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Abstract

The acid sites in dealuminated HZSM-5 zeolite with crystal sizes down to the nanoscale were firstly characterized by
the probe molecule trimethylphosphine (TMP). As evidenced by the combinati®iPcEP/MAS NMR,2’Al MAS and
14 — 27A] CP/IMAS NMR measurements, the Bronsted acid sites of both microsized and nanosized HZSM-5 could be
decreased upon the dealumination of zeolitic framework after hydrothermal treatment. At the same time, the appearance
of Lewis acid sites was observed. The dealuminated nanosized HZSM-5 is easier to form Lewis acid sites than microsized
HZSM-5, and the type of Lewis acid sites in nanosized HSM-5 is more than one. In addition, the origin of Lewis acid
sites is mainly associated with the aluminum at ca. 30 ppm if1AEMAS NMR spectra, and only a part of which in the
dealuminated HZSM-5 zeolite acts as Lewis acid sites.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction lysts [9]. Among them, the infrared spectroscopy of
adsorbed pyridine has been used extensively to pro-
Acidity is an important topic in the field of ze- vide evidence for both Bronsted and Lewis acid sites
olite research. A number of papers in the literature [9]. However, the limitation of this technique lies in
reported that dealumination of zeolite can enhance its the difficulty to determine the strength of the acidity
activity in the acid-catalyzed reactiori$-5]. Most and the number of acid sites in a quantitative way for
authors ascribed this to the existence of Lewis acid the different extinction coefficients of each adsorbed
sites with the combination of Bronsted acid sites after species. Trimethylphosphine has emerged as a promis-
dealumination of zeolit§6—8]. They employed a lot  ing approach to characterize the acid sites in zeolites
of methods to characterize the acidity in solid cata- [10-12]and other materialfl3-15] using3!P MAS
NMR spectroscopy. Trimethylphosphine (TMP) is
* Corresponding author. Present address: Steacie Institute for Suitable for3lP MAS NMR studies as it has isotope
Molecular Sciences, National Research Council of Canada, 100 of 100% natural abundance, nuclear spin of 1/2, and
Sussex Drive, Ottawa, Ont., Canada K1A OR6. large gyromagnetic ratio. Moreover, TMP has rather
Tel.: +1-613-990-3405; fax:1-613-998-7833. . :
E-mail addresses. weiping.zhang@nre.ca (W. Zhang), s_m_aller size of_ gbout 5.5 6] Itis small enou_gh tq
xhbao@dicp.ac.cn (X. Bao). fit into the cavities or channels of many zeolites, in-
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HZSM-5 zeolite has not been well investigated using same number of 1600 scans, and drawn with the cor-
TMP as the probe molecule in the literature. In our rection of sample mas$’Al MAS NMR spectra were
previous papers, we studied the microporous struc- collected at 104.3 MHz using a 0.%5 =/12 pulse

ture [17] and stability [18] of nanosized HZSM-5
zeolite. Here, we focus on the acidity variations of
hydrothermally dealuminated HZSM-5 zeolite with
crystal sizes down to the nanoscale BYP MAS
NMR of adsorbed TMP. The origin of Lewis acid site
is also discussed.

2. Experimental
2.1. Sample preparation

The starting HZSM-5 samples (Si/At 28) with

the crystal sizes of 1000 and 70 nm, respectively were
prepared according to a procedure published in our

previous paperfl9,20] They were obtained by deam-
monium at 500C for 5h and denoted asicro-HZ
andnano-HZ, respectively. Dealumination by steam-
ing at 400, 500, 700C were described in detail in our
preceding study18].

2.2. NMR measurement

A special device was designed by us to carry out the

on-line treatment of zeolite sampl§21,22] In this

with a 3's recycle delay and 600 scafhkl — 27Al
CP/MAS spectra were recorded with a single contact,
an optimized contact time of 1.2ms, a recycle delay
of 3, and 10,000-20,000 scans. The Hartmann-Hahn
condition was established as described in our previ-
ous papef20]. 2’Al NMR spectra were recorded with
samples spun at 10 kHz, and chemical shifts were ref-
erenced to 1% aqueous Al§B)s3".

3. Results
3.1. 31p MASNMR

The 3P MAS NMR spectra of microsized and
nanosized HZSM-5 before and after hydrothermal
dealumination are shown iRkigs. 1 and 2 respec-
tively. The resonance at4.5ppm is ascribed to the
protonated adduct TMPH i.e. the reaction of TMP
with the Bronsted acid sites. The major resonance at
—57 and—60 ppm are assigned to the Lewis-bound
TMP adductd12,16]. Moreover, there is also a little
physically adsorbed TMP at62.1 ppm. In order to
display more clearly the effects of hydrothermal treat-
ment on the variations of Lewis acid sites, the peaks at

apparatus, zeolites were dehydrated typically at 673 K high field were deconvoluted quantitatively using fit-

