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ABSTRACT

Chemical vapor deposition of trimethylaluminum (TMA) was explored as an approach for the
preparation of model faujasite-type catalysts containing extraframework aluminum. The
decomposition of the grafted organoaluminum species was investigated in hydrogen and oxygen
atmosphere. The process of grafting Al-containing species and the associated changes of the
zeolite hydroxyl groups were followed by in situ FTIR spectroscopy. The state of intrazeolite Al
atoms, the changes in zeolite structure and acidity caused by the CVD procedure as well as by
subsequent treatment were analyzed in detail by H, »Si and Al MAS NMR, CO.4 IR, H/D
exchange of acidic hydroxyl groups with perdeuterobenzene and propane cracking. Reaction of
an extraframework aluminum-free high-silica faujasite zeolite with TMA leads to nearly
complete substitution of the bridging hydroxyl groups with Al species. The reaction, however,
does not produce uniform homogeneously distributed species. Because of the high reactivity of
TMA, the zeolite lattice is partially decomposed resulting in its partial dealumination and
formation of stable Si-CHj; moieties. The exact conditions of post-CVD treatment influence
strongly the chemical and catalytic properties of the zeolites. The strongest increase of the
propane conversion rate was observed when grafted TMA species were decomposed in H; at
high temperature. Such zeolite displays much higher activity per Brgnsted acid site in propane
cracking than a commercial ultrastabilized Y zeolite. It is proposed that the activity enhancement
is related to strong polarization of a fraction of the zeolite Brgnsted acid sites by Lewis acid sites

formed by the hydrogenolysis of grafted TMA complexes.
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1. Introduction

Zeolites are extensively used in the oil refining and petrochemical industry as acid catalysts to
crack carbon-carbon bonds, isomerize and oligomerize alkenes and alkylate aromatics.' 2 Zeolite
acidity is understood to a significant degree.3'5 Acid catalytic activity resides at sites involving
tetrahedral aluminum species substituting silicon atoms in the framework. Zeolite Y, the
preferred zeolite in hydrocracking catalysts, has the faujasite structure which features a single
crystallographic tetrahedral site. Ideally, at high Si/Al ratios dilute Brgnsted acid sites (BAS) in a
pure faujasite material will therefore be equivalent.6 After hydrothermal synthesis of zeolite Y,
its Al content is high (Si/Al = 2.5), while its stability and acidity are low. The low acidity is
understood in terms of the next-nearest neighbor model.” According to this model, bridging
hydroxyl groups in Al-rich regions of zeolites have the strongest O-H bonds because of higher
basicity of lattice oxygens. In practice, a hydrocracking catalyst will contain steam-calcined
stabilized faujasites with Si/Al molar ratios in the 4.5-50 range. The steam calcination procedure
renders the zeolite more stable and acidic and also creates additional mesoporosity. Even in
simple test reactions, like cracking or hydroconversion of alkanes, materials of similar
composition show hugely different activities. The usual interpretation of such differences
involves the assumption that zeolitic acid sites can differ in strength. Non-framework aluminum
species due to partial framework dealumination can boost the activity of zeolites in cracking
reactions or affect its selectivity.g’9 These strongly Lewis acidic aluminum species do not seem to
contribute to protolytic cracking, but instead are believed to enhance the strength of Brgnsted

10,11

acid sites in their vicinity and to promote alternative alkane activation paths such as

dehydrogenaltion.12

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Catalysis

The extracted Al atoms form the commonly named extraframework Al (EFAI) phase, which
includes charged complexes at cationic positions and neutral aggregates occluded in the
micropore space.m'15 Part of the EFAI phase may also be located in the mesopores or at the
external surface. Due to the heterogeneous nature of the EFAI phase, it has not been possible yet
to unambiguously determine the structure of such species nor their role in catalytic cracking
reactions. The formation of EFAI species in the zeolite pores is believed to increase acidity. The
nature of these EFAI species and how they affect Brgnsted acidity of zeolites is an issue of
continuous debate. It has been postulated that these EFAI polarize neighboring BAS and increase
their activity in acid-catalyzed reactions.'® In recent work, Iglesia and co-workers opposed this
view by suggesting that the activity enhancement is mainly associated with the change of
effective void of the supercage due to the presence of EFAI rather than to changes in intrinsic
strength of BAS."” On contrary, van Bokhoven and co-workers demonstrated that EFAI species
in steam-activated zeolite Y predominantly occupy cationic positions in the sodalite cages and,

therefore, cannot directly influence the adsorption of hydrocarbons in the supercages. 18

The introduction of extraframework Al in low-silica X and Y zeolite results in a substantial
increase of acidity of BAS." Solid-state NMR spectroscopy is a powerful method for the
investigation of the oxygen coordination, local symmetry and concentration of Al atoms at
framework and extraframework positions in zeolites. Many efforts have focussed on
understanding the role of EFAI on BAS using different NMR spectroscopic techniques such as
'H DQ-MAS NMR and >C MAS NMR of adsorbed 2-"*C-acetone.””** It was also used to
reveal the importance of the spatial proximity of Brgnsted and Lewis acid sites in dealuminated
H-Y zeolite to enhance acidity. 2325 More recently,26 also Al DQ-MAS NMR spectroscopy was

employed to study the location of various types of Al species in dealuminated Y zeolite. Besides,
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several studies employed monomolecular cracking of hydrocarbons to characterize the intrinsic
reactivity of the zeolitic Brgnsted acid sites of different zeolites.””>* One of the reasons why it
remains difficult to draw clear conclusions on the structure and role of EFAI is the significant

structural heterogeneity of EFAl-containing faujasites.

In order to understand better the nature and catalytic role of EFAI in faujasite zeolites, it
would be useful to develop model zeolites containing well-defined EFAI species. In our previous
work, the influence of extraframework Al in a model high-silica faujasite (Si/Al = 5, no EFAI)
introduced by conventional methods such as incipient wetness impregnation and ion exchange
was investigalted.35 Strong synergy in propane conversion was observed between BAS and
cationic EFALI species. Despite efforts to control the type of Al species, it was found that there

remains a considerable degree of heterogeneity in such model samples.

The surface organometallic approach involves modification of solid surfaces by catalytically
active species by selective reaction of its functional groups.®® In zeolites the hydroxyl groups will
react with volatile metal-alkyl species. This approach has been explored before for preparation of
model systems of Ga/ZSM-5.>"** It has also been used to modify ZSM-5 with Zn cations.” The
reaction of Brgnsted acid sites and the highly reactive organometallic precursor results in well-
defined cationic surface species, which can be further modified by subsequent thermochemical
activation. Herein, the use of volatile trimethylaluminum (Al(CHs);, TMA) is explored as a
potential precursor for well-defined EFAI species in zeolite Y. Previously, it has been
demonstrated that TMA can be effectively incorporated into mesoporous silica MCM-41 via
various post-synthesis procedures.40 TMA itself is a prototypical precursor to the industrially

41-55

important MAO co-catalyst for olefin polymerization. The modification of dealuminated Y
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zeolite with TMA followed by impregnation of platinum has been shown to result in enhanced

reactivity of the zeolite catalyst for decane df:hydrogenaltion.56'58

As a starting material, we employ a high-silica faujasite zeolite prepared by selective
substitution of Alg with Si atoms via treatment with ammonium hexafluorosilicate (NH,4),SiF¢ of
zeolite Y.”* EFAl species were then introduced by chemical vapor deposition of TMA followed
by the decomposition of the grafted organoaluminum species under oxidizing or reducing
conditions. The state of EFAI in the prepared materials was investigated by ’Al MAS NMR
spectroscopy and FTIR spectroscopy of adsorbed CO. Brgnsted acidity of the zeolite catalysts
was investigated by monitoring the selective H/D exchange of acidic hydroxyl groups with C¢Dg

59-62

by IR spectroscopy. The acid catalytic activity of these zeolites was determined by propane

cracking experiments.

2. Experimental

2.1. Catalyst preparation

Dealuminated AHFSY zeolite was prepared according to the procedure described in Ref. 35
(AHFSY-60) by reacting the ammonium form of zeolite Y (Akzo Nobel, Si/Al = 2.5) zeolite
with an aqueous solution of ammonium hexafluorosilicate ((NH4),SiFs, AHFS). The framework
Si/Al ratio in the resulting AHFSY material was 4.2. Subsequent modification with
trimethylalumum was performed by chemical vapor deposition (CVD) of AI(CHs);
(trimethylaluminum, TMA, Alderich Chemicals, 95%) on dehydrated AHFSY zeolite. Prior to
the TMA CVD treatment, the AHFSY powder was pressed, crushed and sieved to a fraction
between 250 and 500 um. The catalyst was calcined in a mixture of 20 vol. % oxygen in nitrogen

at a flow rate of 100 Nml/min whilst heating at a heating rate of 2 °C/min followed by an
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isothermal period of 6 h to obtain the hydrogen form of AHFSY. The dehydrated catalyst was
transferred into a nitrogen-flushed glove-box without exposure to air. All subsequent
manipulations were performed under inert atmosphere. To a glass vessel containing a small
sample bottle with 1 g of dehydrated AHFSY, 1 ml of TMA was added (see supporting
information). After CVD for 48 h, the material was evacuated for 2 h to remove unreacted
trimethylaluminum and reaction products. The modified zeolite was then kept under inert
atmosphere. Before the catalytic tests, the TMA-modified samples were either treated in pure H,
for 2 h at 550 °C and/or calcined in a mixture of 20% O, in He. The activated catalysts were
denoted as AHFSY-TMA-Red, AHFSY-TMA-Red-Oxd and AHFSY-TMA-Oxd, respectively,
for the catalyst activated by reduction in Hy, a cycle of reduction-oxidation and oxidation in O, at

550 °C.

