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Abstract

27Al MAS (magic angle spinning) and 3Q (triple quantum) MAS NMR (nuclear magnetic resonance) at a very high magnetic field
700 MHz for1H) enabled us to detect all the Al species on a series of modified Y zeolites. In a USY (ultra stable Y) zeolite after ste
extra-framework Al species with various environments were detected, while only framework Al (IV) was observed in the parent NaY
3QMAS NMR clearly identified the tetra-coordinated extra-framework Al with a large structural anisotropy (IVb), in addition to the penta-(V)
and hexa-coordinated (VI) species. Na2H2-EDTA (ethylenediaminetetraacetic acid) treatment of the USY was found to convert the V
VI species into the IVb species. Increase in the Brønsted acid strength and the catalytic activity for octane cracking has been foun
Na2H2-EDTA-treated USY. Therefore, it is speculated that the IVb species is the origin of enhanced Brønsted acidity (and thereby the
cracking activity) of the USY zeolite.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ultra stable Y (USY) zeolite is utilized as a solid acid cat-
alyst for paraffin (alkane) cracking in gasoline production,
one of the largest industrial processes[1]. It is known that
the acid site (H+) of zeolite is generated by the isomorphous
substitution Al3+ for Si4+ in the silicate framework. How-
ever, generation of the activity for the cracking on USY is
difficult to explain. The cracking activity is generated during
the stabilization process of parent Y zeolite (inactive for the
cracking) into the USY by steaming[2], and enhanced by
the following modification such as Na2H2-EDTA (ethylene-
diaminetetraacetic acid) treatment[3]. During these treat-
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ments, decrease in the framework Al (dealumination)[4],
re-insertion of Al[5], structural change of Al species[6] and
formation of mesopores[7] simultaneously occur. In order to
find the most important factor, the analysis of microstructu
and acidic property should be necessary. In addition, s
tematic study based on the samples with known structure
needed. However, these have not been achieved. The o
of cracking catalysis of USY zeolite has been unclear ev
now, and therefore the USY has been utilized for ca. 40 yea

We have analyzed the acidic properties of a series of m
ified Y zeolites by means of a developed method of a
monia temperature-programmed desorption (TPD). The
zeolite had only weak acid sites[8]. After steaming, acid
sites with various strengths and nature (Lewis and Brønst
were observed on the USY. After the Na2H2-EDTA treat-
ment, most acid sites were Brønsted type, and possess
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high acid strength with a small distribution. The cracking ac-
tivity showed a positive relationship against the number of
strong acid sites on the USY zeolites modified with various
reagents. Other properties could not explain the high activity
on the Na2H2-EDTA-treated USY, whereas global charac-
terization was carried out. The origin of cracking activity
of USY should be the strength of Brønsted acid sites en-
hanced by some specific extra-framework Al species which
were formed by steaming and increased by the Na2H2-EDTA
treatment[6].

The structural character of the strong Brønsted acid site
should be also clarified. However,27Al NMR (nuclear mag-
netic resonance), the most promising tool for the structural
analysis, suffered from the presence of Al species invisible
under ordinary NMR conditions such as 7–9 T of magnetic
field (300–400 MHz frequency for1H) and 4 kHz of magic
angle spinning (MAS) rate[9]. In our previous study, the
amount of strong Brønsted acid sites was related with the in-
visible Al [6]. The positive relationship between the activity
and amount of the Al species giving a very broad NMR signal
has been pointed out by Remy et al.[10] On the other hand,
Gola et al. have pointed out that the Na2H2-EDTA-treated
USY was enriched with the invisible Al[11].

A very high magnetic field such as 16 T has become ap-
plicable to the NMR measurement. Coster and Fripiat[12],
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The chemical composition was measured by a Shimadzu
ICPS-5000 inductively coupled plasma emission spectrom-
eter (ICP-ES) after dissolving the sample into hydrofluoric
acid.

