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Mesoporous silica scaffolds as precursor to drive the formation
of hierarchical SAPO-34 with tunable acid properti

. Miletto,® G. Paul,™ S. Chapman,® G. Gatti,” L. Marchese,” R. Raja™ and E. Gia

Abstract: Using a distinctive bottom-up approach, hierarchical
SAPO-34 has been synthesized using CTAB encapsulated within
ordered mesoporous silica (MCM-41) that serves as both the silicon
source and mesoporogen. The structural and textural properties of
the hierarchical SAPO-34 were contrasted against its microporous
analogue, and the nature, strength and accessibility of the Brgnsted
acid sites were studied using a range of physicochemical
characterization tools; notably probe-based FTIR and solid-state
(SS) MAS NMR. Whilst CO was used to study the acid properties of
hierarchical SAPO-34, bulkier molecular probes (including pyridine,
2,4.6-trimethylpyridine  and  2,6-di-tert-butylpyridine)  allowed
particular insight into the enhanced accessibility of the acid sites.
The activity of the hierarchical SAPO-34 catalyst was evaluated in
the industrially-relevant, acid-catalysed Beckmann rearrangement of
cyclohexanone oxime to e¢-caprolactam, under vapor-phase
conditions. These catalytic investigations revealed a significant
enhancement in the yield of e-caprolactam using our hierarchical
SAPO-34 catalyst compared to SAPO-34, MCM-41, or a mechanj
mixture of these two phases. The results highlight the merits
design strategy for facilitating enhanced mass ftransfer,
retaining favorable acid site characteristics.
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but simultane fect sites, thus irrevocably altering
both the textural and acid characteristics of the parent
framework [18]. Although demetallation has been widely
ihe production of hierarchical zeolites [17,18],
few examples have been reported for
aluminophosphates [11,12] due to the their relative
ility under strongly acidic or alkaline conditions [11]. Often,
-up approach is employed for the production of
POs, whereby sophisticated, but sacrificial,
surfactan olecules self-assemble into a supramolecular
micelle that” guides the formation of the mesoporous network,
whilst a structure-directing agent facilitates the formation of the
migroporous architecture. The bottom-up approach is relatively
being compatible with a ‘one-pot’ synthesis, and benefits
froga high degree of structural control through the modification
e micellar structure (by the choice of surfactant molecule
d the use of additives, such as swelling agents) [16]. Typically
he surfactants used to synthesize hierarchical SAPOs in the
bottom-up approach are organosilanes such as TPOAC ([3-
(trimethoxysilyl)propyl]-octa-decyldimethyl ammonium chloride)
[19]. These molecules incorporate a trimethoxysilyl moiety that
can form covalent bonds with zeolitic precursors, promoting the
crystallization of a single, hierarchical phase [20]. Nonetheless,
the bottom-up approach can have a detrimental impact on
material crystallinity and, moreover, the use of amphiphilic
organosilane templates leads to the incorporation of siliceous
species into the walls of the mesopores, modifying the acid
characteristics of the parent framework [15].
Herein we report a novel, facile, bottom-up approach for the
preparation of hierarchical SAPO-34 (designated HierSAPO-34)
acid catalyst, mitigating the need for sophisticated surfactants,
instead using CTAB encapsulated within ordered mesoporous
silica (MCM-41) that serves as both the silicon source and
mesoporogen. This method benefits from superior retention of
the desirable acid properties of the microporous parent
framework, whilst simultaneously enhancing its mass transport
capabilities. The HierSAPO-34 catalyst was fully characterized
using FTIR spectroscopy of adsorbed probe molecules, together
with solid-state (SS) MAS-NMR. In addition, the structural and
textural properties of the HierSAPO-34 were evaluated using X-
ray diffraction (XRD) and volumetric analyses. FTIR
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spectroscopy of adsorbed probe molecules of varying kinetic
diameters is a powerful tool in the systematic study of the acid
properties of hierarchical zeolites, providing information on the
location, content, strength and accessibility of both Brgnsted and
Lewis sites [18,21,22]. In this study, CO was used to assess the
acid strength of the HierSAPO-34, whilst strongly-basic
molecules of increasing kinetic diameter, including ammonia,
pyridine, 2,4,6-trimethylpyridine (collidine) and 2,6-di-tert-
butylpyridine, were used to probe the accessibility of these sites.
As a probe molecule, NH; is sufficiently small and basic to be
adsorbed and protonated by all the Brgnsted acid sites in both
the micro- and meso-pores of the HierSAPO-34. Larger probe
molecules, such as alkylpyridines, with kinetic diameters
exceeding the micropore dimensions, can only assess those
Brensted acid sites present in the mesopores or at the mouth of
the micropores. Such probe-based studies are particularly
pertinent to catalysis for their role in establishing structure-
property relationships. These analyses can facilitate mechanistic
studies that ultimately aid further catalyst optimization. To this
end, the acid characteristics of HierSAPO-34 have been studied
in the vapor-phase, acid-catalyzed Beckmann rearrangement of
cyclohexanone oxime; a fundamental step in the production of ¢-
caprolactam (the monomeric precursor to the Nylon-6 polymer).
These perspicacious spectroscopic studies highlight how
framework topology and acid-site characteristics influence

