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Dynamic evolution of Al species in the
hydrothermal dealumination process of CHA
zeolitest

Benhan Fan,®® Dali Zhu,? Linying Wang,® Shutao Xu, (2 *® Yingxu Wei® and
Zhongmin Liu (@b

The hydrothermal stability of zeolites is an important factor being considered as it could restrict their
scope of industrial application. Understanding the water-induced dealumination mechanism is crucial for
improving the hydrothermal stability of zeolites. Here a series of water-treated H-SSZ-13 samples under
hydrothermal conditions was investigated by solid-state NMR methods and we found that dealumination
was caused by the hydrolysis of the Al-O bond by water molecules under high temperature and pressure.
The hydrolysis of the first Al-O bond could generate framework-associated Al species with a single
framework aluminum hydroxyl. The sequential hydrolysis of four Al-O bonds could form the extra-frame-
work aluminum (EFAL) species, which was prone to adsorbing near the Breonsted acid sites (BASs) by
electrostatic interaction contributing to stabilizing the molecular sieve framework. Some of the BASs were
perturbed by the framework or extra-framework aluminum hydroxyls which was represented by different
signals in *H MAS NMR due to hydrogen-bonded interactions. The signals between 5 and 8 ppm in H
MAS NMR were attributed to the BASs perturbed by framework Al-OH (2.8 ppm), and correspondingly,
BASs disturbed by extra-framework Al-OH (2.4 ppm) resulted in the signals appearing between 12 and
15 ppm. These clear attributions were facilitated by *H-'H DQ-SQ and *H-2’Al S-RESPDOR MAS NMR.
More than that, the partial or complete hydrolysis of the framework Al atoms was achieved uniformly by
the water-treatment process under conditions of high temperature and pressure.

methanol-to-propene (MTP) or methanol-to-gasoline (MTG)

processes;>” MOR-type zeolites are employed for dimethyl

Zeolites have extensive applications in many fields such as the
petrochemicals industry, separation and ion exchange pro-
cesses due to their well-defined crystalline structures, high
surface area, variable acid strength and appropriate hydro-
thermal stability." Nowadays, multitudinous zeolites have
unquestionably become the backbone of the petrochemicals
industry in diverse prominent catalytic reactions: for instance,
FAU-type zeolites are widely used in fluid catalytic cracking
(FCC);> CHA-type zeolites are applied for the methanol-to-
olefin (MTO) reactions;>* MFI-type zeolites can promote
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ether (DME) carbonylation and so forth.*° The catalytically
active center is the so-called Brgnsted acid site (BAS), a
hydroxyl group bridging aluminum and silicon, generated by
substituting a Si with an Al atom and the negative charge com-
pensated by a proton.’® Hydrothermal stability is a critical
factor that needs to be considered in the application of zeolites
because many reactions are accompanied by the introduction
and generation of water in real conditions. Water molecules
inevitably interact with the framework Al atoms and the degree
of effects from weak to strong could be divided into adsorp-
tion,"* reversible hydrolysis>** and irreversible hydrolytic
removal of framework Al atoms that form the extra-framework
aluminum species (EFALs)."