2.2. 27Al NMR measurements and analysis

The NMR measurements were carried out after the expo-
sure of samples to an atmosphere at 80% of the relative hu-
midity for several days.27Al NMR experiments at 16 T were
carried out atω0/2π = 182.4 MHz with a JEOL ECA-700
spectrometer (16.4 T magnet). A 4 mm NB single-resonance
JEOL MAS probe was used with sample spinning rate of
ωr /2π = 18 kHz. The single pulse excitation sequence with
radio frequency flip angle of about 18◦ was used in27Al MAS
spectra in order to avoid the quadrupolar nutation effects.

For odd half-integer quadrupolar nuclei such as27Al, the
frequency shifts due to the second-order quadrupolar inter-
action whereas multiple quantum transition (−m↔ +m) is
not affected by the first-order quadrupolar interaction. Dur-
ing the MQMAS experiment, multiple quantum coherence
(−m↔ +m) is excited and evolves for a period oft1. It is
then converted to single quantum coherence (−1/2↔ + 1/2)
and isotropic echoes are formed att2. Then, isotropic echoes
are detected at the expected acquisition times.
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and Fyfe et al.[13] have applied it to some samples of th
USY zeolite. In addition, a multiple quantum (MQ) metho
of NMR [14] becomes a promising tool for identification o
the Al species in zeolite, and has already been applied
the USY zeolite[11]. Fyfe et al. applied the27Al 3Q (triple
quantum) MAS NMR at 9–18.8 T to the USY zeolite an
concluded that 14.4 to 18.8 T of the field strength was hi
enough for detection of all the Al species in the USY ze
lite [13]. Aluminum species with various environments we
found by this study, but the analysis has been carried ou
only one sample of steamed USY, and the analyzed struc
has not been related with the catalytic property. We here ap
the NMR at 16.4 T (700 MHz for1H) with the 3Q technique
to the USY and Na2H2-EDTA-treated USY zeolites, in or-
der to show the structural change of the extra-framework
species by the Na2H2-EDTA treatment, and to identify the
active species for the catalytic cracking.

2. Experimental

2.1. Sample preparation

A sodium Y (NaY) zeolite with Si/Al2 molar ratio 5.1
was kindly supplied by Catalysts and Chemicals Industri
Co. Ltd. It was ion-exchanged into NH4Y [8], and steamed at
823 K for 1 h in a flow of water vapor and nitrogen (4:6 mol
ratio)[6]. Thus obtained USY was stirred in an aqueous so
tion of Na2H2-EDTA (0.1 mol dm−3) at 391 K for 24 h under
refluxing, followed by filtration, ion-exchange with NH4NO3
solution and drying at 373 K as described previously[6].
t2 =
∣
∣
∣
∣
∣

CI
4(m)

CI
4(1/2)

∣
∣
∣
∣
∣
t1 (1)

whereCI
4(m) is fourth-rank coefficients that depend on th

−m↔ +m transition andI spin number. For27Al nucleus
(I = 5/2),

∣
∣CI

4(m)/CI
4(1/2)

∣
∣ = 19/12 when 3Q excitation is

applied.
In this study, the three-pulse sequence withz-filter which

is selective toπ/2 pulse at low rf-power was applied becaus
of the symmetric coherence transfer yielding non-dispers
line shape[15]. Typical rf-field strength ofω1/2π = 192 kHz
for both the multiple quantum excitation pulse and conve
sion pulse was employed while a weaker rf-field strength
ω1/2π = 18 kHz was used forz-filter selective pulse. Typical
pulse durations are 2.5�s (excitation), 0.9�s (conversion)
and 14�s (z-filter). The hypercomplex sequence was used
collecting pure absorption mode line shapes[16]. Since skew
2D data were obtained in this MQMAS sequence, 2D spec
were paralleled to the F2 dimension by the sharing transfor
mation. For 3QMAS spectra in this report, scaling along t
F1 axis was done so that the slope of the chemical shift axi
2D spectra equal 1. The27Al chemical shift was referenced
to 1 mol dm−3 AlCl3 aqueous solution at−0.1 ppm.