catalyst activity in the context of an industrially-relevant catalygic
process.

Results and Discussion
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Figure 1. Representative SEM image (A) and energy-dispersive X-ray
spectroscopic microanalysis (B) of HierSAPO-34.

RD pattern of HierSAPO-34 reveals the characteristic
ction peaks of the CHA structure (Fig. 2A), thus confirming
phase purity and crystallinity of the sample. In addition, in
e low-angle range (Fig. 2A, inset), HierSAPO-34 exhibits a
diffraction peak at ca. 2° that is indicative of ordered
mesoporosity. The low-angle peak is notably absent for
microporous SAPO-34. The presence of both micro- and meso-
porosity in HierSAPO-34 was also evidenced by N;
adsorption/desorption analysis at 77 K (Fig. 2B and 2C).

Table 1. Inductively-coupled plasma (ICP) chemical analysis of SAPO-34

Catalysts.
Catalyst Si Al P Elsi/ Plgi/
wt. %  wt% wt. % Si+Al+P  Si+Al+P
HierSAPO-34 11.44 1872 10.71 0.28 0.23
SAPO-34 3.19 17.56 15.92 0.08 0.07

[a] Experimental framework composition determined by ICP analysis after the
synthesis. [b] Theoretical framework composition determined from the

synthesis gel composition.
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To probe the chemical environment of the framework atoms in
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mesopore range, with pore size distribution in the micropore and mesopore due to detection [29]. The 2GS cross-
range (inset C). polarization (CP) MA spectra of microporous SAPO-34

revealed multiple signals at -92, -96 and -101 ppm due to
Whilst the isotherm of microporous SAPO-34 is archetypical trahedrallygbrdinated framework silicon coordinated to four,
Type |, enhanced N; uptake at intermediate and high pressures e, and Al atoms, respectively (Fig. 3C). These three
by HierSAPO-34 yields a Type IV isotherm, which is cteristic signals are also present in HierSAPO-34, though
characteristic of mesoporous materials. Pore size distributions ned by the presence of silicon islands Si(OSi),) or
(Fig. 2C) for SAPO-34 and HierSAPO-34 were determined py silicate islands Si[ (OSi)(OAl)n(OH),] in the SAPO
invoking NLDFT (non-localized density functional theory 1.12,30,31]. The 2gi CP MAS NMR spectrum of
analyze the desorption branch of their respective isotherm, 41 is included in the supplementary information
27]. Encouragingly, the pore size distribution of SAPO-34 was  (Fig. S2).