2.2. Catalyst characterization
X-Ray diffraction (XRD)

XRD patterns of zeolites were recorded on a Bruker D4 Endeavor Diffractometer using Cu Ka
radiation with a wavelength of 1.54056 A. 20 angles from 5° to 60° were measured with a step
size of 0.077° and a time per step of 1 s. The catalysts were ground and pressed in sample
holders for measurements under ambient conditions. Crystallinity of the zeolite samples was
calculated from the XRD patterns using the Topas software.

Elemental analysis

The aluminum content in zeolite catalysts was determined by elemental analysis, which was
carried out by ICP-OES (Spectro Ciros CCD ICP optical emission spectrometer with axial
plasma viewing). For the ICP measurements the samples were dissolved in a 1.5 mL solution of

HF/HNO3/H,O (1:1:1) acid mixture.
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Argon porosimetry

Surface area and porosity of the zeolites were determined by argon physisorption. In a typical
experiment, a dehydrated zeolite sample (~100 mg) was loaded in the sample holder inside a N»-
flushed glove-box and outgassed at room temperature prior to the sorption measurement. The
measurements were performed in static mode at —186 °C on a Micromeritics ASAP-2020
apparatus. The Brunauer-Emmett-Teller (BET) equation was used to calculate the specific
surface area from the adsorption data obtained in the p/py range of 0.05-0.25. The volume of
mesopores was calculated using the Barrett-Joyner-Halenda (BJH) method on the adsorption

branch of the isotherm.

Fourier transform infrared spectroscopy (FTIR)

FTIR spectra were recorded with a Bruker Vertex V70 FTIR spectrometer in transmission
mode. Typically, about 10 mg zeolite sample was pressed into a self-supporting wafer (density of
5.0-6.0 mg/cm®) and placed in a controlled-environment transmission cell. The spectra were
normalized to the thickness of the wafer, determined from the weights of the sample in the
dehydrated state. Prior to recording spectra, the zeolites were dehydrated in an O, flow whilst
heating from room temperature to 550 °C at a heating rate of 5 °C/min. After an isothermal
period of 1 h at 550 °C, the sample was evacuated for 50 min at 550 °C and cooled to room
temperature in vacuum.

The reaction of TMA with zeolite Brgnsted acid sites and the subsequent conversion of the
grafted species was monitored in situ by FTIR spectroscopy. The zeolite AHFSY wafer was
loaded in the cell, dehydrated and evacuated followed by a short exposure to TMA vapor at room
temperature. After a hold time of 20 min, the sample was evacuated for 2 h and subsequently

either reduced (H») or oxidized (O;) at a pressure of 50 mbar and increasing temperatures (100,
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200, 300, 400 and 500 °C) for 30 min followed by evacuation at each temperature setting and

recording an FTIR spectrum.

Acidity characterization by H/D exchange with perdeuterated benzene
The intrinsic acidity of different faujasite zeolites was probed using a methodology based on
the selective H/D exchange of hydroxyl groups in the zeolite upon the reaction with
perdeuterated benzene.””®® The progress of the H/D exchange reaction was monitored in situ by
infrared spectroscopy. FTIR spectra were recorded with a Bruker Vertex V70v FTIR
spectrometer in transmission mode following the procedure described in Ref. 35.
Perdeuterobenzene (C¢Dg, Aldrich, purity 99.96%) was dosed into the cell containing a
dehydrated zeolite sample from a glass ampoule via a computer controlled pneumatic valve. The
total volume of C¢Dg administered to the cell was 0.33 mmol. The sample was exposed to C¢Dg
for 10 s followed by evacuation for 1 h. Then a next spectrum of the partially exchanged sample
was recorded. This sequence was automatically repeated to collect spectra for partially
exchanged samples with exposure times of 30 s, 5 min, 10 min, 20 min, and 30 min at 30 °C, 30
min and 60 min at 50 °C, 30 min at 100 °C. Difference spectra were obtained by subtracting the
initial spectrum of the dehydrated sample from the spectra after exposure to C¢Dg.
Infrared spectroscopy of adsorbed CO
Infrared spectroscopy measurements of adsorbed CO were performed at a liquid nitrogen
temperature using a controlled atmosphere transmission cell equipped cooled by flowing liquid
nitrogen through a capillary spiraled around the catalyst wafer. After the liquid temperature was
reached an initial spectrum was recorded. CO was dosed via a sample loop connected to a six-

way valve (50 pl). FTIR spectra were recorded by accumulating 64 scans at a resolution of 2
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cm’. Difference spectra were obtained by subtracting the initial spectrum of the dehydrated
catalyst from the spectra obtained at increasing CO coverage.

More detailed descriptions of the characterization procedures can be found in Refs. 34,39.

Solid-state NMR

NMR experiments were performed in a magnetic field of 11.7 Tesla on a Bruker Avance
DMX500 operating at 500 MHz for 1H, 99 MHz for *Si and 132 MHz for *’Al. The NMR
measurements were carried out using a 4-mm MAS probehead with a sample rotation rates of
12.5 kHz for 1H and *’Al, and 10 KHz for *’Si NMR measurements.

"H NMR spectra were recorded with a Hahn-echo pulse sequence pl-tl-p2-t2-aq with a 90°
pulse pI1=5 ps and a 180° p2=10 ps. The interscan delay of 120 s was chosen for quantitative
spectra. Quantitative 2’Si NMR spectra were recorded using a High Power proton Decoupling
direct excitation (DE) pulse sequence with a 90° pulse duration of 5 ps and an interscan delay of
360 s. "H-*’Si cross-polarization (CP) spectra were obtained using an interscan delay of 3 s and a
contact time of 5 ms. Al NMR spectra were recorded with a single pulse sequence with a 18°
pulse duration of 1 ps and a interscan delay of 1 s. MQMAS spectra were recorded by use of the
three-pulse sequence pi-t;-p2-t-ps-t for triple-quantum generation and zero-quantum filtering
(strong pulses pl = 3.4 us and p2 = 1.4 ps at vl= 100 kHz; soft pulse p3 = 11 us at vi= 8 kHz;
filter time T =20 ps; interscan delay 0.2 s). 'H-{*’Al} TRAnsfer of Population in DOuble
Resonance (TRAPDOR) spectra were recorded by use of a 90"-1,-180°-1, proton pulse sequence
with equal time intervals 1= T, = 795 ps and with irradiation at the *’Al NMR frequency, during
7,. The same experiment without >’ Al irradiation served as a blank experiment for reference. The
interscan delay was 10 s. Tetramethylsilane (TMS) was used for calibrating the 'H and *’Si NMR

shift, and a concentrated AI(NOj3);3 solution for 27 Al NMR shift calibration.
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The different TMA modified AHFSY zeolites were loaded in a 4-mm zirconia NMR rotor in a
nitrogen-flushed glove box and tightly closed with a Kel-F cap. After that, the rotor was

transferred to the NMR probe under nitrogen gas atmosphere.

