Detection of the ‘invisible aluminium’ and characterisation of the multiple
aluminium environmentsin zeolite USY by high-field solid-state NMR
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The detection of all of the aluminium present in steamed
zeolite H-Y catalysts by 27A1 MAS NMR at high field (18.8 T,
800 MHz for 'H) is reported; further, it is shown that it is
possible by 27A1 MAS and MQMAS measurements to clearly
identify four separate aluminium environments character-
istic of these materials and to unambiguously assign their
coordinations.

The acid form of faujasite (zeolite H-Y) is converted to a very
stable material by steam treatment at elevated temperatures,
producing the universally used cracking catalyst * ultrastable-Y’
(USY). Early 2°Si MAS NMR studies documented the increase
intheframework Si/Al ratio brought about by steaming.1—427Al
MAS NMR indicated that six-coordinate aluminium (AI°CT) is
produced even during mild calcination and that substantial
amounts of amorphous material can be generated by steam-
ing,1-8 characterised by a broad 27Al resonance between those
of the four-coordinate aluminium (AITET, at = 60 ppm) and
AICCT (at = 0 ppm). The nature of the species responsible for
this signal intensity has been a matter of dispute for almost
twenty years. Some workers have assigned the broad signal to a
second, distorted tetrahedral species.45289 More recently,
various authors have shown that the chemical shift of the
intensity maximum of the broad resonance corresponded to
five-coordinate aluminium (AIPENT) and the broad resonance
was attributed to this species.5P.6:10.11 Despite considerable
ongoing effort, there remains little overall agreement in the
interpretation of 27Al NMR data. Early studies also suffered
from the problem of quantification of the 27Al spectra:34.7.9
Even using small pulse angles, some 30% of the aluminium
known to be present could not be observed (the so-caled
‘invisible duminium’). Therefore the nature of the aluminium
and therelated catalytic sitesin USY are still poorly understood
at the present time.

In the present work, we present preliminary results of an
ultra-high field 27Al MAS and MQMAS NMR investigation of
aUSY sample prepared from Na-Y by the conventional method
of ammonium exchange followed by steam treatment at 600 °C,
repeated twice. 27Al NMR spectrawere obtained at 208.43 MHz
(18.8 T, 800 MHz 1H) using aVarian INOV A Spectrometer. In
this work we have been able to quantitatively observe al of the
aluminium present and to identify four well defined aluminium
environments.

Theintegrated intensities of the 27Al single pulse MAS [Fig.
1(a) and (d)] and 90-180° spin—echo MAS NMR spectra of
weighed samples were calibrated at both 104.26 MHz (9.4 T,
400 MHz for 1H) and 208.43 MHz against spectra of weighed
NaY and Na-A samples acquired under identical conditions. In
line with previous work,347.9 the data at 104.26 MHz not only
fail to account for al of the aluminium present, but show
considerable differences in intensity distributions between
single pulse and echo experiments; the echo experiments
detecting larger contributions from the broader resonances.
However, there are no significant differences between thesingle
pulse[Fig. 1(a)] and echo spectraat 18.8 T, where theintegrated
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intensities of both spectraindicate that signal is observed from
100% of the aluminium present.

The MQMAS experiment introduced by Frydman and
Harwood2 (Fig. 2) correlates peaksin the MAS dimension (F2)
to signals in the isotropic dimension (F1), with shifts in this
dimension being alinear combination of isotropic chemical and
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Fig. 1 (a) 27Al single pulse MAS spectrum of USY at 208.43 MHz, recorded
at aspinning speed of 10.2 kHz. (b) Simulation of (a). (c) Deconvolution of
(b). (d) 27Al single pulse MAS spectrum of USY at 104.26 MHz, recorded
at a spinning speed of 9.8 kHz. (e) Simulation of (d). (f) Deconvolution of
(e). Chemical shiftisreferenced to 1 M Al(NOs3)z agueous sol ution. Spectral
simulations and deconvolutions were made using ‘Dmfit 98'.15 |sotropic
peaks are simulated by half-integer spin quadrupolar lineshapes (parameters
given in Table 1) with superimposed exponential broadenings. Spinning
sideband intensity is approximated by peaks with mixed Lorentzian and
Gaussian character.
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Fig. 2 27Al MQMAS spectrum of USY at 208.43 MHz, recorded at a
spinning speed of 10.2 kHz. Chemical shift is referenced to 1 M Al(NOg)3
aqueous solution. Coherences were generated using athree-pul se, Rotation-
aly Induced Adiabatic Transfer pulse sequence and selected with a 24-step
phase cycle. A shearing transformation was performed after thefirst Fourier
transform. Skyline projections along both axes are shown. * indicates
spinning sidebands.

second order quadrupolar shifts. Using this technique, many of
the problems caused by peak overlap in the MAS experiment
are dleviated, allowing the coordinations to be clearly estab-
lished.

