks in the X-ray diffractograms
allowing to quantitatively assess the effect of stabilization. The
stacking faults in the BEA framework lead to sharp and broad
peaks in the X-ray diffractograms, with the two main peaks
appearing at ~26 = 7.5° and 20 = 22°."* In polymorph B
(BEB), these reflections are associated mainly with (—111),
(110) and (—332), (330) planes, respectively, while in
polymorph A (BEA), planes (101) and (302) have the
strongest signal intensity."> A substantial loss in the intensity
of the XRD peaks, e.g, as observed for 20 = 7.5° in Figure 4, in
the course of framework hydrolysis is attributed to the long-
range order of the individual crystallites being reduced.

Previous work associated this intensity loss with the removal
of atoms and generation of defects disrupting the coherency of
the related lattice planes.” The fact that only certain planes, in
this case mainly (101) for BEA and (—111), (110) in BEB, are
affected, helps to deduce the degradation mechanism.® These
planes run parallel to 4- and 6-membered rings and dissect the
same T-O-T bridges (T;-O-T;, T;-O-T, and T,-O-T,) in the
pristine zeolite.
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Figure 4. Impact of zeolite hydrothermal treatment on the crystallinity
of the BEA framework is shown on the example of XRD patterns
collected for the parent and treated BEAl4, The color-coding is
reported in the legend.

While the defect form lost about 20% of its crystallinity after
water treatment at 160 °C for 48 h, the silylated material
remained almost unchanged (Figure 4). A slight shift in the
peak position was observed for the parent water-treated
material, indicating the modification of the unit cell lattice
parameters induced by the degradation of the zeolite. Similar
observations were made for BEA19y (see Figure S6). The
generation of a separate phase was observed for the water-
treated parent material, which is tentatively attributed to
magadiite, a layered silicate.’®”” The silylated material, in
contrast, did not form a new phase, signifying the stabilization.

Framework hydrolysis led to the formation of mesoporosity
as well as to partial destruction of the microporous character of
the unmodified sample (Table 3), in addition to the loss of
crystallinity (as seen by XRD). Yet, the silylated material hardly
changed its microporosity after exposure to hot liquid water.

N, sorption isotherms in Figure S show two different
hysteresis shapes. Water treatment of the stabilized material

200p
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Figure 5. N,-sorption isotherms for the parent and silylated form of
BEA14,¢ and their respective water-treated counterparts are shown.
The color-coding is reported in the legend.

leads to the formation of a hysteresis loop resembling H2
type,”” indicating nonuniform cylindrical pore shapes. The
pores are likely to have ink-bottle shapes due to a longer
retention of the adsorbate at high relative pressures during the
desorption process. This specific type has a smaller pore mouth
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than pore body, hence, the nonuniform hysteresis shape.*” For
the unmodified material, water treatment leads to a very
different and atypical hysteresis.

While only the isotherm of BEA14,, is presented here,
BEA19,. behaves the same (see Figure SS5). We hypothesize,
therefore, that introduction of water to the silylated material at
elevated temperatures leads to ink-bottle mesopores, whereas
the unmodified material forms ill-defined mesopores or
mesovoids. The differences in the mesopore shapes are a
direct effect of the silylation.

Having established that water treatment of the silylated
material does not only result in retention of crystallinity and
microporosity, but also changes the mesoporosity compared to
the unmodified material, we turn to transmission electron
microscopy (TEM). The images in Figure 6 show different

Figure 6. TEM images of water treated defect form, BEA14,¢ + H,O.
Mesopores are shown with white circles, lattice fringes in orange. The
fringes are still present on observed small particles.

magnifications of the defect form BEAIl44, after water
treatment. The dark areas are attributed to increasing sample
thickness. Small crystallites adjacent to larger particles are
observed. The presence of lattice fringes indicates that these
fragments are crystalline.

The small particles are agglomerates of even smaller
crystallites, forming intercrystal mesovoids among them, in
line with the hysteresis shape observed with N, sorption
reported above. This reduction in particle size is attributed to
the cleavage of siloxy bonds and the subsequent dissolution of
silica leading to cracking and fracturing of the crystals.” TEM
images in Figure 7 illustrate the macroscopic morphology of
silylated particles and their porous character after water
treatment. The significant difference between water-treated
defective and silylated material is the absence of small
crystallites in the latter. Water-treatment has no effect on the
macroscopic morphology of the stabilized materials, as can be
seen by comparison with TEM images in Figure S9 of the
Supporting Information. However, mesopores are observed, as
micropores remained clearly visible. While the mesoporosity is

DOI: 10.1021/jacs.5b12785
J. Am. Chem. Soc. 2016, 138, 4408—4415


http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12785/suppl_file/ja5b12785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12785/suppl_file/ja5b12785_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.5b12785/suppl_file/ja5b12785_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b12785

Journal of the American Chemical Society

Figure 7. TEM images of water-treated silylated material, BEA144.
silylated + H,O. Channel-type mesopores can be observed next to
white arrows, lattice fringes in orange. No fractured particles were
observed.

similar, the shape of the pores formed is different between the
defect and the stabilized material. Long elongated mesopores
are observed at the edges of the water-treated silylated material.