and at a pressure below 19Pa for 10-20 h before ad-
sorption. After dehydration, 100 Torr trimethylphos-

ted Gaussian-Lorentzian line shapes (Begs. 1 and
2). With increasing steaming temperature, the peak

phine (Acros Organics) was introduced and kept for intensity of Bronsted acid sites in both microsized
30 min at room temperature, then degassing it at 323 K and nanosized HZSM-5 decreased, and the amount of
for 10-15min to remove most physical adsorbates Lewis acid sites at-60 ppm increased when dealu-

from the surfacgl14]. Finally, the samples were filled

minated at 400C, but decreased at higher steaming

in situ into an NMR rotor, sealed, and transferred to temperatures. In addition, for the nanosized HZSM-5,
the spectrometer without exposure to air. Such deal- another type of Lewis acid site appeared-&7 ppm

ing with the samples can avoid oxidation of TMP and
also its toxicity.

besides that at 60 ppm. Its peak intensity also varied
as that at-60 ppm after dealumination. The spinning

NMR spectra were recorded at room temperature sidebands are clearly seen in the spectra of both mi-

on a Bruker DRX-400 spectrometer with a BBO MAS
probe using 4 mm Zr@rotors.3!P MAS NMR spec-
tra with high-power proton decoupling were collected
at 161.9 MHz, using a /6 pulse of Zus and recycle

crosized and nanosized HZSM-5, which indicates that
the motion of TMP is severely restricted in ZSM-5
channels for they have nearly the same diami@ig}.

delay of 2s. Samples were spun at 5kHz, and chemi- 3.2. 2’Al MASNMR and *H — 2’Al CP/MASNMR

cal shifts were referenced to 85%POy. In order to
compare quantitatively, all th#P MAS NMR spectra

Fig. 3 shows the?’Al MAS NMR spectra of dea-

were acquired under the same NMR conditions and the luminated microsized and nanosized HZSM-5 before
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Fig. 1.31P MAS NMR spectra of (Ck)3P in microsized HZSM-5 hydrothermally treated at different temperatures (with proton decoupling);
the symbol* denotes the spinning sidebands.
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Fig. 2.3'P MAS NMR spectra of (Ck)3P in nanosized HZSM-5 hydrothermally treated at different temperatures (with proton decoupling);
the symbol* denotes the spinning sidebands.
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Fig. 3. 27Al MAS NMR spectra of microsized (a) and nanosized (b) HZSM-5 zeolite hydrothermally treated at different temperatures
(without adsorption of TMP).

adsorption of TMP. There are two main peaks as ascribed to the pentacoordinated nonframework Al
expected. One at 52 ppm is typically assigned to the [23] or distorted four-coordinated APR4]. With the
tetrahedral framework Al, and the other at Oppm is increase of steaming temperature, the peak inten-
attributed to octahedral nonframework A18—20] sity of the framework Al of the nanosized HZSM-5
In addition, a broad signal centered at ca. 30 ppm decreases more readily than that of the microsized
also appeared after dealumination, which may be HZSM-5. Both the aluminum at ca. 30 and O ppm are
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Fig. 4. 27Al MAS (a) and 'H — 27Al CP/MAS NMR(b) spectra of dealuminated microsized HZSM-5 after dehydration and adsorption
of TMP.
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Fig. 5.27Al MAS (a) and 'H — 27Al CP/MAS NMR(b) spectra of dealuminated nanosized HZSM-5 after dehydration and adsorption of
TMP.

observed in thé’Al MAS NMR spectra of microsized  correspondingH MAS NMR spectra also decreased.
and nanosized HZSM-5 after dealumination. While for From the results of’Al MAS NMR spectra Fig. 3,
the nanosized HZSM-5 steamed after 700 the sig- obvious dealumination from the zeolitic framework is
nal at O ppm is gone and that at ca. 30 ppm becomesobserved after steaming treatment. So the decrease of
much broadening. This may be due to the larger in- Bronsted acid sites is mainly due to the dealumina-
crease of the quadrupolar interaction between the Al tion of the zeolitic framework. After dealumination,
atoms at ca. 30 ppm after hydrothermal treatment.  there appeared Lewis acid sites in samples, but in the
After dehydration and adsorption of TMB/AI 31p MAS NMR spectra there are two kinds of Lewis