Water-treatment-induced dealumination is a double-edged
sword. Continuous dealumination permanently reduced the
active sites (here the BASs) resulting in deactivation. On the
other hand, appropriate dealumination could adjust the Si/Al
ratio and improve the hydrothermal stability, for example,
high-temperature hydrothermal dealuminated ultra-stable Y
(USY) zeolites that are widely used in the FCC process.” So a
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better understanding of the dealumination process may help
in finding a favorable zeolite with excellent hydrothermal
stability for further industrial applications. How water mole-
cules interact with the framework Al T-site at the atomic level
is a key scientific question, but it is also a challenge for experi-
mental research. Nevertheless, theoretical calculation is very
helpful to explore the water interactions considering multiple
factors at the molecular level, such as the number of water
molecules, multifarious zeolite topologies and specific
T-sites."®"® Among the zeolites, the CHA-type zeolites are a
suitable candidate for both theoretical and experimental
studies and they have been most studied due to their relatively
simple crystallographic structure, particularly that of one
T-site and four O-sites."®'®'”19?? The dealumination process
of the zeolite originates from the hydrolysis of the first AlI-O
bond, and then the sequential breakage of the remaining
three Al-O bonds generates EFAL and silanol nests. The first
detailed dealumination pathway of H-CHA with a single water
molecule effect wasproposed.'® A subsequent mechanism in
which a single water molecule bonds with an Al atom at the
anti-site of a BAS was put forward, then a 1,2 water dis-
sociation acted on the Al-O bond and led to its rupture
accompanied by the formation of a new BAS.'”'® The mecha-
nism of multimolecular water dissociation was gradually men-
tioned in the following years.'®* More than that, more
detailed work directed at H-SSZ-13 has been explored such as
the kinetics of dealumination®' and the effects of adjacent Al
atoms on hydrothermal stability.”® The Al pairs in the
H-SSZ-13 are the key factors that affect hydrothermal stabi-
lity.”®> The first-principles calculation method proved that Al
pairs tended to occupy the para-sites of the 4MRs. The second
Al atom in the para-site can be easily removed once the frame-
work loses the first one. The dealumination of Al pairs would
break the linker of 6MRs in the framework, which is respon-
sible for the degraded hydrothermal stability.>*
Notwithstanding what extensive and detailed theoretical
computational work has demonstrated, the experimental
investigations of molecular sieve dealumination are catching up
as well. Diversiform characterization methods, such as diffuse
reflectance  infrared  Fourier transform  spectroscopy
(DRIFTS),”**”  solid-state  nuclear magnetic resonance
(ssSNMR),">*®?° synchrotron-based pair distribution function
(PDF) analysis,*® synchrotron radiation powder X-ray diffraction
(SR-PXRD)*’?*! and X-ray absorption spectroscopy (XAS)*'™*?
were synergistically combined to explore the species that were
generated accompanying the removal of framework aluminum.
Al species in zeolites are multifarious and can be divided into
framework, framework-associated and  extra-framework
aluminum.**>® The composition of EFAL species is very
complex and they are composed of oxides and multiple hydrox-
ides, of which some are neutral species such as Al(OH),,
AlOOH, Al,O; or multinuclear clusters, and others are species
with electric charges such as AlO", Al(OH)," and AI(OH)**.***3
According to the different coordination numbers of Al species,
EFAL can also be divided into three-coordinated, tetrahedral co-
ordinated, distorted tetrahedral coordinated, five-coordinated
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and octahedral aluminum.*>***® Identical Al species may
overlap in different classifications. More than that, some struc-
tures of notable Al species have been posited, but the suitability
of each in matching the experimental data has not been
assessed. It is worth noting that the identification of Al species
is of great significance for decoding the effect of water interact-
ing with the zeolite framework and deepening our understand-
ing of the inherent hydrothermal stability.

Solid-state NMR is a powerful tool to provide structural
information about zeolites. "H and >’Al magnetic angle spin-
ning (MAS) NMR could help to distinguish different hydroxyl
groups and different coordination states of Al species; more
than that, the spatial proximity of hydroxyl and Al in different
coordination states could be further mapped by 'H and *’Al
double quantum (DQ) MAS NMR.*"** Two-dimensional NMR
spectroscopy, such as *’Al multiple-quantum (MQ) MAS
NMR>*”*” and insensitive nuclei enhancement by polarization
transfer (INEPT),** can shed light on the inconclusive alumi-
num structure and help to elucidate the coordination state.
Introducing probe molecules such as trimethylphosphine
(TMP) may also change the coordination state of the con-
cerned Al species to achieve accurate identification by *'P MAS
NMR or *’Al-*'P INEPT spectroscopy.***8

In this work, a series of elaborately prepared autoclave
hydrothermally treated SSZ-13 samples was adopted to explore
the dynamic evolution of Al species in the dealumination
process. One-dimensional 'H, *’Al and *°Si MAS NMR com-
bined with '"H-'"H DQ-SQ and 'H-*’Al S-RESPDOR methods
precisely revealed the detailed structures of Al species gener-
ated by water treatment. The complete dealumination mecha-
nism is helpful to understand in depth the interaction
between water molecules and the zeolite framework, and then
interpret the intrinsic hydrothermal stability of molecular
sieves.