Figure 2. A: The powder XRD pattern of microporous SAPO-34 (black) and
HierSAPO-34 (red), with the low-angle region (inset A). B: The N,
adsorption/desorption isotherms at 77K. C: The pore size distribution in the

whilst HierSAPO-34 exhibits additional microporosity
well as mesopores of 33 and ca. 70 A diameter (Fig

Significantly, with respect to microporous
HierSAPO-34 exhibits substantial enhancements in

96,

; 92#
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Figure 3. The ZAl (A), *'P (B) MAS NMR, and *°Si (C) CP MAS NMR spectra
of calcined hierarchical SAPO-34 (red) and SAPO-34 (black)

PlRelative Viotber Vinicro Vineso “IRelative
mesopore mesopore
area [%] cm®g’ cm’g” cm®g’ volume[%)]
0.98 0.26 0.23 0.03 12.9
347 0.58 0.13 0.44 76.7
- 1.3 - 1.3 -
[a] S tive mesopore area =S___ /S, . x 100 ; [c] Relative mesopore volume=V___ N, .. x 100.
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'H MAS NMR, coupled with FTIR spectroscopy of adsorbed
molecules, was used to establish the nature and strength of the
acid sites present in microporous and hierarchical SAPO-34. In
the OH stretching region of FTIR spectra (Fig. 4A), microporous
SAPO-34 displays two intense bands with maxima at 3630 and
3600 cm™. These bands are assigned to the O-H stretching
mode of AI(OH)Si Brensted acid sites (BAS) of different acid
strengths, in the 04 (3630 cm™) and 02 (3600 cm™) structural
configurations of the CHA framework [30-33]. Hierarchical
SAPO-34 shows the same bands due to the Brgnsted acid sites,
though at lower intensity, as well as additional signals arising
from isolated Si-OH (3745 cm™) and isolated P-OH (3678 cm™)
sites. In addition, a very broad signal from 3550-3350 cm™ is
visible due to the presence of hydrogen-bonded hydroxyls [18].
Importantly, the detection of the characteristic BASs of SAPO-34
within the HierSAPO-34 material confirms the dissolution of
MCM-41 network and the successful incorporation of the Si into
the CHA architecture.

In conjunction with FTIR studies, '"H MAS NMR spectroscopy
has provided direct information about the different proton sites
present in these samples (Fig. 4B) and quantitative
representations of the various protonic species are shown in
Table 3. A signal at around 4 ppm, associated with Brgnsted
Si(OH)AI groups, is present in both microporous and hierarchical
SAPO-34. After deconvolution, two components at 3.6 ppm and
3.9 ppm can be identified, corresponding to the two types gof
Brensted acid sites in the CHA framework. The quantity of
groups calculated using 'H MAS NMR is lower in HierSA
than in its microporous analogue. Aside from the BASs, a signal
at lower chemical shift can be identified in the sp
HierSAPO-34 only. This resonance is of composite
subsequent deconvolution revealed two signals at
ppm. Whilst the signal at 1.8 ppm is due to exter
OHey) at lattice defects, the signal at 2.0 ppm
to Si-OH groups interacting with neighboring oxyg
OHiny), identifying their intra-framework location [34-37].
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Table 3. FTIR frequencies and population distribution of protonic species
obtained from single-pulse 'H MAS NM
hierarchical SAPO-34.

ectroscopy in microporous and

VoH /em™ "H chemical  Assignment species %
shift (5) /ppm 4 SAPO-34

3745 1.8 -
3745 tail 2.0 -
3678 2.6 4
3630 3.6 42
3600 3.9 27
3550- =4, 30 18

3350

These two d
FTIR due to the
a pronounced tail
presen

nal of external Si-OH, although
e band at 3745 cm™ does suggest the
of silanol site. A weak signal at 2.6
ppm, , is also present in HierSAPO-34.
Proton resonances .5 ppm are attributed to hydrogen-
bonded species, and are related to the broad 3550-3350 cm™
signal in the responding FTIR spectrum [18]. In contrast, the
NMR spgum of calcined MCM-41 shows only a sharp peak
.8 ppm due to Si-OH groups, and a broad feature in the
of 2-6 ppm (Fig. S3).