2.3. Catalytic activity measurements

Similar to our previous study,” the acid activity of the zeolites was determined by measuring
the rate of monomolecular cracking of propane. Catalytic activity measurements were performed
in an atmospheric-pressure single-pass quartz microflow reactor at 590 °C. The reactor was
loaded with the catalyst under inert atmosphere. The feed mixture was delivered by thermal mass
flow controllers and consisted of 10 vol. % Cs;Hg in He (Linde gas) at a total flow rate of 100
ml/min. The WHSV space velocity was kept at 11.7 h™'. The product composition was analyzed
by an online three-column gas chromatograph (Compact GC Interscience) equipped with a
PLOT ALOsz/KCl column with a flame ionization detector and Molsieve-5 A and RTX-1
columns both employing thermal conductivity detectors. The conversion was kept below 2% to
ensure differential conditions. The reaction rates (r) were calculated according to r =
X-F /mca .» Where X' is conversion of propane, F'is flow rate in mol s and mg; is the weight
of the catalyst in g. Turnover frequencies were computed from this rate and the Brgnsted acid site
density determined by H/D exchange.
3. Results
3.1. TMA CVD on AHFSY zeolite

In situ FTIR characterization

The reaction of TMA with zeolitic BAS of dehydrated AHFSY was monitored by in situ FTIR

spectroscopy. Fig. 1A shows the spectral changes in the OH and CH stretching regions upon

ACS Paragon Plus Environment
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exposure of AHFSY to TMA and subsequent treatment in H,. The introduction of TMA at 50°C
(spectra a-b in Fig. 1) results in a nearly complete disappearance of all bands in the hydroxyl
region including those associated with Brgnsted acid sites (3549 and 3631 cm™) in sodalite cages
and faujasite supercage, respectively, as well as with silanol groups (3744 cm™). This can be
tentatively ascribed to the stoichiometric replacement of Brgnsted acid sites and silanol groups at

the external zeolite surface with Al(CH3)n(3'n)+ jons.%

Red-500°C J%
Red-400°C L

Red-300°C
Red-200°C
Red-100°C
evacuated

AHFSY-TMA

Absorbance

2800 3000 3200 3400 3600 3800
Wavenumber (cm™)

B :
Oxd-500°C J\/\\_\_\_

M Oxd-400°C
_{/,w/\ Oxd-300°C
_f//‘/\ Oxd-200°C

; Oxd-100°C

Absorbance
(1]

d evacuated
Ao AHFSY-TMA
b0 QR
28300& AHFSY
N

a

2800 3000 3200 3400 3600 3800
Wavenumber (cm™)
Figure 1. In situ FTIR spectra of the CVD of TMA onto AHFSY zeolite and the decomposition of the
grafted organo-aluminum species via reduction (A) and oxidation (B). (a) Room temperature spectrum of
the dehydrated parent AHFSY, (b) exposed to TMA, (c) evacuated for 20 min at 50 °C, followed by
reduction in H, (A) or O, (B) (50 mbar) and subsequent evacuation at (d) 100 °C, (e) 200 °C, (f) 300 °C,
(g) 400 °C, (h) 500 °C.
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After TMA adsorption, the spectrum contains a set of bands in the region 2800-3000 cm™ due
to C-H vibrations (spectrum b in Fig. 1 A and B). A small amount of BAS remains visible after
prolonged exposure to TMA, which may be due to steric hindrances imposed by the cationic
complexes. Upon reduction in static H, (AHFSY-TMA-Red, 100-400°C) followed by
evacuation (spectra c-g, Fig. 1 A) bands at 2940, 2898, 2865 and 2830 cm™' corresponding to
symmetric and asymmetric C-H stretching of CHj3 gradually decrease in intensity. Treatment
with H; at 500 °C is required to completely eliminate these bands. Concomitantly, it is seen that a
small fraction of the original zeolitic BAS is regenerated. This regeneration becomes more
prominent with increasing temperature. The nature of the charge-compensating Al species
formed during the reaction with H, is not clear. As in principle there is no external source of
oxygen, it may on the one hand be suggested that reduction of the grafted organo-aluminum
intermediates should result in aluminum hydride (Al-H) species, whose formation may indeed be
surmised by observation of a very weak band around 1932 cm™ (supporting information, Fig.
S1). The intensity of this band is the highest after exposing the AHFSY-TMA to H, at 100°C. It
gradually decreases following reduction at higher temperatures and it is completely eliminated
after treatment in H, at 500 °C. On the other hand, as will be shown below by XRD and NMR,
the reductive treatment leads also to the decomposition of the zeolite framework, abstraction of
framework oxygen ions and formation of strong Si-CHj3 bonds, which can provide the oxygen
species that are used to form extraframework Al-oxo complexes. Indeed, a weak band at 3778
cm™ observed in the spectra of activated catalysts can be assigned to hydroxyl groups associated

with the EFAI phalse.64

An alternative procedure for the decomposition of the grafted cations in O, atmosphere

(AHFSY-TMA-Oxd) was also investigated. Upon oxidation at 100 and 200°C (spectra d and e in
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Fig. 1 B), C-H stretching bands due to grafted TMA gradually decrease with the concomitant
appearance of several new bands at intermediate temperatures. These bands are due to oxidation
products of Al-CHj3 groups and oligomeric hydrocarbon species. These bands completely
disappear after treatment in O, at 500 °C. The oxidation of the methyl groups results in carbon
oxides and water. In the presence of water, the cationic Al species will hydrolyze, which will
lead to regeneration of the BAS as well as further agglomeration of EFAI. Indeed, comparison of
the IR spectra after H, and O, treatments evidences more pronounced regeneration of BAS for

the latter treatment.

When the reduction treatment was followed by oxidation in O, at 500 °C (AHFSY-TMA-Red-
Oxd), the FTIR spectrum (not shown) did not appreciably change. Nevertheless, one can expect
that such a sequential activation procedure may lead to a more selective transformation of
partially reduced and coordinatively unsaturated species formed upon the high-temperature
reduction of AHFSY-TMA-red into more uniform AlOy structures than those formed upon the

direct oxidative decomposition of AHFSY-TMA.

Chemical composition, crystallinity, surface area and porosity
The X-ray powder diffraction patterns of as-synthesized AHFSY-TMA, AHFSY-TMA-Red,
AHFSY-TMA-Oxd and AHFSY-TMA-Red-Oxd are shown in the supporting information (Fig.
S2 A). The crystallinity of the zeolite after CVD of TMA (AHFSY-TMA) is close to 100%. It
however strongly decreases after high-temperature activation. After decomposition of the grafted

TMA, the crystallinity of the modified AHFSY zeolites is in the range 70-82% .
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Table 1. Textural properties determined by Ar physisorption” and the chemical composition and
unit cell dimensions (ap) of different faujasite catalysts as well as framework Al (Alg) density

derived from XRD.

Sample C(AI)ICP Al Sl do C(AIF)XRDh S BET S micro S meso Vmicro Vmeso

(mmol/g) (wt%) (wt%) (A) (mmol/g) (mz/g) (mz/g) (mz/g) (cm3/g) (cm3/g)

AHFSY 29 7.8 nd.‘ 24536 3.25 539 468 70 0.21 0.09
-TMA-Hyd 39 10.6 345 24460 242 383 332 51 0.15 0.09
-TMA-Red 3.0 8.2 30.9 24369 1.436 391 305 86 0.15 0.12
-TMA-Oxd 3.2 8.6 314 24353 1.248 317 256 61 0.13 0.08
-TMA-Red-Oxd 3.0 8.1 31.6  24.261 0.245 383 332 51 0.15 0.09

“ Sper — BET surface area; Smicro and Smeso — microporous and mesoporous surface areas,
respectively; Viicro and Vieso — microporous and mesoporous pore volumes, respectively

b calculated from Alg/U.C. = 107.1(&10—24.238)14 under the assumption of a perfect zeolite
framework with unit cell HSi19 x<AlxO3s4 (i.€., without absorbed water and Algg species)

“ Not determined

More pronounced are the changes in the lattice constant (a) observed after the modification of
AHFSY with TMA (Table 1). This parameter can be correlated to the density of framework Al
jons in the zeolite.” The concentration of Alr in AHFSY-TMA as determined by XRD is about
25% lower than that in parent AHFSY. Furthermore, the lattice Al content decreases upon the
high-temperature activation (Table 1). The lowest estimated lattice Al content (C(Alp)™RP)
corresponding to the smallest unit cell size is for the catalyst activated in the reduction-oxidation
cycle. Further evidence for strong dealumination of the faujasite framework upon reaction with

TMA can be observed in the only slight increase of the total Al content in the modified zeolites

(C(Al)ICP, Table 1). Indeed, an almost complete substitution of BAS upon modification of
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AHFSY with TMA has been observed by FTIR spectroscopy (Fig. 1). Even if one assumes
substitution of every BAS with a monomeric AI(CH3)," ion, the Al and Si content in AHFSY-
TMA should be ~ 14 and 33 wt. % . Whilst ICP analysis confirms the Si content, the Al content
of the TMA-modified samples is significantly lower. This implies that the thermochemical
activation results in loss of Al, which appears to be independent whether a reductive or oxidative
treatment is employed. A word of caution is in place as the correlation for estimating c(Alg) from
XRD is valid for an intact zeolite framework. It can be expected that the interaction of TMA with
the zeolite framework will not only remove part of the Alg but also induce very strong local

distortions in the lattice.

The Ar physisorption data show that TMA-modified zeolites have a significantly lower BET
surface area (Sgger) than the parent zeolite (Table 1). This leads to a concomitant decrease of the
micropore volume (Vyo). The difference should be due to the inclusion of extraframework Al
species in the zeolite. The lowest micropore surface area is observed for AHFSY-TMA-Oxd
which may be traced back to the formation of significant amounts of water following oxidation
of the methyl ligands in this case. However, the various treatments do not lead to the formation
of significant amounts of mesopores as can be concluded from comparison of the mesopore
surface areas and volumes. It implies that the structural modifications only occur at the local

level.