Experimental section

Materials and methods

The Na'-free SSZ-13 (Si/Al = 12.5) was synthesized hydrother-
mally using a modified method developed in our previous
work.*®*® H-SSZ-13 was obtained by calcination from the as-
synthesized parent Na'-free SSZ-13, and then dehydrated
under vacuum (<107 Pa) at 773 K for more than 12 h. After de-
hydration, the samples were transferred into a glovebox under
an Ar environment for post-treatment. Dehydrated H-SSZ-13
(100 mg) was added into a quartz tube combined with
different volumes of water which was introduced by a microin-
jector. Finally, the quartz tube was placed into a tailor-made
stainless autoclave (Fig. S1 and S2t) and then heated at 573 K
for 6 h in the muffle furnace. The samples were named
H-SSZ-13-X (X represented the total volume of water during the
water-treatment process). It is worth noting that H-SSZ-13-40
and H-SSZ-13-80 represent samples in which 20 pL of water
was added each time and the hydrothermal treatment was per-
formed two and four times, respectively.

This journal is © the Partner Organisations 2022
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All the "H, *’Al and *°Si experiments were performed on a
Bruker Avance III 600 spectrometer equipped with a 14.1 T and
89 mm wide-bore magnet using a 3.2 mm HXY triple reso-
nance MAS probe with the corresponding Larmor frequencies
of 600.13, 156.5 and 119.2 MHz, respectively. The chemical
shifts were referenced to adamantane [§(*H) = 1.74 ppm], 1 M
Al(NO;); solution [§(*’Al) = 0 ppm] and kaolinite [5(*°Si) =
—91.5 ppm)]. The samples were dehydrated under vacuum (not
higher than 107> Pa) at 773 K for 12 h to remove the physically
adsorbed water and then transferred into a glovebox under an
Ar environment in order to fill the ZrO, rotors with Kel-F caps
for further NMR measurements with dehydration require-
ments such as '"H MAS NMR, '"H-'"H DQ-SQ MAS NMR, 'H-*°Si
HETCOR and 'H-?’Al S-RESPDOR. Detailed descriptions of the
synthesis, post-treatment and characterization methods are
listed in the ESI.}

Results and discussion

Structural transformations induced in the SSZ-13 framework
during rigorous water treatment

Herein, a series of H-SSZ-13 treated with different volumes of
water was meticulously characterized by SEM and XRD
methods (Fig S4 and S5f). The results of the untreated
H-SSZ-13 sample showed a dominating homogeneous CHA
phase with a size of 2-3 pm. With the introduction of a small
amount of water, the two noteworthy samples, H-SSZ-13-5 and
H-SSZ-13-10, still maintained the typical CHA structure with
small particles which were possibly amorphous dealuminated
species on the surface of the zeolite. With the increase of water
injection, macroscopic defects appeared on the surface of
H-SSZ-13-20, 40 and 80 which proved the dealumination
process occurred apparently with the increase of water. It
could be seen from XRD patterns that although the content of
water is increasing, the topological structure of H-SSZ-13 is
still maintained and the morphology of the samples also
remained unchanged which was clear in the SEM
photographs.