ess the accessibility and strength of acid sites in
=34, probe molecules of varying basicity and steric
adsorbed and their interactions studied by FTIR
spectrosco. Initially, CO was used as a probe molecule since,
due to its weak basicity; it is particularly effective at
discriminating acid sites of different strength. In particular, the
adsgrption of CO at 80 K leads to the formation of OH---CO
en-bonded adducts with acid sites, and the degree of the
omitant shift of the hydroxyl band (Avon) can be correlated
catalyst acidity [38-41]. In Figure 5, the FTIR spectra of CO
dsorbed at 80 K on HierSAPO-34 (A) and SAPO-34 (B) are
shown. For both catalysts, adsorption of CO at low temperature
causes the bands of the Si(OH)AI Brgnsted acid sites (3630 and
3610 cm™) to downshift due to the formation of OH---CO H-
bonded adducts, yielding a broad, intense absorption centered
at ca. 3350 cm™. As the degree of redshift is similar for both
microporous and hierarchical SAPO-34, their Brgnsted acid sites
are of similar strength. At low CO coverage, the C-O stretching
region reveals a signal centered at 2170 cm™ corresponding to
the stretching mode of CO interacting with Brgnsted acid sites.
Whilst this CO stretching mode is present in the spectra of both
catalysts, its intensity varies between the microporous and
hierarchical SAPO-34. The observed blue-shift (32 cm™) with
respect to the stretching mode of the free CO molecule (vco
liquid-like at 2138 cm™) is similar for both samples, again
highlighting their comparable acid strength. However, on
progressing to a high pressure of CO, the band at 2170 cm™ for
HierSAPO-34 presents a low-frequency tail, which can be
ascribed to the stretching mode of CO interacting with Si-OH
and P-OH groups. At high CO coverage, HierSAPO-34 (Fig. 5A)
exhibits a shoulder at 3470 cm™ due to CO interaction with the
P-OH defects [42], but signals arising from the interaction of CO
with Si-OH groups is imperceptible due to overlap with the

This article is protected by copyright. All rights reserved.
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Figure 5. FTIR difference spectra in the O-H (high frequency, 3800 — 3100 cm’1) and C-O (low frequency, 2220 — 2040 cm'1) stretching region of CO adsorbed at
80 K on HierSAPO-34 (A) and SAPO-34 (B) catalysts. Curve 1: Adsorption of 15 mbar of CO, Curves 1 to 21: decreasing CO doses up to 1 x10™ mbar.

negative bands in the 3650-3590 cm™ range. The adsorption of
CO at low temperature shows that the Brgnsted acid sites of the
hierarchical catalyst are of similar strength to those in
microporous SAPO-34, indicating that the overall acid
characteristics of SAPO-34 are retained in the hierarchj
system. However, due to its small diameter, CO is una
discriminate acid sites based on their location within the
hierarchical framework. In order to discriminate the
acid sites located inside the micropores from those
the mesopore surface, probe molecules of signifi
kinetic diameter were employed. Substituted
appropriate probe molecules as their inherent ba
bulk (which restricts diffusion through small porn
be exploited in qualitative and quantitative analysis
accessibility [4,18,43-47]. In particular, pyridine (Py)
kinetic diameter of 0.54 nm, 2,4,6-trimethylpyridine (2,4,6-TM
collidine) with a kinetic diameter approximately 0.74 nm,
2,6-di-tert-butyl-pyridine (2,6-dTBP) wifh a kinetic diamet
1.05 nm, are too large to enter the
thus can only interact with aci
mesopores or at the micropore mouths. Th
readily identified using FTIR,
aromatic ring vibrations of the
basicity, through their
2,6-dTBPH") formed

are only partial
vapor pressure
new bands at 329
protonated 2,6-dTB due the C-H stretching
d at 2975 and 2930 cm” due to
tretching mode of methyl groups,
behavior suggests that only a

fraction of the Brgnsted aci s are accessible to the 2,4,6-

P molecf In the aromatic C-C ring vibration range (Fig.