3.1 NMR spectroscopy
'H MAS NMR
To obtain better insight into the changes in AHFSY resulting from CVD of TMA, the
materials were studied by solid-state magic angle spinning NMR spectroscopy. Representative

"H NMR spectra of the parent AHFSY zeolite and the TMA-modified catalysts are shown in Fig.
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2. In agreement with the FTIR data, CVD of TMA results in the disappearance of almost all
zeolitic hydroxyl groups including the BAS located in the faujasite sodalite (4.56 ppm) and
supercages (3.90 ppm). Also the peak due to silanol groups (1.90 ppm) disappears almost
completely. At the same time, several new signals appear related to grafted alkylaluminum -
AI(CH3); species (broad signal between -0.3 and -0.8 ppm) and silane O4., Si(CHs), % moieties
(0.0-0.2 ppm, Fig. 2 (b)). The latter confirms the substantial structural modifications of the
zeolite lattice. Subsequent reduction at 500 °C in H; leads to decomposition of a major part of
the alkylaluminum groups, whereas a substantial amount of the silane groups remain present in
AHFSY-TMA-Red. The intensity increase of the signal around O ppm suggests that more silane
moieties are formed due to the reaction of grafted -Al(CHs), fragments with the lattice at
elevated temperature. This is in line with the appearance of the T and D sites at ~ -60 and ~ -20
ppm, respectively, in the **Si CPMAS spectrum of the reduced sample (Fig. $3). In addition, a
signal at 4.4 ppm appears in the 'H NMR spectrum of AHFSY-TMA-Red, which may
correspond to either Al-H or strongly polarized BAS. This peak disappears after oxidation,
whereas the signal due to the supercage BAS at 3.9 ppm does not change upon reduction or
oxidation. Furthermore, high-temperature catalyst activation leads to a signal representing
extraframework Al-OH species (2.6 ppm). Because formation of this feature is already observed
after reduction in pure H (in other words in the absence of any external source of oxygen), it is
taken as an indication that the oxygen atoms in such extraframework species originate from the
lattice. Oxidation of the reduced catalyst in O, at 500 °C leads to complete decomposition of the
grafted Al(CHj3), and most Si-CHj species. Instead, additional extraframework Al-OH hydroxyl

moieties and silanol groups are formed (AHFSY-TMA-Red-Ox, Fig. 2 (d)).
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Al-(CH,),
-0.30 to -0.80
r_lﬁ
Si-(CH,),
0.0t00.2/ | — AHFSY
Supercage o = -1 LA
BAS /i — -TMA-Red
3.90 : — -TMA-Red-Oxd
Sodalite !
BAS |

.........

5 0 -5 'H (ppm)
Figure 2. '"H NMR Hahn-echo spectra of (a) parent dehydrated AHFSY zeolite and (b) the material
exposed to TMA (AHFSY-TMA) followed by (c) reduction in H, at 550°C (AHFSY-TMA-Red) or (d) a

sequential reduction in H, and oxidation in O, at 550°C (AHFSY-TMA-Red-Oxd).

We further analyzed the results of 1H—{27A1} TRAPDOR (TRAnsfer of Population in DOuble
Resonance pulse sequence) NMR measurements. With 'H-{*’Al} TRAPDOR NMR one can

identify protons located in the vicinity of Al centers. ®%

The spectra for the reduced and
oxidized AHFSY-TMA materials are presented in the supporting information Fig. S4. In the case
of AHFSY-TMA-Red, signals of all protons including those from the silane (Si-CH3) moieties
are affected by the Al irradiation. It is important to note that the signal at 4.4 ppm shows the
same behavior with regards to the *’Al irradiation as the protons due to Al-bound hydroxyl
groups. A more significant TRAPDOR effect is expected for the hydrogen atom directly bound
to Al. This would suggest that this peak should be assigned to strongly polarized BAS rather than
to aluminum hydride species. In principle, for specific geometries (regarding the angle between
the *’Al-'H dipole and *’Al quadrupole tensors) the TRAPDOR effect would also be weak.
However, such specific geometries would be highly coincidental. Furthermore, the absence of

aluminum hydride species is in line with the results of FTIR measurements showing that,

although being formed upon hydrogenolysis of grafted TMA, Al-H species are not present in the
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final reduced zeolite. The complete disappearance of this absorption band is observed after
reduction at 500 °C (Fig. S1).

After oxidation the behavior of 'H signals with respect to TAl irradiation is substantially
changed (Fig. S4). For AHFSY-TMA-Red-Oxd, two different Si-CH3; groups can be
distinguished characterized by signals at 0.20 ppm, which is sensitive to >’ Al irradiation, and at 0
ppm, which is unaffected by Al irradiation. This suggests that these signals correspond to the
Si-CHj; groups located in distinctly different chemical environments, most likely Al- and Si-rich
regions in the zeolite. The signal due to SiOH groups is hardly affected by the 7TAl polarization,

suggesting that the regenerated silanol groups are located in Al-poor regions.

*Si MAS NMR

We also investigated how the TMA modification influences the state of lattice silicon atoms.
*Si MAS NMR provides detailed information about the nature and coordination of the Si atoms.
In particular, it allows to estimate the framework Si/Alg ratio from the relative intensities of the
¥Si NMR signals associated with Si atoms having different numbers of Al neighbors Q*(nAl),
where n stands for the number of Al neighbours.45’ 61

The direct-excitation (DE) *Si MAS NMR spectrum of AHFSY is characterized by three
signals of the zeolite framework corresponding to silicon atoms surrounded by different number
of Al atoms, namely Si(2Al), Si(1Al) and Si(0Al) at chemical shift positions of -95, -101 and -
106 ppm, respectively (Fig. S3). The reaction with TMA (AHFSY-TMA) leads to a strong
decrease of the signals due to Q4(2Al) and Q4(1A1), whereas the signal attributed to Q4(0A1)
increases. This points to dealumination of the zeolite framework. In addition, a new signal at -

112 ppm occurs indicating the formation of regions with a high silica content. The DE spectra of

the reduced and the subsequently oxidized TMA-modified AHFSY differ only slightly in the
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intensities of Si(nAl) signals. The intensities of the different spectral components were obtained
by deconvolution of the DE **Si MAS NMR spectra in terms of Gaussian line shapes using
DMfit2011.%® The spectral deconvolution is shown in Fig. 3 and the relative intensities I, of the
different Q*(nAl) signals summarized in Table 2, as well as the Si/Alr values calculated by use of
the formula Si/Alr =4 (2 1, )/ (2 n 1,).*> %" ® In principle, the intensities I; and I, of Q*(1Al) and
Q*(2Al) Si atoms at -101 and -95 ppm may also comprise contributions from silanol moieties
Q3(0Al) and Q3(1Al) in the TMA-modified zeolite lattice. However, the gravimetric Alg
densities derived from the calculated Si/Alp ratios agree generally well with the Alg
concentrations estimated from XRD (Table 4). Thus, despite the expected damage to the zeolite
lattice in TMA modified AHFSY, the silanol concentration is still relatively low compared to the
density of Si atoms with Al neighbors. An obvious exception is the AHFSY-TMA-Red-Oxd
case, where the value derived from the XRD lattice constant is much lower. This is probably
caused by the strong lattice distortions induced by the sequential reduction-oxidation treatment
of the TMA-containing AHFSY.

The overall *Si NMR intensity can be greatly enhanced by using "H-*’Si cross-polarization
(CP) (Figs. S3B,C), but the resulting NMR spectra are generally not quantitative, because
proton-rich species tend to be relatively over-emphasized. Interestingly, in addition to the major
Q*(nAl) signals already mentioned above (Fig. 3, Fig S3A), the CP-enhanced spectrum of
AHFSY-TMA-Red shows two broad signals around -60 ppm and -20 ppm, which are attributed
to T-sites (-SiCH3) and D-sites (-Si(CHs),), respectively, (Fig. S3C) formed during reduction.
High-temperature oxidation results in the decomposition of these silane moiety, as evidenced by

the disappearance of the T and D sites.

ACS Paragon Plus Environment
20

Page 20 of 49



Page 21 of 49 ACS Catalysis

©CoO~NOUTA,WNPE

AHFSY AHFSY-TMA

10 60 80 -100 -120 -140  -60  -80 -100 -120 -140

14 AHFSY-TMA AHFSY-TMA
15 Red Red-Oxd

17 " 60 -80 -100 -120 -140  -60 -80 -100 -120 -140
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22 Figure 3. Deconvoluted direct-excitation *’Si MAS NMR spectra of AHFSY, AHFSY-TMA, AHFSY-
24 TMA-Red and AHFSY-TMA-Red-Oxd. The relative intensities of different structure units and the

26 calculated lattice Si/Al ratios are given in Table 2.