*’Al MAS NMR (Fig. 1a) is a powerful tool to monitor the
evolution of Al species during the hydrothermal process. The
main signal around 59 ppm in the parent H-SSZ-13 was
assigned to the framework tetrahedrally coordinated Al(IV)
and the tiny signal at 0 ppm was attributed to the octahedrally
coordinated Al(VI), so-called EFAL, which could not escape on
being generated in the process of deammoniation.”® As the
amount of water increased, the intensity of the main signal at
59 ppm gradually decreased, and simultaneously, a new broad
signal around 47 ppm gradually emerged and increased along
with the signal at 0 ppm. ?’Al is a spin 5/2 nucleus, so the
second-order quadrupole interactions will affect the analysis
of one-dimensional *’Al MAS NMR. To better distinguish
different Al species, ’Al MQ MAS NMR (Fig. 1b and c) was
adopted for a deeper understanding of the two most relevant
samples, the parent H-SSZ-13 and water-treated H-SSZ-13-80.
In the parent H-SSZ-13, there are only two signals in the *’Al
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Fig. 1 (a) Al MAS NMR spectra of parent H-SSZ-13 and a series of
water-treatment H-SSZ-13-X (X = 5, 10, 20, 40 and 80); /Al MQ MAS
spectra of H-SSZ-13 (b) and H-SSZ-13-80 (c). All the samples were
hydrated.

MQ spectra. The main signal was ascribed to the framework
tetrahedrally coordinated Al(IV), and the other signal was
assigned to the octahedrally coordinated Al(VI) with an inten-
sity that was amplified 16 times as shown in the spectra.
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Besides the two signals above, a new signal with a large quad-
rupole coupling constant (C,) appeared in the sample
H-SSZ-13-80. The attribution of this signal is still in dispute,
and a similar signal was observed in dealuminated mordenite
zeolite and assigned to distorted tetrahedrally coordinated Al
by ’Al MQ MAS NMR.** Subsequently, Deng’s group investi-
gated dealuminated HY zeolite and attributed this parallel
signal (Al"Y, b) to four-coordinated EFAL (AIOH>") species by
combining *’Al DQ, *’Al MQ MAS NMR and DFT calcu-
lations.*> However, in recent years, this analogous signal of Al
(Iv)-2 appeared in the *’Al MQ MAS NMR spectra following a
mild steam treatment of ZSM-5 zeolites and vanished on
ammonium hexafluorosilicate (AHFS) washing. Utilizing ultra-
high field (35.2 T) 2D "H-*’Al correlation and MQ MAS NMR
experiments, hydrated and dehydrated samples were both con-
sidered, revealing that the signal of Al(IV)-2 was derived from
the partially coordinated (Si0),_,Al(OH),,
species.®>*® So in this work, the broad signal appeared at
47 ppm in *’Al MAS NMR and the corresponding signal with a
large C, in *’Al MQ MAS NMR was attributed to the partially
coordinated framework Al species which were denoted as Al
(Iv)-2, and correspondingly, the well-known framework tetra-
hedrally coordinated Al(IV) was denoted as Al(IV)-1 which are
marked in Fig. 1. Moreover, the Al(IV)-2 species possibly
resulted from crystal defects or the partial hydrolysis of the
framework Al-O bond, which is believed to be the precursor of
the EFAL species.>® Considering the actual water treatment
process in this work, Al(IV)-2 species did not exist in the
parent H-SSZ-13 and gradually appeared accompanying the
introduction of water, it could be ruled out that this signal did
not come from the defects of the parent zeolite but from the
incomplete hydrolysis of the AlI-O bond. At the same time,
EFALs were irreversibly generated by the thorough hydrolysis
of the four Al-O bonds during the process of water treatment.
To further study the interaction site between water and the
framework, *>°Si MAS NMR (Fig. 2a) combined with "H MAS
NMR (Fig. 3) was performed to describe the evolution of Si
species and hydroxyl species in the hydrothermal processes.
All the samples represented three primary signals at —101,
—105 and —111 ppm from low field to high field as shown in
Fig. 2a. Considering the chemical shift value, the signal at
—101 ppm was preliminarily attributed to Q3 Si(O-Si);(OH)
silanol groups or Si(O-Si),(O-Al),. The distinct signal
(=101 ppm) was significantly enhanced in the "H-*Si cross
polarization (CP) MAS NMR spectrum compared with *°Si MAS
NMR spectrum, suggesting that it should be assigned to Q3
silanol  groups rather than  Si(O-Si),(O-Al), sites.
Correspondingly, —105 ppm represented Si(O-Si);(O-Al) and
—-111 ppm belonged to Q4 Si(O-Si), sites.”*** In the 2D
'H-*°Si CP-HECTOR MAS NMR spectrum (Fig. 2c), three
signals (—101, —105 and —111 ppm) were shown in the projec-
tion of the *°Si dimension. Two well-separated signals at 1.6
and 3.8 ppm were displayed in the "H dimension, which also
appeared in the following "H MAS NMR (Fig. 3a), which were
credibly attributed to protons in silanols (Si-OH) and bridging
hydroxyl groups of BAS, respectively.>>® So the two strong cor-