Fig. 2 clearly shows four auminium environments. At 61
ppm in F2 there is a sharp AITET resonance, whose F2 shift
closely matches the sharp peak from the framework aluminium
inNaY spectra. In addition thereis clearly a separate and much
broader AIBRTET resonance with an intensity maximum at 57
ppm in F2. Upfield of the four-coordinate resonances are
similarly broad AIPENT and AlCCT peaks, with intensity maxima
in F2 at shifts typica of five- and six-coordinate aluminium
species previously reported.6.13.14

Fig. 1(b) and (c) shows asimulation of thesingle pulse MAS
spectrum [Fig. 1(a)] using the program ‘Dmfit 98'.15 The
complete intensity profile is based on only the intensity from
four peaks (and their spinning sidebands) corresponding to the
signals observed in the MQMAS spectrum (Fig. 2). A small,
sharp resonance in the octahedral region due to monomeric
octahedral aluminium has been observed in the 27Al NMR
spectra of USY samples of lower Si/Al. For completeness, a
similar peak isincluded in the simulated spectra of the sample
used in this study [Fig. 1(c)], athough it has no significant
influence on the proportions of the different coordinations
calculated to be present (Table 1).

The same parameters (Table 1) yield simulations of similar
quality for the 27Al MAS spectra of the same sample taken at
104.26 MHz [Fig. 1(d), (e)] and 156.38 MHz (14.4 T, 600 MHz
for 1H). They aso reproduce the observed MQMAS isotropic
(F1) shifts to within £5 ppm at both 104.26 and 208.43 MHz,
with the positions of the two tetrahedral peaks being predicted
to within an accuracy of +1 ppm. From these dataiit is apparent
that the broad peak at = 30 ppm observed in the spectrum at
104.26 MHz [Fig. 1(d)] has contributions from both broad
tetrahedral and five-coordinate aluminium. Spectra at the two
higher fields show that each of these account for = 20% of the
total spectral intensity.

Framework Si/Al ratios of the NaY starting material
(calculated from 295 MAS NMR) and of the USY sample
(calculated both by 2°Si NMR and IR) suggest that 33% of the
auminium remainsin the USY framework following steaming.
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Table 1 Summary of USY single pulse 2’Al MAS spectral simulation
parameters?

ScsP/lppm  Average CoelkHz 1o % of total intensityd
AITET 60.7 360 053 33
AIBRTET  60.4 940 01 21
AIPENT 322 578 0.1e 20
AlocT 32 492 0.1 26

a Chemical shift and quadrupolar coupling distributions are accounted for
by an exponential broadening function with a chemical shift component
proportional to the magnetic field strength and a quadrupolar coupling
component inversely proportional to the magnetic field. b lsotropic
chemical shift. cCalculated to +3% for 208.43 MHz spectrum using
spinning sideband intensities approximated by lineshapes with mixed
Lorenzian and Gaussian character. 4Cq = 3e29Q/21(2Il — 1)h. €The
parameter 1o has a minimal effect on the simulated MAS spectrum [Fig.
1(b)].

This is in good agreement with the intensity ratios of the
simulated spectrum [Fig. 1(c)] in which 33% of the overall
intensity is contained within the AITET peak (Table 1)
suggesting that all of the aluminium contained within the fully
intact framework could be represented by the AITET peak at 61
ppm.
In summary, this study shows that high magnetic field
strengths solve the problem of the “invisible auminium”
associated with USY materials and that these quantitative 27Al
MAS spectra consist of intensity from four distinct aluminium
environments. A complete account of this work and its
extension to related systems is currently in preparation. We
believe that this represents the most complete and self-
consistent investigation of the aluminium species present in
USY materiasto date. Further investigations of the exact nature
of the framework and non-framework aluminium species in
these steamed zeolite systems is also being carried out.
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