Similar observations were made for BEA19,. with the
images shown in the Supporting Information (Figure S10).
However, that material showed less fracturing than BEA14g,.
Both the unmodified and silylated material appear quite similar
after water-treatment in terms of particle morphology and size.
However, at closer inspection, the unmodified material presents
a lower particle density due to excessive formation of
mesopores.

We conclude that silylation removes most defects resulting in
a drastic retardation of the framework hydrolysis. The
mesoporosity generated is presented in the form of channels
with narrow pore mouths due to the fact that cleavage of the
Si—O—Si bonds progresses along the few remaining defects. In
the parent defective form, hydrolysis proceeds at more sites and
distributed throughout the crystal, leading to fragmentation of
crystallites.

The XRD results confirm that crystallinity is retained in the
stabilized material after water treatment, inferring that fewer
atoms are removed such that the coherency of the planes is less
disrupted. In the defect form on the other hand, the reduction
in crystallite size, as well as extensive removal of atoms spread
over the whole particle, leads to a disruption of the plane
integrity and resulting loss in XRD peak intensity.

The XRD and TEM analyses agree well with the *Si-CP-
MAS NMR analysis (Figure 8) that shows the comparison of
the SiOH intensities measured for the parent and stabilized
zeolite BEA144, upon treatment in hot liquid water (for
BEA19, see Figure S8). The Q® signal intensity was
significantly reduced for the water-treated unmodified material.
We attribute the loss in Q’ signal intensity to fracturing and
loss of microporosity. The starting material has a high fraction
of internal SiOH giving rise to a large Q* signal (—103 ppm).
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Figure 8. *Si-CP-MAS NMR spectra of unmodified and silylated
BEA144, before and after water treatment at 160 °C for 48 h. Color-
coding is reported in the legend. The full spectrum can be found in the
Supporting Information (Figure S8).

Water treatment removes a major fraction of these silanols as
it cleaves neighboring Si—O—Si bridges, leading to fracturing.
The small crystallites still yield a Q* signal.

However, due to the particles being mostly defect free, the
Q’ signal is significantly reduced, with the remaining signal
being contributed to surface SIOH groups (—100 ppm).*’ It is
noted in passing that the cross-polarization enhancement factor
varies between internal silanols and surface silanols hindering a
quantitative assessment of SiOH concentrations."”"!

In the case of the stabilized material, only small changes were
observed by *Si-CP-MAS NMR spectroscopy, which is in
agreement with minor changes in crystallinity (XRD) and
morphology (TEM). The formation of mesopores at the
expense of micropores leads to the removal of material from the
crystal body. This material initially contained a relatively high
concentration of SIOH groups in the form of nests (Q®). The
conditions of the cross-polarization experiment were optimized
to enhance these SiOH nests with a high density of protons
(—103 ppm). However, the resulting mesopores have mostly
surface SiOH groups (—100 ppm) on the walls. They are
isolated and the lower proton concentration is likely to result in
a lesser enhancement and thus a smaller peak in the Q? region.

Bl CONCLUSIONS

The zeolite postsynthetic silylation treatment is demonstrated
to significantly improve material stability in hot liquid water,
under retention of crystallinity and microporosity. Silylation
reduces efficiently the concentration of internal structural
defects, known to be the primary active sites for framework
hydrolysis. The reported procedure is expected to be applicable
to a range of zeolites prone to hydrolysis. The silylation
treatment is suggested as a potential pathway toward stabilizing
and extending the lifetime of Al-rich zeolites enhancing their
use as a solid acid catalyst in aqueous phase, e.g., dehydration of
alcohols and alkylation of phenols in hot liquid water.

B EXPERIMENTAL SECTION

Chemicals. The silylating agent, trimethylchlorosilane (TMS-Cl >
99.0%), was obtained from Sigma-Aldrich and used as received.

H-Form. The boron zeolites were synthesized according to the
procedure reported by Derewinski et al."” and calcined at 550 °C for 6
h in air to remove the template. The calcined Na-form was ion-
exchanged with 0.1 M NH,NO; solution for 2 h at 80 °C under
stirring conditions. The suspension was then centrifuged, the solid
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redispersed in NH," solution, and the procedure repeated two more
times. Upon completion, the material was dried at 80 °C overnight,
before calcining it once more at 450 °C for 6 h in air to yield the H-
form.