the vg, Thode, which in the liquid phase appears at 1611
is very sensitive to the presence of the BASs of the
ts, its position changing with acid strength. When the vg,
ears at wavenumbers in excess of 1630 cm’1, it can be
@ the formation of the protonated species (2,4,6-

of a hydrogen-bonded adduct [4,18,45,49]. Upon interaction with
2,4,6-TMP, bands at 1618 and 1574 cm” due to hydrogen
bonding to Si-OH groups, and a band 1638 (vs,) cm” with a

tment, testifying the interaction of 2,4,6-TMP with strong
gnsted acid sites in HierSAPO-34. In fact, after outgassing the
catalyst at 373K, the band at 1638 cm™ due to the protonated
species 2,4,6-TMPH" is retained, whilst those of the hydrogen-
bonded adduct (1618 and 1574 cm™) are lost (Fig. S4). The
1638 cm™ band is not present in the FTIR spectrum of
microporous SAPO-34 (Fig. 6C, black curve), where only a
signal at 1611 cm'1, due to physisorbed 2,4,6-TMP, is visible.
The presence of the 1638 cm™ band in the spectrum of
HierSAPO-34 evidences the enhanced accessibility of the
Brensted acid sites, facilitated by its mesoporous network. To
gain further insight into the fraction of accessible Brensted sites
in HierSAPO-34, other strongly-basic probe molecules, of
different kinetic diameter were deployed. In particular, NH; was
used to monitor the total Brensted acid sites, as it readily enters
both the micropores and mesopores of the HierSAPO-34
framework [50,51], whereas pyridine (Py), with a kinetic
diameter of 0.54 nm, and 2,6-di-tert-butylpyridine (2,6-dTBP),
with a kinetic diameter of 1.05 nm, cannot enter the micropores
and can therefore probe only the more accessible acid sites [47].
The FTIR difference spectra of NH; (Fig. 7A), pyridine (Fig. 7B)
and 2,6-dTBP (Fig. 7C) adsorbed on HierSAPO-34 at room
temperature are reported in the low frequency region where the
signals of protonated species are observed.

This article is protected by copyright. All rights reserved.
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Figure 6. FTIR absorbance spectra in the O-H stretching region (A) and FTIR
difference spectra in the aromatic ring vibration range (B) of 2,4,6-TMP
adsorbed on HierSAPO-34. The black curve is the spectrum of HierSAP
in vacuum, red curve upon 10 minutes of contact time with 2,4,6-TMP
pressure and the blue curve is related to the 2,4,6-TMP desorption at
comparison of the FTIR difference spectra of HierSAPO-34 (red cu
SAPO-34 (black curve) upon contact with 2,4,6-TMP vapor pres
provided (C).
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ssing the probe molecules at

reported in th the nature and position of the IR
bands of their corresponding protonated species. From this data,
it is evident; only a small fraction of the total Bregnsted acid

ssible to the bulkier probe molecules but by
ducing Mesoporosity into CHA framework, the average
pore length is reduced and the number of accessible active
increases accordingly. Unsurprisingly, pyridine is able to
higher fraction of Brgnsted acid sites than both 2,4,6-
/T BP, reflecting the smaller kinetic diameter of the
ccessibility factor (AF) was also calculated for the
pyridine defivatives. The AF is defined as the number of sites
detected by adsorption of the alkylpyridine, divided by the total
number of Brensted acid sites detected by NH; adsorption. The
lue decreases with increasing alkylation of pyridine,
ating with increased steric bulk.

catalytic activity of the HierSAPO-34 material was evaluated
the vapor-phase Beckmann rearrangement of cyclohexanone
xime to e-caprolactam (the precursor to the Nylon-6 polymer)
and contrasted with that of its microporous analogue. Under
these conditions, the HierSAPO-34 shows exceptional catalytic
performance, maintaining > 99 % conversion and ~ 95 %
selectivity to the desired e-caprolactam product over the course
of the 6-hour reaction (Fig. 8A). The selectivity for e-caprolactam
is comparable between hierarchical and microporous SAPO-34
catalysts, which reflects the similarity in their acid characteristics
and thus reinforces our spectroscopic evaluation (Fig. 8B).
However, the overall activity of the HierSAPO-34 is vastly
superior to its microporous analogue, even at short contact
times. Notably, SAPO-34 achieves a maximum conversion of
only ~ 82 %, which then steadily declines over course of the
reaction, likely due to catalyst deactivation through pore-
blockage [15].