31 Table 2 Relative intensities of the *’Si NMR signal components and calculated Si/Alg ratios for
32 AHFSY and the as prepared (dehydrated) TMA-modified zeolites.

Samples Si2Al)  Si(JAl)  Si(0AD)  Si(0Al) Si/Alr
35 (%) (%) (%) (%) (NMR)

37 OSppm  -101 ppm -107 ppm  -112 ppm

39 AHFSY 21 55 24 - 4.1
41 AHFSY-TMA 10 37 51 2 6.9
43 AHFSY-TMA-Red 7 33 51 9 8.4
45 AHFSY-TMA-Red-Oxd 11 23 53 13 9.0
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YAl MAS and MOMAS NMR

Aluminum atoms in perfect crystalline zeolite lattices such as in the parent AHFSY material
are tetrahedrally coordinated and characterized by an isotropic *’Al chemical shift ranging from
55 to 65 ppm(see Fig. S5). The introduction of extraframework species into the zeolite pores
through chemical treatment or via dealumination of the lattice leads to more complex *’Al MAS
NMR spectra. The signal of tetrahedral Al becomes broader as a result of distortions in the
oxygen-coordination symmetry around the Al atoms. Furthermore, the resolution and the 7TAl
NMR visibility suffer from the second-order quadrupolar broadening, which is not completely
eliminated by magic-angle spinning. In addition, the formation of octahedral and penta-
coordinated AI®" leads to new signals at ~0 ppm and ~35 ppm, respectively, in ’Al NMR
spectra.

% the Al NMR spectra of the as prepared

As generally observed for dehydrated zeolites, ’
TMA-modified zeolites samples are poorly resolved. They all contain an asymmetric broad peak
at ~58 ppm (Figs. 4D and S5A), which is attributed to tetrahedral aluminum (Alg"). For
AHFSY-TMA, the spectrum contains a number of overlapping spinning sideband patterns in the
range from 200 ppm to -200 ppm, indicative of the heterogeneous Al speciation and strong
quadrupolar interactions of framework and extraframework Al with distorted oxygen-
coordination symmetry. Upon reduction (AHFSY-TMA-Red), the spectrum contains two
overlapping resonances, one around 55 ppm and the other one around 35 ppm. The peaks

broaden further upon oxidative treatment, suggesting an increase in the heterogeneity of the Al

species.
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Figure 4. “’Al MAS NMR spectra of the TMA-modified zeolites. (A,B) 1D single-pulse-excitation
spectra of air-exposed, hydrated samples analyzed in different ways (see below); (C,D) 2D MQMAS
NMR spectra of (C) air-exposed hydrated zeolites and (D) the same materials in the dehydrated state
before exposure to moisteros air. Projections (P) on the (horizontal) direct and (vertical) indirect
frequency axis are indicated along the respective 2D spectra. Above the 2D spectra of the dehydrated
samples in (D) the respective 1D spectra are also shown. All spectra were analyzed in terms of lineshape
components involving Gaussian distributions of isotropic chemical shifts and quadrupolar coupling
constants. The lineshape parameters resulting from spectral fitting are given in Table 3. For the lineshape
deconvolution in (B) the same model as in (C) is used with only the signal-component heights as free
fitting parameters. The 1D lineshape components predicted on the basis of the simulated MQMAS spectra
are too narrow. The analysis of the 1D spectra in (A) is based on a less restricted lineshape fit with
adjustable center Cq and the width ACg, of the quadrupolar coupling constant distribution (Table 3).
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To get more detailed insight into the nature of Al species in modified zeolites, the multiple-
quantum magic angle spinning (MQMAS) NMR spectra were recorded. This technique offers
the possibility to separate the quadrupolar induced shift and broadening of the Al resonances
reflecting local electric field gradients around the Al atoms, on the one hand, and the isotropic
chemical shifts typical of the chemical structure around the Al atoms, such as the oxygen
coordination state, on the other hand. Chemical heterogeneity shows up as broadening along the
diagonal in the 2D spectrum, whereas the second-order quadrupolar effect is reflected by
broadening along the (horizontal) direct-frequency axis. In addition there is also a quadrupolar-
coupling effect on the signal positions. The stronger the quadrupolar coupling, the further the
resonances are separated from the spectral diagonal.67 MQMAS spectra of the as-prepared,
dehydrated TMA-modified zeolites show indeed increased spectral resolution (Fig. 4D). Two
resonances with isotropic shifts ~58 and ~30 ppm can already be recognized by visual inspection
of the spectra of AHFSY-TMA-Red and AHFSY-TMA-Red-Oxd. The 58 ppm signal is
attributed to tetrahedral framework Al, and the 30 ppm signal to penta-coordinated
extraframework Al. Detailed lineshape simulation by use of “Czjzek™ lineshape components
based on a Gaussian distribution of isotropic shifts and quadrupolar coupling constants 6871
reveals that there is a third signal around 45 ppm (Table 3). A signal at this position has

previously be assigned to tetrahedral extraframework Al.”2
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1

2

2 Table 3: Lineshape parameters* of the signal components in 2’Al MAS NMR spectra of the
5 parent AHESY and TMA-modified zeolites.

6 Al Siso Co Co frac- c(Alg)

7 site (ASiso) (ACq) (AC’g)  tion mmol/g
; (pm)  (MHz)  (MHz)

10 AHFSY

11 Hydrated T 61 (5) 2.1(1.2) 0.8 (0.5) 1 2.9

12

13 AHFSY-TMA

1;‘ dehydrated T 59(7)  3.9(2.0) - - -

16

17 hydrated T 62 (7) 29 (1.1) 342.0) 047 1.7

18 p 354) 3.6 (1.6) 8.0(.1) 0.15 0.5

19 O 5(5) 3.8(1.8) 442.6) 037 1.3

20

21

22

23 AHFSY-TMA-Red

24 dehydrated T 59 (7) 3.92.0) - - -

25 T, 45 (7) 3.92.0) -

26 P 30 (10) 3.6 (1.6) -

27

gg hydrated T 61 (5) 33(1.7) 472.8) 048 1.7

30 p 33 (6) 422.00 5229 0.09 0.3

31 O 5(6) 34(1.8) 45@2.7) 043 1.5

32

33 AHFSY-TMA-Oxd

o Hydrated T 63(7)  38(1l.1) 50(29) 041 1.3

36 P 36 (8) 48(1.6) 84(.6) 0.19 0.6

37 O 7 (6) 4.0(1.6) 5.02.5 0. 1.2

38

39 AHFSY-TMA-Red-Oxd

j‘; dehydrated T, 56 (7) 4.9 (1.8) - - -

42 T, 46 (7) 4.0 (1.3) - - .

43 P 30 (10) 4.8 (1.8) - - -

44

45 hydrated T 60 (8) 35(.6) 4.74.1) 049 1.4

46 p 33 (7) 4.0(1.8) 512.2) 0.06 0.2

piA 0 4 (6) 32(17) 47(3.1) 045 1.3

49

50 *: 80 : average isotropic chemical shift; Ad, : full-width-at-half-maximum (fwhm) of the Gaussian 8;,
51 distribution; Cq: average quadrupolar coupling constant; AC,: fwhm of the Gaussian Cg, distribution. Cq
52 and ACq determined from MQMAS spectra; C’ o, AC’ and signal-intensity fractions determined from 1D
53 Al NMR spectra of the hydrated zeolites; Al' , Al and Al'' densities from the intensity fractions and
gg the total Al content C(Al)totAl NMR i1 Table 3. T: tetrahedral Al; P: pentacoordinated Al; O: octahedral Al.
56

57

58

59

60
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The projections of the MQMAS spectra on the single-quantum frequency axis and the
corresponding 1D single-pulse-excitation spectra are strongly different (indicated above the 2D
spectra in Fig. 4D). As can be observed, only the (narrower) signals of 7TAl spins with moderate
quadrupolar coupling interactions show up in the MQMAS spectra recorded at 11.7 T. This is
caused by the reduced triple-coherence generation for *’Al spins with quadrupolar coupling
stronger than the radio-frequency fields employed for excitation. The MQMAS spectra thus
reflect only part of the heterogeneous Al sites. One way to make MQMAS less selective and be
able to detect (almost) all ’Al spins is to reduce the strong quadrupolar interactions by hydration
of the zeolites. The presence of water molecules with their electrical dipoles decreases the local
electronic field gradients around the *’Al nuclei. This results in weaker quadrupolar coupling
interactions, causing less quadrupolar broadening and thus enhancing the chemical resolution in
A1 MAS NMR. Unfortunately, for the TMA-modified AHFSY zeolites it will also significantly
alter the chemical environment of the Al centers. Nevertheless, if the effect of water and air is
taken into account, Al NMR of the hydrated TMA-modified zeolites may still give
‘retrospective” insight into structures formed and the lattice damage resulting from TMA
deposition and consequent high-temperature treatments with hydrogen and oxygen.