Defect Form. The defect form was generated by washing the H-
form of the desired zeolite for 2 h at SO °C with Milli-Q water (1 g/50
mL H,0). The suspension was then centrifuged, and the solid residue
was washed once more under the same conditions. This was followed
by another centrifugation step and drying overnight. It yielded the
defective starting material used for the following silylation step.

Silylation. The silylation procedure was adapted from a previously
described procedure, designed for silica gels and silicalite in closed
ampules.'>* In our case, an open system with flow characteristics was
designed.

The sample, defect form, was suspended within a quartz tube and
placed in a tube furnace. The quartz tube was then connected via
Teflon tubing to a saturator containing the silylating agent cooled with
an ice bath. N, carrier gas, set to a specific flow rate, enabled the
transport of silane vapors to the reactor and subsequent removal of
defects. The other end of the quartz tube was connected to an oil
bubbler. If desired, the flow of N, could be shut off, essentially
generating a reactive atmosphere saturated with silane vapors.

A typical silylation reaction consisted of an activation period, during
which the sample was heated, under the flow of N,, to the desired
reaction temperature, typically 300 °C, within 1 h and then kept at this
temperature for 2 h. Then, the gas stream was passed through a
saturator filled with the silane and allowed to react with the sample.
Specific reaction parameters are reported in the Supporting
Information. The silylated samples were subsequently removed from
the quartz tube and used without further purification.

Stability Testing. Zeolites underwent hydrothermal water treat-
ment in Teflon lined batch autoclaves at 160 °C. Typically, 300 mg of
zeolite and 60 mL of deionized Milli-Q water (1:200) were added to
an autoclave, which was then placed in an oven at 160 °C. The
autoclave was rotated inside the oven. The reactor was kept under
these conditions for 48 h before cooling it to room temperature,
centrifuging the suspension, and drying the solid residue at 80 °C
overnight.

Characterization Methods. X-ray Diffraction (XRD). XRD
patterns were collected on a Rigaku Mini Flex II benchtop X-ray
diffractometer using a Cu Ka radiation of 0.154056 nm (30 kV and 15
mA). Experiments were conducted on a rotating powder sample
holder in a 26 range of 5—60° with a step size of 0.02°/s. All
measurements were performed under ambient conditions.

2Si-MAS NMR. The cross-polarization (CP) *Si-MAS NMR
experiments were performed using a Varian Inova 89-mm wide-bore
300 MHz NMR spectrometer and a S mm HXY MAS Chemagnetics
style probe. The following parameters for the cross-polarization pulse
sequence were used: the H90 was set to 4 us, the contact time was 3
ms, and the decoupling field of 62.5 kHz was applied for 10 ms during
the acquisition time. The spinning speed was set to 5 kHz.

Helium lon Microscopy (HIM). HIM images were obtained using 35
keV He ions with 0.1 pA beam current at normal incidence. Secondary
electrons were detected using an Everhart—Thornley detector. For
HIM imaging, a very thin layer of carbon (<1 nm) was coated using a
carbon sputter deposition system as the samples were completely
insulated. The instrument resolution was 0.35 nm.

Thermogravimetric Analysis (TGA). A Netzsch STA 449C Jupiter
system with an integrated differential scanning calorimeter (DSC) was
used to analyze thermal stability. A heating ramp of 5 °C/min up to
1000 °C under a flow of 50 mL/min synthetic air and 15 mL/min N,
was chosen. Typically, 20 mg of material was tested in an Al,O;
crucible. The curves were corrected against an empty reference
crucible.

Transmission Electron Microscopy (TEM). Imaging was performed
on am FEI Tecnai F20 instrument, operated at 200 keV. The images
were collected in TEM mode. The samples were prepared by gently
crushing the powder between two glass slides, and rubbing a holey
carbon grid across the slide with one drop of ethanol.
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N,-Physisorption. The BET surface areas and pore size
distributions were obtained by physisorption in a Micromeritics
ASAP 2020 unit. The pore volumes were determined using the
Horvath—Kawazoe method.** Micromeritics analysis software pro-
vided the method.

Infrared (IR) Spectroscopy. The samples for IR measurements were
prepared as self-supporting wafers with a density of approximately 10
mg/cm?® Upon loading in the IR-cell, the samples were evacuated to
1.0 X 1077 mbar and heated in intervals to 150 and 300 °C and kept at
300 °C for 12 h. The heating rate is set to 20 °C/min. Infrared spectra
are recorded on a ThermoScientific Nicolete FTIR spectrometer using
a MCTA detector with a resolution of 4 cm™. A total of 128 scans
were accumulated for each spectrum. The spectra are normalized to
the overtones and combination vibrations of the BEA lattice between
2090 and 1740 cm™"*
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