framework
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Fig. 2 (a) 2°Si MAS NMR spectra of parent H-SSZ-13 and a series of
water-treatment H-SSZ-13-X (X = 5, 10, 20, 40 and 80); (b) %°Si MAS
NMR, *H-2°Si CP NMR spectra of H-S5Z-13-80; (c) *H-2°Si CP HETCOR
spectrum of H-SSZ-13-80, the sample H-SSZ-13-80 for *H-?°Si CP
and CP-HETCOR MAS NMR spectra were dehydrated at 773 K under
vacuum condition. The contact time of CP and HETCOR experiments
are both 2 ms.

related peaks at (1.6, —101) and (3.8, —105) could indicate the
close spatial proximity of Si-OH and Si(1Al) species. The
remaining correlated signal at (3.8, —111) is due to the long
contact time (2 ms) for the CP MAS NMR experiment which
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Fig. 3 (a) *H MAS NMR spectra of parent H-SSZ-13 and a series of water-treatment H-SSZ-13-X (X = 5, 10, 20, 40 and 80); (b) *H-2’Al S-RESPDOR
spectra of H-5$5Z-13-80 with (S) and without (S) 2’Al irradiation with a recoupling time of 0.4 ms. AS is the difference spectrum between S and S'.

All the samples were dehydrated at 773 K under vacuum conditions.

could transfer the polarization of protons in the BAS to the
adjacent Q4 Si(O-Si), species in the dehydrated sample. It is
worth noting that compared with the parent H-SSZ-13, the
intensity of Si(1Al) signals showed a significant decrease after
water-treatment which indicated that BAS is a preferential site
of interaction between water molecules and the molecular
sieve framework.

The identification of hydroxyl species played a crucial role in
the evolution of the zeolite framework which '"H MAS NMR
could demonstrate by the detailed information about the de-
hydrated samples as shown in Fig. 3a. Four distinct signals
appeared in all the samples, of which two signals at 1.6 and
3.8 ppm have been explained in detail above. The other two
signals at 2.4 and 2.8 ppm were attributed to aluminum
hydroxyls (AI-OH).”> In the parent H-SSZ-13, the dominant
signal is the bridging hydroxyl generated from Al atoms incor-
porated into the zeolite framework. The proportion of Si-OH
and Al-OH was not obvious, and the Si-OH group was most
likely generated from the terminal hydroxyl or defect sites
caused by inevitable dealumination during the calcination
process. The AI-OH signal generated by dealumination is
mainly at 2.4 ppm, and the intensity of signal at 2.8 ppm could
be neglected. Considering the state of the original H-SSZ-13
with the vast majority of framework Al and a few extra-frame-
work Al species which were detected by *’Al MAS NMR, the
2.4 ppm peak could be credibly ascribed to extra-framework Al-
OH. As the amount of added water increased, a consistent trend
could be found that the intensity of BAS gradually declined
along with the increase of the Al-OH and Si-OH species. This
phenomenon indicated that the introduction of water will act

This journal is © the Partner Organisations 2022

on the BAS and hydrolyze the Al-O bond. The hydrolysis
process was accompanied by the reduction of BAS content and
the formation of EFALs, resulting in more defects and the for-
mation of supernumerary Al-OH and Si-OH species. More than
that, the two broad signals at 5-8 ppm and 10-14 ppm did not
exist in the parent H-SSZ-13 but appeared in the remaining
samples. The intensity of the two signals varied with the
amount of water which means that these two kinds of protons
were generated from the water treatment processes.