1D and 2D *’Al NMR spectra of the hydrated TMA-modified samples indeed show much
better resolved signals attributed octahedral, penta-coordinated and tetrahedral Al atoms at ~5,
~33 and ~61 ppm, respectively (Figs, 4A-C). The relative amount of octahedral Al increases
upon hydrogen and oxygen treatment. This trend correlates with the appearance of penta-
coordinated Al in as-prepared dehydrated AHFSY-TMA-Red and AHFSY-TMA-Red-Oxd (1D
NMR spectra in Fig. 4D). This suggests that hydration causes conversion from originally penta-

coordinated Al into octahedral Al species. Water molecules probably bind to under-coordinated
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Al centers. The absolute intensity of the tetrahedral Al signal of the parent AHFSY zeolite is
lower than those of the TMA-modified zeolites (Fig. S5B). This suggests that grafting of TMA
leads to dealumination of the faujasite framework, which would also be in line with the breakage
of the zeolite lattice reflected in *’Si NMR spectra (formation of D and T type silicon).
Therefore, the octahedral (Algr'") and pentacoordinated (Algs') Al species may not be
exclusively related to the additional Al atoms from TMA, but may also arise from the partial
framework dealumination and/or severe structural distortions of the originally tetrahedral lattice
Al sites. Subsequent high-temperature reduction and oxidation treatments lead to a further
decrease of the signal at 62 ppm belonging to tetrahedral Al sites and an increase of those
attributed to more coordinatively saturated extraframework species. In the chemical vapor
deposition procedure the initial TMA dose is much higher than the available Brgnsted sites for
charge compensation. So, that it is likely that a fraction of EFALI exists as oligomeric oxygenated
Al clusters or even aggregated aluminum oxide species.

To quantitatively analyze the 1D Al NMR spectra of the hydrated zeolites in terms of Al",
A1Y and A1 a proper lineshape model is required, which is not trivial due to the spectral overlap
and the asymmetric character of the second-order quadrupolar linebroadening. Therefore, the
individual lineshape parameters were first determined from MQMAS NMR spectra, because of
the lower signal overlap in the 2D spectra, and because of the additional information content in
the exact shift position (separation from the spectrum diagonal) and lineshape (horizontal /
diagonal line broadening) of the resonances. Deconvolution of these spectra in terms of the
earlier mentioned Czjzek components are summarized in Table 3. However, MQMAS spectra
are not quantitative in the sense that the signal intensities do not directly reflect the relative

occurrence of the various Al types in the material. Therefore, the MQMAS models were fitted
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with minimal changes to the 1D single-pulse excitation spectra, which are quantitative, but suffer
from higher signal overlap. First, all lineshape parameters, except the signal heights, were kept
fixed in the analysis. This resulted in a quite reasonable fit to the 1D spectra, but the lineshape
components extracted from the MQMAS spectra are too narrow for the 1D spectra (Fig. 4B).
Apparently, even after hydration, part of the Al with stronger quadrupolar couplings is under-
represented in MQMAS. A better spectral fit results if the Gaussian-distribution center and width
of the quadrupolar coupling constants Cqy and ACq is allowed to change. In general, the overall
Cq and ACq, values increase compared to those in the MQMAS spectra.

If Al NMR visibility in the hydrated parent and TMA-modified zeolites is similar, the
(weight-normalized) peak area of the central-transition frequency region in the respective *’Al
NMR spectra should be proportional to the total Al concentration measured by ICP, c(AD o™,
which is roughly the case (Table 4). The slightly lower values from NMR for hydrated AHFSY-
TMA, AHFSY-TMA-Oxd and AHFSY-Red-Oxd indicate that a small Al fraction is NMR
invisible as a result of low coordination symmetry. From the total Al content and the relative
signal intensities for the Al", AlY and AlY' species obtained from the deconvolution of the 1D
NMR spectra (Fig. 4A), the individual content of the different Al species can be calculated
(Table 3). The AlY densities from *’Al NMR, C(Alp)Al MR correlate reasonably with the Alg
densities from °Si NMR (C(AIF)Si NMR) and XRD (C(AIF)XRD) (Table 4), but are systematically
lower. This is the case, even for AHFSY, where 2TAl NMR visibility should not be an issue. A

likely explanation is that c(Alp)™ "™*

is indirectly calibrated with respect to the ICP value for
hydrated AHFSY, thus including adsorbed water. In contrast, C(Ah:)Si MR- and C(AIF)XRD are

specified per gram zeolite lattice framework, excluding extraframework species.
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Table 4. Total Al concentrations from ICP (c(Al),(") and *’Al NMR (c(Al)™ ™F) , and
framework Al concentration from *’Al NMR (C(Alp)Al NMR), »Si NMR (c(Alp)Si NMR) and XRD

(c(Alp)*®P).

C(Al)totICP C(Al)totAl NMR C(AIF)AI NMR C(AIF)SI NMR C(AIF)XRD
Sample
(mmol/g)  (mmol/g)* (mmol/g)® (mmol/g)* (mmol/g)°

AHFSY 2.9 2.9 29 3.2 3.25
AHFSY-TMA 3.9 3.5 1.7 23 242
AHFSY-TMA-Red 3.0 3.5 1.7 L5 1.44
AHFSY-TMA-Oxd 32 3.1 1.3 L5 1.25
AHFSY-TMA-Red-Oxd 3.0 2.9 1.4 1.9 0.46

® from total “’Al NMR peak area [120, -80 ppm] of hydrated TMA-modified AHFSY zeolites relative to
AHFSY with 2.9 mmol/g Al (ICP value); ° from relative intensity of the Al' signal of hydrated samples
(Table 3) combined with C(Al)mtA1 NMR; ¢ framework Al density from the Si/Al ratio derived from »3i
NMR (Table 2) combined with 16.7 mmol T atoms / g zeolite framework; ¢ c(Alp)**® =10.79 (a,-24.238)
with a, the lattice constant (10\) assuming a unit cell H,S1,9, xAl,O3g4.

3.3.  Brgnsted and Lewis acidity
H/D exchange with perdeuterated benzene

Selective H/D exchange of perdeuterated benzene with zeolitic BAS was monitored by FTIR
spectroscopy in order to investigate the effect of TMA-modification on the intrinsic acidity of
AHFSY zeolites. After the decomposition of grafted TMA under reducing condition at high
temperature and prior to reaction with C¢Dg, the OH stretching region of TMA-AHFSY-Red
zeolite contains two absorption bands with maxima at 3549 and 3631 cm™ corresponding to the
BAS located in faujasite sodalite cages and supercages, respectively (Fig. 5). Upon reaction with

C¢Dg, the intensity of these bands gradually decreases, while new bands appear in the OD

stretching region (Fig 5 A, right panel). Most of the BAS in AHFSY-TMA-Red react with C¢Dg
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already after prolonged contact at 30 °C. Deuteration is nearly complete after reaction at 100 °C.
The total acidity of AHFSY-TMA-Red is 0.3 mmol/g (Table 5), amounting to 10% of the total

number of acid sites in AHFSY.

Table 5. Initial C¢D¢ H/D exchange rates (kyp) at 303K and total acidity (C(BAS)FT]R) of

different faujasite catalysts.

kup c(BAS)™™
Sample

(h™") (mmol/g)*
AHFSY 1.1 33
AHFSY-TMA-Red 1.1 0.3
AHFSY-TMA-Oxd 0.3 0.7
AHFSY-TMA-Red-Oxd 0.4 0.7
USY-8 4.7 1.3

“ — total concentration of BAS determined by the H/D exchange of C¢Dg

The reaction of the oxygen-treated AHFSY-TMA zeolite with C¢Dg is much slower (Fig. 5 B).
In this case only a small fraction of BAS can be exchanged at 30 °C. The H/D exchange remains
slow at a temperature of 50 °C. Despite an apparent lower intrinsic acidity, the concentration of
BAS in AHFSY-TMA-Oxd (0.76 mmol/g) is approximately twice higher than in its reduced
counterpart. The exchange behavior and the total number of exchangeable BAS in the AHFSY-

Red-Oxd are very similar to that in AHFSY-TMA-Oxd (Table 5).
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Figure 5. FTIR spectra of dehydrated AHFSY-TMA-Red (A) and AHFSY-TMA-Oxd (B) zeolites
prepared in the regions of OH (left) and OD (right) stretching vibrations before and after reaction with
Cg¢D¢ with increasing exposure times at 30 °C followed by the gradual increase of the reaction

temperature to 100 °C.