This result suggests that, where the small pores of the CHA
structure impede access to the internal acid active sites,
catalysis is restricted to the more accessible Brgnsted sites
located on the exterior of the catalyst and at the pore mouths. As
this reduces the number of active sites that available to
participate in the catalytic reaction, maximal conversion is
restricted.
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Table 4. The concentration of accessible Brgnsted acid sites (N) in HierSAPO-34

Probe molecules Protonated species

Position of IR bands of
protonated species

N/
mmol g'1
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NH; NH, 1450 (Basym)

Pyridine PyH" 1545 (V19p)
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0.62 [46]

0.50 [47]

transformation in
achieved by a 50:
and MCM-41 app
frameworks, hjghli
framework
capabilities with

er, the net conversion
f microporous SAPO-34
of that of the individual
e of designing a single
mass-transfer

Conclysions

CTAB encapsulate CM-41 has been used to template
the design of hierarchical SAPO-34 without the need for
spphisticated garfactant molecules. FTIR studies using CO as a
le, in conjunction with solid-state MAS NMR

have revealed that the acid characteristics of
orous SAPO-34 are retained in our HierSAPO-34 material
er, FTIR studies of adsorbed alkylpyridines reveal the
accessibility of the acid sites through the incorporation
mesoporous network. The findings from our
further demonstrate that our synthetic

catalytic

dy
methodology effectively retains the desirable acid characteristics
of the microporous analogue, whilst simultaneously enhancing
ma

transport capabilities through the introduction of secondary
y. HierSAPO-34 shows superior catalytic activity in the
catalyzed vapor-phase Beckmann rearrangement of
lohexanone oxime to e¢-caprolactam, relative to both
icroporous SAPO-34 and to mesoporous MCM-41. Moreover,
the mediocre vyields of caprolactam achieved using a physical
mixture of microporous SAPO-34 and mesoporous MCM-41
highlights the unique benefit in designing a single, homogenous
hierarchical system that can host, contemporarily, both micro-
and meso-pores. Our design strategy further vindicates a viable
means of retaining the desirable acid characteristics of a parent
microporous framework, whilst simultaneously improving the
diffusion and mass-transport properties in  catalytic
transformations, offering wide-ranging benefits for diverse acid-
catalyzed processes.

Experimental Section

Hierarchical SAPO-34 synthesis

Aluminium isopropoxide (7.00g, Sigma Aldrich) was added
slowly to tetraethylammonium hydroxide (TEAOH) (14.00 ml,
35wt% in H,O, Sigma Aldrich) under stirring. Deionized water
(21 ml) was added and the mixture was stirred for 1 h. CTAB-
containing MCM-41 (2.11 g, prepared as reported in ref. 23) was
slowly added and the mixture was further stirred for 2 h.
Phosphoric acid (2.33 ml, 85wt% in H,O, Sigma Aldrich) was
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added dropwise under stirring. The gel was vigorously stirred for
30 min to produce a white gel with the following composition:
1.0 Al: 1.0 P: 0.58 Si: 0.066 CTAB: 1 TEAOH: 50 H,O

The gel was transferred to a Teflon-lined stainless-steel
autoclave and crystallized at 473K for 60 h under autogenous
pressure. The solid product from autoclave was then recovered
by filtration and washed with water. The as-prepared product
was dried in air at 373K and calcined in a tube furnace under air
flow at 873K for 16h to remove organic surfactant and micropore
template, producing a white crystalline solid.

Microporous SAPO-34 synthesis
Aluminium isopropoxide (7.00g, Sigma Aldrich) was added
slowly to tetraethylammonium hydroxide (TEAOH) (14.00 ml,
35wt% in H,O, Sigma Aldrich) under stirring. Deionized water
(21 ml) was added and the mixture was stirred for 1 h.
Tetraethylorthosilicate (TEOS) (1.14 ml, Sigma Aldrich) was
added dropwise under stirring and the mixture was further stirred
for 2 h. Phosphoric acid (2.33 ml, 85wt% in H,O, Sigma Aldrich)
was added dropwise under stirring. The gel was vigorously
stirred for 30 min to produce a white gel with the following
composition:
1.0 Al: 1.0 P: 0.15 Si: 1 TEAOH: 50 H,O

The gel was transferred to a Teflon-lined stainless-steel
autoclave and crystallized at 473K for 60 h under autogenous
pressure. The solid product from autoclave was then recovergd
by filtration and washed with water. The as-prepared pro,
was dried in air at 373K and calcined in a tube furnace un
flow at 873K for 16h to produce a white crystalline solid.