Identification of aluminum hydroxyls generated after
dealumination

The signals at 2.4 and 2.8 ppm in the '"H NMR had been com-
monly observed in the H-SSZ-13 and roughly assigned to Al-
OH moieties of EFALs.>"*® It is still unknown whether these
two signals were the same species caused by different local
environments or different hydroxyl species, and there is a lack
of experimental evidence. To determine the spatial distance
relationship between different hydroxyl and aluminum
species, the 'H-*’Al symmetry-based rotational-echo satur-
ation-pulse double-resonance (S-RESPDOR) method was
adopted to explore the H-SSZ-13-80 as shown in Fig. 3b. Two
'H MAS NMR spectra with (§") and without (S) *’Al irradiation
were acquired comparatively. If the concerned signal showed
fast decay with >’Al irradiation, it could be concluded that the
strong "H->’Al dipolar couplings existed between 'H and *’Al
spins, indicating spatial proximities between protons and Al
species. In other words, the signals that appeared in the differ-
ence spectrum (AS) by subtraction of S and S’ could be noticed
which is mainly due to the dephasing effects induced by
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"H-*’Al dipole-dipole interaction. Just as expected, the signals
of BAS and two aluminum hydroxyl groups decayed, and in
contrast, there was no change in the peak of Si-OH.
Unexpectedly, two broadened signals between 5-8 ppm and
10-14 ppm also appeared in the difference spectrum, which
means that these two types of protons were close to the Al
species. Moreover, these two signals did not appear in the orig-
inal H-SSZ-13, and instead, arose with the increase of two
aluminum hydroxyl groups. Therefore, it was speculated that
these two kinds of protons are presumably related to the most
relevant aluminum hydroxyl groups.