The intrinsic acidity of the modified zeolites can be compared by analyzing the rate of
appearance rate of OD stretching vibrations in the FTIR spectra (Fig. 6). The first-order rate
constants are given in Table 5. The initial H/D exchange rate for the TMA-modified AHFSY
zeolite activated in H, (AHFSY-TMA-Red) is similar to that of the original EFAl-free AHFSY
zeolite. At higher exchange levels, the rate decreases. This may point to some heterogeneity in

the strength of the BAS. However, the samples activated by high-temperature oxidation

(AHFSY-TMA-Oxd and AHFSY-TMA-Red-Oxd) are clearly substantially less active in the H/D
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exchange reaction (Fig. 6, Table 5). Noteworthy is also that the rates for the TMA-modified
zeolites are much lower than those of EFAl-containing zeolites prepared by ion exchange but
similar to the EFAl-containing zeolites prepared via incipient wetness impregnation.> The
decreased intrinsic acidity of TMA-modified zeolites is surprising taking into account the

pronounced dealumination of the zeolite framework in these materials (see section 3.2).

0.0
1 -TMA-Oxd

0.2
a J
9
£ 0.4
E ! -TMA-Red-Oxd
- -0.64
3 ]
£ -0.84 -TMA-Red
R
T -1.04
= ]

.24 AHFSY

0 500 1000 1500 2000 2500 3000 3500

s)

(
exchange
Figure 6. First-order plot of the rate of appearance of the band at ca. 2680 cm™ due to acidic deuteroxyl
groups in the faujasite supercage upon reacting the parent AHFSY and TMA-modified zeolites with Cg¢Dg.
carop 1s the concentration of the respective OD groups at a particular stage of the H/D exchange at 30°C,

Nwurop is the total density of acid sites, texchange 18 the exposure time to C¢De.

Infrared spectroscopy of adsorbed CO
The presence and strength of the Lewis and Brgnsted acid sites in TMA-modified faujasites
was further probed by FTIR spectroscopy of CO adsorption at liquid nitrogen temperature. Both
the perturbations of adsorbed CO and those of the zeolitic hydroxyl groups due to hydrogen
bonding with CO molecules were monitored. The FTIR spectra in the region of OH and CO
stretching vibrations (v(OH) and v(CO), respectively) at increasing CO coverage for the TMA-
modified zeolites are collected in the supporting information (Fig. S6). The red shifts of v(OH)

(denoted as Av(OH)) are summarized in Table 6. The spectra of adsorbed CO are characterized
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by v(CO) = 2177 cm’'. Both v(CO) and Av(OH) are very similar for all zeolites. The red shift is

slightly higher for the modified zeolites than for the EFAI-free AHFSY (Table 6).

Table 6. Positions of v(CO) and v(OH) stretching bands for OH---CO complexes formed after
adsorption of CO on zeolite catalysts at the liquid nitrogen temperature (shifts are with respect to

the vibration of the hydroxyl groups in the supercages).

v(CO) v(OH) Av(OH)
Catalyst

(cm'l) (cm'l) (cm'l)

AHFSY 2177 3338 294
AHFSY-TMA-Red 2177 3329 300
AHFSY-TMA-Oxd 2176 3332 301
AHFSY-TMA-Red-Oxd 2176 3329 300

3.4 Catalytic reactivity

The catalytc activity data including the overall reaction rate (r), the rates of propane
dehydrogenation to H, and propylene (+°*) and of propane cracking to ethylene and methane
(%) as well as turnover frequencies are collected in Table 7. In all cases, the catalytic activity
was stable during the catalytic runs (Fig. S7). The overall conversion rate of the TMA-modified
zeolites depends strongly on the pretreatment. The rate for AHFSY-TMA-Red is twice as high as
the rate for the parent zeolite. It is even higher than the activity of the commercial steam-calcined
USY-8 zeolite. After oxidation of this sample (AHFSY-TMA-Red-Oxd) the activity is lower

than the parent zeolite. The activity of AHFSY-TMA-Oxd is close to that of AHFSY. The

carbon-containing products from propane conversion under these conditions are methane,
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ethylene and propylene. For the parent zeolite AHFSY, the rate of propane cracking with
methane and ethylene as main products is much higher than the rate of propane dehydrogenation.
The contribution of cracking to propane conversion (CRC) is 82%. Upon modification by TMA
and reduction, the rate of propane dehydrogenation increases nearly 6 times, whilst the rate of
cracking only increases slightly. As a result, the contribution of propane cracking for this zeolite
has decreased to 48%. For AHSY-TMA-Oxd, this contribution is even lower, which is due to the
decreased (increased) rate of cracking (dehydrogenation) compared to the parent zeolite. Note
that the increase in dehydrogenation is less than for AHFSY-TMA-Red. When the reduced
zeolite is oxidized (AHFSY-TMA-Red-Oxd), the rates of propane cracking and dehydrogenation
decrease strongly, the latter more pronouncedly than the former so that the contribution of
cracking increases to 66%. Notably, the rate of propane cracking over USY-8 is almost as high
as that of AHFSY-TMA-Red, whilst its dehydrogenation activity is close to that of AHFSY-
TMA-Oxd. Except for AHFSY-TMA-Red, in all cases the molar methane-to-ethylene ratio was
very close to unity. It is 1.29 for AHFSY-TMA-Red indicating that the ethylene product is
further converted. Indeed, this is the only zeolite for which the formation of a small amount of
benzene was observed. The benzene selectivity was, however, below 1%. This may suggest that
also some coke formation takes place which did not lead to catalyst deactivation at the time scale
of the reaction test.

Table 7 also contains the turnover frequencies (TOF) for propane cracking and
dehydrogenation. These TOF values were computed on the basis of the BAS densities
determined by the H/D exchange method. The TOF for propane cracking of AHFSY-TMA-Red
is an order of magnitude higher than that of the parent zeolite and about 4 times higher than that

of USY-8. The TOF for propane dehydrogenation is also much higher for AFHSY-TMA-Red
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than for the two reference cases. The TOFs for cracking and dehydrogenation of the oxidized
TMA-modified zeolites are substantially lower than the respective values for their reduced

counterpart.

©CoO~NOUTA,WNPE

15 Table 7. Catalytic conversion of propane over TMA-modified AHFSY catalysts and commercial

18 USY zeolite (WHSV = 11.7 h™"; T = 590 °C).

J— TOFRC TOEPEH
22 c(BAS) 4107 FRC 107 PEHY 1S CRC

Sample a b 3 - 3 -
gi (mmol/g) (Mol/g:s)  (mol/gs)*  (mol/g:s)” (%) §)1do s §)1eo s

26 AHFSY 3.34 14.8 11.8 2.6 82 35 7.8
28 -TMA-Red 0.34 29 14 15 48 412 441
30 -TMA-Oxd 0.73 17 6.9 9.8 41 95 134
a2 “-TMA-Red-Oxd 0.73 9 5.9 3.1 66 80 42
34 USY-8 1.29 21 13 8.5 60 101 66

43 4. Discussion

46 The in situ FTIR data show that BAS of dealuminated zeolite Y can be made to react with
48 TMA. Grafting of TMA onto the zeolite leads to complete removal of all hydroxyls, including
the silanol and bridging hydroxyl groups. The resulting organometallic intermediates can be
53 decomposed by treatment in oxygen or hydrogen atmosphere at elevated temperature. The IR
55 spectra of TMA-modified zeolites differ substantially with respect to the way the grafted

organoaluminum species are treated. The spectra contain indications that their hydrogenolysis in
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H; results in the formation of Al-H species characterized by a weak band at around 1932 cm™” at
intermediate reduction temperature. At the highest temperature, these species and all methyl
groups have been reacted away. These changes go together with partial regeneration of the
zeolitic BAS in AHFSY-TMA-Red. The amount of Al deposited during CVD of TMA (cf.
AHFSY-TMA-Hyd in Table 1) corresponds to approximately 1/3 of the number of BAS initially
present. This suggests that the organometallic precursor undergoes multiple reactions with the
hydroxyl groups of the zeolite. As the Al content of AHFSY-TMA-Red is found to be lower than
that of the hydrated zeolite, it can be inferred that part of the deposited Al species has been
removed during reduction. Combined with the observation of the transient formation of Al-
hydride species, it may be speculated that during the high-temperature treatment volatile (AlH3),
has been formed. The existence of such compounds has recently been reported.73 In support of
this, it was observed that downstream the zeolite bed in the quartz reactor used for in situ
reduction a white powder was formed. This is likely due to the reaction of volatile aluminum
hydride species with hydroxyl groups of the surface of the quartz reactor. The oxidative
decomposition of the grafted organoaluminum species (AHFSY-TMA-Oxd) results in water and
carbon oxides. In the presence of water the Al-O bonds are hydrolyzed, as follows from the
much more pronounced regeneration of zeolitic BAS following oxidation compared to reduction.
Notably, in this case the Al content also decreases during the treatment.