MAS NMR andH — 27Al CP/MAS NMR spectra  acid sites in the dealuminated nanosized HZSM-5 at
of dealuminated microsized and nanosized HZSM-5 —57 and —60 ppm, respectively. While for the dea-
are displayed irFigs. 4 and Srespectively. Itis clear  luminated microsized HZSM-5, there is one type of
that only the framework Al at 52 ppm and aluminum Lewis acid site at-60 ppm. Moreover, under the same
at ca. 30 ppm can be observed in #al MAS NMR steaming conditions, the amount of Lewis acid sites in
spectra of both the dealuminated microsized and dealuminated nanosized HZSM-5 is more than that in
nanosized HZSM-5. After cross polarization, only the dealuminated microsized HZSM-5. Thus, nanosized
signal at ca. 30 ppm are increased. Nearly no signal of HZSM-5 is easier to form the Lewis acid sites than
nonframework Al at 0 ppm can be detected compared microsized HZSM-5 after hydrothermal treatment.
with the corresponding’Al MAS NMR spectra in Many authors observed the formation of Lewis acid
Fig. 3 before adsorption of TMP. site after dealumination of zeolitg$0—-16] but dif-

ferent opinions on the origin of Lewis acid site were

reported in the literature. In general, there are two typ-
4. Discussion ical models. One is by Uytterhoeven et f5] (see

in Scheme L They thought that the bridged hydrox-

The results offIP MAS NMR quantitative study  yls on the zeolitic framework dehydrated to form the

show that after hydrothermal treatment the amount tricoordinated framework aluminum as the Lewis acid
of Bronsted acid sites on both the microsized and site, at the same time no dealumination of the zeolitic
nanosized HZSM-5 decreased, which is consistent framework took place. The other is by Jacobs and
with our previous'H MAS NMR study[18], i.e. the Beyer [26] (see inScheme P2 They considered the
peak intensity of Bronsted sites at 3.9 ppm in their nonframework Al like [AI-OT" from dealumination
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Scheme 2.

of zeolitic framework as the Lewis acid site, i.e. Lewis
acid site is associated with the nonframework Al.
However, no tricoordinated framework Al was ob-
served by the?’Al MAS NMR spectra[27,28] and
also by the X-ray fluorescence (XRE)9]. So Uyt-
terhoeven model is not accepted extensively so far.
We and other authof§,30] tend to accept the Jacobs
model. In the?’Al MAS NMR spectra, we find the
increase of nonframework Al upon hydrothermal treat-
ment. But in the correspondirgP MAS NMR spec-
tra, the amount of Lewis acid site does not increase
obviously. On the contrary, it decreases at higher

not be adsorbed by the nonframework aluminum at
0 ppm after dehydration. So the coordination humber
around this site is not six any longer, which results in
too larger quadrupolar effect to be detected. Therefore,
only the aluminum at ca. 30 ppm may adsorbed TMP
after dehydration. The magnetic vector of hydrogen
atoms in the methyls of TMP can be transferred to the
neighboring aluminum atom by tHé — 27Al cross
polarization technique. So we observed the signal en-
hancement at ca. 30 ppm in the — 27Al CP/MAS
NMR spectra (se€igs. 4b and 5p These facts re-
veal that the Lewis acid site is associated with the alu-

steaming temperatures. This is due to the condensa-minum at ca. 30 ppm. Similar result was obtained by

tion of nonframework aluminum hydroxyls to poly-
meric aluminum specig80,31] As demonstrated in
our previous'H MAS NMR study[18], the peak in-
tensity of nonframework AIOH at 2.7 ppm decreased
clearly after hydrothermal treatment, which also sup-
ports above explanation. Thus, only a part of non-
framework aluminum forms the Lewis acid sites after
dealumination.

However, which kind of nonframework aluminum
is associated with the Lewis acid site? Is that at ca. 30
or 0 ppm in the?’Al MAS NMR spectra? Comparing
with the results of’Al MAS NMR study in the dea-
luminated microsized and nanosized HZSM-5 before
and after adsorption of TMP (sé€gs. 3, 4a and 9a
not the signal at Oppm but the signal at ca. 30 ppm
appeared in thé’Al MAS NMR spectra after adsorp-
tion of TMP. This proves that TMP molecules may

Chen et al. in characterizing transition alumirfazg].

In Fig. 2, we observed two types of Lewis acid sites
in the dealuminated nanosized HZSM-5. This might
be due to the existence of two types of nonframework
Al (pentacoordinated and distorted four-coordinated
Al) in such samples. However, based on the results
from above?’Al and 3P MAS NMR, the amount of
Lewis acid sites does not increase with the increasing
nonframework aluminum at ca. 30 ppm. As discussed
above, this is due to the fact that only a part of the
aluminum at ca. 30 ppm acts as Lewis acid sites.

5. Conclusions

The Bronsted acid sites in both the microsized and
nanosized HZSM-5 decreased after dealumination by
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hydrothermal treatment. Compared with dealuminated [11] A. Bendada, E.F. DeRose, J.J. Fripiat, J. Phys. Chem. 98

microsized HZSM-5, nanosized HZSM-5 is much eas-
ier to form Lewis acid sites, the type of which is more
than one. The Lewis acid sites mainly derive from the
aluminum at ca. 30 ppm in tiiéAl MAS NMR spec-
tra. In addition, only a part of this kind of aluminum
acts as Lewis acid sites.
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