The two-dimensional '"H-'H DQ MAS NMR method had
been demonstrated as an effective method that could be com-
petent to detect proton-proton proximity (<5 A) in dealumi-
nated zeolites.*! Since various protons of hydroxyl groups were
observed in '"H MAS NMR, 'H-'H DQ MAS NMR had been
employed to detect the spatial proximities among various
hydroxyl groups in the parent H-SSZ-13 and H-SSZ-13-80 as
shown in Fig. 4. Signals that appeared along the diagonal were
the autocorrelation peaks (w, 2w) which resulted from the
dipolar interaction of protons of the same species. Paired
signals (w,, w, + wp) and (wp, @, + wp,) that appeared off-diag-
onal were the correlations between two protons of the different
species. Two autocorrelation peaks and one off-diagonal peak
pair could be observed in the sample of the parent H-SSZ-13.
The one autocorrelation peak appearing at (1.6, 3.2) ppm
suggested the spatial proximity of silicon hydroxyl groups. The
other autocorrelation peak at (3.8, 7.6) ppm indicated that
spatial proximity of BAS might exist in the parent SSZ-13
because the silica-alumina ratio was 12.5 indicating that one
CHA cage has an average of one BAS.***” The off-diagonal
peak pair at (2.4, 6.2) and (3.8, 6.2) ppm corresponded to the
correlation between BAS and Al-OH and this phenomenon
could be attributed to the spatial proximity of BAS and extra-
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framework AlI-OH groups which was inevitably generated in
the calcinating process. After the hydrothermal treatment, the
'H-'H DQ MAS NMR spectrum became more complex.
However, the identical two autocorrelation peaks (1.6, 3.2) and
(3.8, 7.6) along with paired (2.4, 6.2) and (3.8, 6.2) ppm were
observed in the parent H-SSZ-13, and one autocorrelation peak
and three off-diagonal peak pairs were clearly observed and
discussed in detail later. The first off-diagonal peak pair at
(2.4, 5.2) and (2.8, 5.2) ppm corresponded to the correlation of
extra-framework AlI-OH and newly generated Al-OH groups.
The second off-diagonal peak pair at (2.4, 14.6-16.0) and
(12.2-13.6, 14.6-16.0) ppm represented the correlation
between 2.4 ppm and the generated broad signal (approxi-
mately at 10-14 ppm) in the 'H-*’Al S-RESPDOR. The pro-
duction of this new signal had the consequent relationship
with the extra-framework Al-OH. The analogous broad signal
that appeared at 12-15 ppm in 'H NMR of MFI-type zeolite
was first reported and attributed by Chen and co-workers. This
signal was attributed to the BAS which was perturbed by
hydroxyls on extra-lattice aluminum species characterized by
'H MAS NMR and 'H 2D-exchange MAS NMR experiments
along with the alkane probe molecule of isobutane.*® And in
this work, the broad signal at 10-14 ppm could stand for the
same perturbed BAS species which was affected by extra-frame-
work Al-OH with the signal at 2.4 ppm. The third off-diagonal
peak pair at (2.8, 8.4-11.2) and (5.6-8.4, 8.4-11.2) ppm corre-
sponded to the correlation of the new generated Al-OH groups
(2.8 ppm) and another broad signal (5-8 ppm) which was adja-
cent to Al species in the "H-*’Al S-RESPDOR. The 'H signal at
2.8 ppm was relevant to the Al(IV)-2 species in ZSM-5 zeolite
mainly because of the evidence of the correlation peak in the
'H-*’Al D-HMQC experiments at high fields such as 19.6 and
35.2 T.*> This AI(IV)-2 species was incontrovertibly demon-
strated to be the partially bonded framework (SiO),_,Al(OH),
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Fig. 4 (a) *H-'H DQ MAS NMR spectra of parent H-SSZ-13 (a) and H-SSZ-13-80 (b) with the sample dehydrated.
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species by multi NMR methods at the ultrahigh field (35.2
T).>**® And back to the off-diagonal peak pair at (2.8, 8.4-11.2)
and (5.6-8.4, 8.4-11.2) ppm in the 'H-'H DQ-SQ spectra
(Fig. 3Db), the broad signal which appeared at 5-8 ppm was
unequivocally attributed to the perturbed BAS by framework
Al-OH species.’>?® Moreover, the autocorrelation peak
(7.2-7.9, 14.4-15.8) also represented the spatial proximity of
this kind of perturbed BAS. Because there was no observation
of an autocorrelation peak at (2.8, 5.6) ppm, the 2.8 ppm peak
was further ascribed to the framework (SiO);Al(OH) species.

Mechanism of water-induced dealumination on SSZ-13

Understanding the dealumination mechanism of molecular
sieves is of great importance to improve hydrothermal stability.
Previous studies of the stability of zeolites under a water atmo-
sphere, especially the DFT calculation, are helpful for a deeper
understanding of the acquired NMR data. The first detailed
reaction paths for step-by-step dealumination of CHA type
zeolite were carefully described by the method of DFT calcu-
lation.'® The Si-0-Al bond was hydrolyzed by the first member
of water with the formation of a vicinal disilanol defect, and
then the first AI-O bond thoroughly breaks down with the new
generated Si-OH and the framework Al-OH accompanied by a
changed position of BAS. As the number of water molecules
increased to three, the intermediate of Al(OH); species was
formed with two hydrogen bonds to the framework, and the
fourth water molecule was crucial for removing the EFAL
species, the so-called new generated Al(OH);(H,0) intermedi-
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ate, from the framework. Subsequent work was concentrated
on the first AI-O bond hydrolysis and put forward a new
pathway by periodic DFT calculation.'” The first water was
absorbed on the anti-position to BAS, and subsequent 1,2-dis-
sociation of water on proximal oxygen with concomitant axial
bond breaking, leading to a partial dislodgement of framework
Al and reversible recovery of BAS. This new mechanism seems
more plausible than the previous one which means that the
activation energy of the first Al-O bond breaking (76 kJ mol ™)
was much lower than the “vicinal disilanol” intermediate
induced pathway (190 kJ mol™") in the CHA type zeolite. The
possible intermediate structure resulting from the first Al-O
bond breaking though was represented and could help to
understand the full-path hydrolysis of zeolite.