The intensive reaction of TMA with more than one BAS results in significant distortions of the
zeolite lattice as follows from XRD and Ar physisorption measurements. MAS NMR confirms
the partial decomposition and dealumination of the framework. 'H NMR shows that during CVD
of TMA nearly all zeolite hydroxyl groups are consumed. Concomitantly, Al-CH3 and Si-CHj3

species are formed. Thus, it can be inferred that CVD does not proceed by simple reactions as
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encountered earlier for CVD of Zn(CH3), onto high-silica ZSM-5 zeolite,3 o involving formation
of Zn(CH3)" and methane. Besides reaction with the BAS, TMA will also attack AI-O-Si
framework moieties. As Si-CHjz bonds are stronger than Al-CHj bonds, it is likely that the
rupture of the relatively weak framework bonds around the bridging hydroxyl group leads to Si-
CHj; and Al-O-{TMA} species. This is consistent with NMR and IR spectroscopic data. High-
temperature treatment of AHFSY-TMA in H; results in the decomposition of the AI-CHj
species, whilst the Si-CH3 moieties remain intact. The latter are only decomposed when oxidized
at 500 °C in O, resulting in silanol groups. After reduction as well as after subsequent oxidation,
a small portion of BAS is regenerated. Their regeneration is however stronger during the direct
oxidative treatment. The nature of the regenerated protons depends on the activation method.
The protons in AHFSY-TMA-Red give rise to an unusual resonance at 4.4 ppm in the 'H NMR
spectrum. These are tentatively assigned to strongly polarized protons in the supercages. We
propose that the polarization is caused by the interaction with neighboring Lewis acidic
extraframework Al species. These protons were not observed anymore after oxidation of the
zeolite sample. In such case, "H resonances characteristic for faujasite zeolites were observed
again. The decomposition of the intermediate silane species and the dealumination of the zeolite
framework follows from the **Si and *’Al NMR data. The *’Al NMR data also inform us about
the fate of Al species. After reductive treatment of grafted TMA species, the Al species are
mainly 4- and 5-coordinated. Oxidation of these species leads to a more heterogeneous Al
speciation. From the strong quadrupolar broadening of the signals in the Al NMR spectra of
dehydrated materials, it can be concluded that a substantial fraction of Al cannot be detected by
NMR spectroscopy. Although this problem can be partially avoided by hydrating the zeolite

samples, this procedure strongly alters the chemical environment of Al sites of the TMA-
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modified zeolites. The important corollary of the NMR results appears to be that dealumination
occurs upon CVD of TMA. This is consistent with the lower concentration of framework Al'Y
species derived from XRD analysis. Based on the IR, XRD and NMR results, it can be
concluded that the TMA-modified zeolites contain a significant part of charge-compensating Al
ions.

The strong structural changes in the zeolites resulting from the reaction with TMA and
subsequent treatment significantly affect their acidic properties. H/D exchange with CgDg
measurements do not evidence an enhancement of the acidity of bridging hydroxyl groups with
enhanced acidity in the modified zeolites. This is similar to the results reported previously for the
EFAl-containing faujasites prepared by conventional incipient wetness impregnation and ion-
exchange techniques.” Furthermore, these materials do not show a shift of the frequency of
hydroxyl group to lower wavenumbers that is usually observed in the FTIR spectra of stabilized
Y zeolites.”"* A fraction of the protons in AHFSY-TMA-Red shows acidity similar in strength
to those in the parent AHFSY zeolite. The density of BAS in this material is only 10% of that in
AHFSY. For the oxidized materials, this amounts to about 20% of the original BAS density. The
BAS in the oxidized zeolites are somehow different from those in the reduced TMA-modified
zeolite as their rate of H/D exchange is significantly lower. CO IR spectroscopy confirms the
lower density of BAS in the TMA-modified zeolites. By using the shift of the OH groups upon
CO perturbation as a criterion for acid strength, no significant differences in intrinsic proton
acidities were observed. What stands out in the spectra of the reduced AHFSY-Red zeolite is the
presence of strong Lewis acid sites as evidenced by the CO absorption band at 2222 cm™. This
band is attributed to the coordinatively unsaturated Al ions. We speculate that these ions perturb

neighboring BAS. Upon oxidation, these strong Lewis acid sites completely disappear. The CO
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IR spectra also show that all TMA-modified zeolites contain weak Lewis acid sites due to

agglomerated forms of “Al-O” species.”*
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301 TMA-Oxd  QUSY-8 30
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Figure 7. The propane cracking activity (TOF(CRC) normalized by the value for AHFSY) of

-2.0

TOF(CRC) relative to AHFSY

different EFAl-containing faujasite catalysts as a function of the amount of cationic Algr per
BAS. The activities of TMA-modified AHFSY catalysts are shown with red circles. The
concentration of cationic Algr was calculated for these samples as c(cationic Algg) = c(Alp)Nmr —
c(BAS)"™®. The correlation line and the activities of reference USY-8 (blue hexagon) and of
Algr-AHFSY catalysts prepared by incipient wetness impregnation and ion exchange of aqueous
solution of AI(NOs3); (open squares) are adopted from Ref. 35 without modification (in this case

c(cationic Algg) = c(Alp) R — c(BAS)FTR).

Despite these relatively small differences in the intrinsic Brgnsted acidity, the TMA
modification has a significant effect on the rate of propane conversion. From comparison of
weight-based activities, one concludes that AHFSY-TMA-Red is more active than the parent
AHFSY as well as a commercial USY cracking zeolite. Besides, when the activities are
normalized per BAS, all of the TMA-modified zeolites exhibit a higher intrinsic propane
conversion rate than the two reference zeolites. Importantly, the modification with TMA leads to
a significant increase in the rate of propane dehydrogenation. The results support the previous

proposal that Lewis acidic Al sites are involved in propane dehydrogenation.” From Table 7 and
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the characterization results, it may be inferred then that the rate of propane dehydrogenation is
the highest for the strong Lewis acidic groups in reduced AHFSY-TMA. Oxidation results in the
formation of a weaker form of Lewis acidity and the Al dispersion will likely also be lower. In
any case, the oxidized Al species show a much lower rate of propane dehydrogenation.

The most striking finding of the present study is the exceptionally high cracking activity of
AHFSY-TMA-Red. Despite its low BAS density, the overall propane conversion rate was higher
than that of the commercial USY zeolite. When normalized per BAS, the propane cracking
activity is many times higher than that of the reference zeolites. In our previous study,35 we
proposed the existence of a correlation between the intrinsic cracking activity of EFAI-
containing zeolites and the ratio of cationic extraframework aluminum species and BAS. Fig. 7
shows this correlation including the data for the present study. Clearly, the oxidized TMA-
modified zeolites follow the correlation. This is expected because the extraframework Al species
are likely present in their oxidic form. When these species are not completely oxidized as in the
reduced sample, they are much more active than expected based on this correlation. Acidity
characterization showed that the BAS in AHFSY-TMA-Red are strongly polarized ("H NMR) by
strong Lewis acid Al sites (CO IR). We propose that the unique enhancement of Brgnsted acid
catalytic activity of the reduced TMA-modified AHFSY zeolite is due to the presence of strongly
polarizing Lewis acid sites resulting from the hydrogenolysis of grafted TMA in H,. Due to the
strong heterogeneity and structural complexity of the zeolites after modification with TMA, it is
not possible to firmly conclude on structural or mechanistic aspects of this acidity enhancement.
However, the finding that CO IR and C¢Ds H/D exchange did not reveal any special properties of
the BAS might suggest that the Lewis acid sites are involved in the protolytic cracking

mechanism.
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S. Conclusions

Chemical vapor deposition of trimethylaluminum (TMA) was explored as an approach for the
introduction of extraframework aluminum in faujasite-type zeolites to prepare model EFAI-
containing zeolite catalysts. The subsequent decomposition of the grafted organoaluminum
species was investigated in hydrogen and oxygen atmosphere. Reaction of an extraframework Al
free high-silica AHFSY zeolite with TMA leads to nearly complete substitution of the bridging
hydroxyl groups with Al species. The reaction, however, does not produce uniform
homogeneously distributed species. Whilst part of the BAS is replaced, the highly reactive TMA
compound also reacts with the basic faujasite lattice leading to substantial framework distortions
and even removal of Al from the framework. This is due to the opening of the Si-O-Al bridges
and the formation of stable Si-CHj species. Decomposition of grafted TMA in H; leads to a very
active zeolite catalyst for propane conversion. Its activity is significantly higher for propane
cracking and dehydrogenation than that of the parent AHFSY zeolite and a commercial steam-
calcined USY cracking zeolite. Although these effects are less pronounced when the precursor is
oxidized, the propane conversion rates per proton are still higher than for the reference samples.
Together with the extensive characterization, we infer that Lewis acidity can significantly alter
the intrinsic activity of protons in zeolites. Firstly, strong Lewis acid sites are directly involved in
propane dehydrogenation and, secondly, their proximity to BAS results in a pronounced
enhancement of the rates of propane cracking. It cannot be excluded that these two effects are
interrelated by a common mode of propane activation on Lewis acid sites. The effect is the
strongest for the strong Lewis acid Al sites formed by the reductive treatment of the TMA-

modified zeolite.
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