Characterization
Before undertaking structural, volumetric and
analysis, calcined samples were outgassed at 5%
adsorbed water.

Scanning Electron Microscopy

(SEM) images

A).
For ICP-OES analyses, sam
conditions before being aspi

N2 physisorption me
relative pressure range Po by using a
Quantachrome Autosorb1 CD instrument. Prior to the
analysis, the samples were ou sed at 573 K for 3 h (residual
pressure lower : ecific surface areas were
determined using in the relative pressure
range from 0.01 to P/Po. The rption branch of the N,
s analyzed by means of the NLDFT
theory) method, to obtain the pore
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Solid-state (SS) NMR spectra were acquired on a Bruker
Avance Ill 500 spectrometer and agaide bore 11.7 Tesla magnet
with operational frequencies for ' >'P and Z’Al of 500.13,
99.35, 202.45 and 130.33MHz, resp A 4mm triple
resonance probe with magic angle
employed in all the experi
on a Zirconia rotor and sp
magnitude of radio frequency fie
kHz for "H, *'P and ’g
were acquired on |
(11/12) to ensure q
*P and Al MA
applied. The relax
1, 20, and

S rate of 15 kHz. The
were 100, 83 and 42
Al MAS spectra
small pulse angle
tion. In the case of 2°Si,
proton decoupling was
n accumulations was 5,
and *Si MAS NMR
ical shifts were reported by
externally referenced to TMS for 'H and
nin 1.0 m AICl; solution for Al NMR
MR. The chemical shifts reported for
ond-order quadrupole effects.
'H MAS NMR spectra re fitted with DMFIT functions for
quantitative deconvolution of overlapping peaks. The samples
a NMR rotor and dehydrated at 573K under
(140" mbar) for 2 h prior to the loading into the
et and recording of the NMR spectrum.
spectra of self-supporting pellets were collected under
conditions (residual pressure <10® mbar) using a
inox 55 spectrometer equipped with a pyroelectric

adsorbed a¥ 80 K and NHs, 2,4,6-trimethylpyridine (2,4,6-TMP,
collidine) and 2,6-di-tert-butylpyridine (2,6-dTBP) were adsorbed
at room temperature using specially designed cells permanently

pellet weight and, whenever specified, are reported in
erence-mode by subtracting the spectrum of the sample in
acuum from the spectrum of the adsorbed molecules (CO and
pyridine derivatives).

The total number of accessible Brgnsted acid sites (N) was
estimated using the Lambert-Beer law in the form A = eNp,
where A is the integrated area of the bands of the protonated
species, € is the molar extinction coefficient (cm? mmol™), N is
the concentration of the vibrating species (mmol g™), and p is
the density of the disk (mass/area ratio of the pellet, mg cm™).

Catalysis

A cylindrical (4 mm diameter), quartz, fixed-bed reactor with a
quartz frit was packed with 0.5 cm layer of glass beads (1mm).
The catalyst (0.2 g) was pelletized and added to the reactor,
followed by a further 20 cm of glass beads (1 mm). The reactor
was transferred into the heater unit of the flow-reactor setup.
The catalyst was pre-treated by heating at 673 K for 1 h under a
50 ml min” flow of helium gas. The temperature and flow of
helium gas were then reduced to 598 K and 33.3 ml min'1,
respectively. A liquid-feed of 100 g L™ of cyclohexanone oxime
in ethanol was fed, via electronic syringe pump, into the reactor
to maintain a weight hourly space velocity (WHSV) of 0.79 hr™.
As an external standard, a liquid feed of 100 g L™ of mesitylene
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in ethanol was simultaneously introduced into the exit feed using
WHSV of 0.79 hr. Once steady-state was established, samples
were collected on an hourly basis and analyzed using the Clarus
480 gas chromatograph with FID detector and Elite 5 column.
Product formation was quantified against the mesitylene external
standard.
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