Based on our experiment data, this intermediate framework
(Si0);Al(OH) was undoubtedly observed and characterized. As
a result, the proposed full-path mechanism of the dealumina-
tion process induced by rigorous hydrothermal treatment of
H-SSZ-13 zeolite is shown in Scheme 1. The dealumination of
the molecular sieves originated from the rupture of the first
Al-O bond, and the first water molecule preferentially
adsorbed in the opposite framework Al position toward BAS,
forming a distorted tetrahedral coordinated or five-co-
ordinated Al species. And then the 1,2-dissociation of water on
the neighboring framework O atom, with corresponding axial
Si-O bond breaking, generated a new Si-OH. At the same time,
the absent BAS was recovered at the adjacent O site along with
a new generated framework AI-OH. This framework Al-OH
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Scheme 1 Proposed mechanism of dealumination process induced by hydrothermal-treatment of SSZ-13 zeolite.
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with the "H signal at 2.8 ppm could perturb the proximal BAS
and caused the "H chemical shifts to appear approximately at
5-8 ppm. After the treatment of monomolecular water, the
second and third water also adopted an analogical pattern
forming the (SiO),Al(OH), and (SiO)Al(OH); species, respect-
ively. The fourth water was crucial for the formation of the
EFAL species by completely breaking the only remaining Al-O
bond generated by the AI(OH)3;(H,0O) and silicon hydroxyl
nests. These Al(OH);(H,0) or congeneric extra-framework Al-
OH moieties transferred into the extra-framework aluminum
oxygen species that were prone to adsorbing near the BAS by
electrostatic interaction and contributed to stabilizing the
molecular sieve framework. Moreover, these hydroxyls on
extra-lattice aluminol species with the 'H signal at 2.4 ppm
could perturb the proximal BAS and caused the 'H chemical
shifts to appear approximately at 10-14 ppm. These monomo-
lecular or polymolecular water hydrolysis routes were simul-
taneous under rigorous hydrothermal treatment. So under
high temperature and pressure, the water molecules became
more free and dispersed. The partially coordinated framework
Al was generated in places with low concentrations of water,
and in contrast, the EFAL species were easily produced under a
high concentration of water.

Conclusions

In this study, the CHA-type zeolite with hydrothermal treat-
ment had been investigated in detail using 1D and 2D solid-
state NMR methods. The intermediate AI-OH species gener-
ated under the water atmosphere were elaborately character-
ized by 'H-'"H DQ-SQ and '"H-*’Al S-RESPDOR NMR methods.
The 'H signals of 2.4 ppm and 2.8 ppm were demonstrated to
be extra-framework Al-OH and framework Al-OH respectively.
These two kinds of hydroxyl species could perturb the adjacent
BAS and shift the chemical shift to the lower field. The signals
between 5 and 8 ppm in 'H MAS NMR were attributed to BAS
perturbed by framework AI-OH, and correspondingly, the
extra-framework Al-OH disturbed BAS appeared between 12
and 15 ppm. These two species also revealed different path-
ways of dealumination mechanisms. The partially coordinated
framework Al species was generated by the monomolecular
water-induced hydrolysis reaction in which one water molecule
attacked the anti-position of the Al atom toward the BAS result-
ing in the first Al-O bond breaking. Extra-framework Al
species were generated by stepwise hydrolysis of four Al-O
bonds which needed at least four molecules of water. These
two kinds of dealumination mechanisms took place simul-
taneously under the conditions of hydrothermal treatment of
the SSZ-13 zeolite. The detailed experimental evidence of inter-
mediates for different dealumination pathways was given in
this work. Through these two intermediates, the whole process
from the first AI-O bond breaking to the complete hydrolysis
of four Al-O bonds results in EFALs which could be better
understood at the atomic level. Moreover, it would help to
reveal the intrinsic hydrothermal stability of molecular sieves.
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