As a control, a spectrum was also collected at a low ma
netic field (7 T, 300 MHz for1H) as described[6].

2.3. Other characterization

The crystal structure was analyzed using a Rigaku Mi
flex plus X-ray diffractometer (XRD) with a Cu K� X-ray
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source. An ammonia TPD spectrum was collected using a
BEL Japan TPD-AT-1 equipment after evacuation at 773 K
followed by the adsorption of ammonia and the water vapor
treatment at 373 K, as described previously[17]. An infrared
(IR) spectrum was recorded by a JASCO FT-IR/5300 spec-
trometer on a self-supporting disk molded from 10 mg of the
zeolite in an in-situ cell after evacuation at 773 K for 1 h,
followed by the adsorption of pyridine vapor at 373 K and
evacuation at 573 K for 1 h.

The catalytic activity for the cracking of octane was eval-
uated by a pulse method. After pretreatment at 773 K for
1 h in 2.04× 10−5 mol s−1 of helium flow, a pulse of oc-
tane vapor (1 mm3 as liquid) was admitted onto the sam-
ple (10 mg) at 573 K, and the products were analyzed by
an FID-GC (flame ionization detector-gas chromatography)
with a column of silicone SE-30. The first order reaction rate
was assumed, and the first order rate constant−{ln (1− x)}/t
was calculated fromx (conversion) andt (contact time,
1.00× 10−2 s).

3. Results

XRD showed that all the samples had the FAU struc-
ture. Table 1shows a high micropore volume of the par-
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Fig. 1. 27Al single pulse MAS NMR spectra at 16 T of NaY (A), USY (B)
and Na2H2-EDTA-treated USY (C).

by the29Si NMR and XRD (unit cell dimension) on these
samples has been confirmed[6].

Fig. 1 shows the single pulse NMR spectrum at 16 T.
A narrow and symmetrical peak at 62 ppm on the parent
NaY (A) indicates the presence of only one Al species, tetra-
coordinated in the framework (termed IV species hereafter),
as supported by only one peak in the27Al 3QMAS spec-
trum (Fig. 2, A). The USY (Fig. 1, B) had multiple species;
hexa-coordinated species (VI) at 2 ppm, penta-coordinated
species (V) at ca. 30 ppm, and tetra-coordinated species with
large line broadening (IVb) as a shoulder of the IV species.
This observation is similar to those already reported based
on the27Al NMR at the high magnetic field[12,13]. On the
Na2H2-EDTA-treated USY (Fig. 1, C), the amounts of V and
VI species were negligible, and most Al atoms formed the
IV and IVb species; this is the most important finding in this
study.

The 3QMAS NMR of USY and Na2H2-EDTA-treated
USY (Fig. 2, B and C) clearly distinguished between the IV
and IVb species.Table 2shows the isotropic chemical shift

acking activity

elative peak intensity
27Al NMR at 16 T/%

Acid amountd

(mol kg−1)
Averaged ammonia
adsorption heatd

Octane cracking
rate constante

10
3
4

ent NaY, indicating the high crystallinity of this sample
The micropore volume was slightly decreased by steami
and hardly changed by the following Na2H2-EDTA treat-
ment. A small increase in the mesopore volume by stea
ing (0.007–0.012 cm3 g−1) was observed. A considerable in
crease in the mesopore volume (to 0.08 cm3 g−1) was ob-
served after the Na2H2-EDTA treatment.

Table 1also shows the change in framework aluminu
content [AlF]. On the parent NaY, most of the aluminum
atoms were located in the framework, as shown by the si
ilar [Al] and [Al F] contents. The steaming at 823 K signifi
cantly decreased the framework aluminum content, result
in only 2.0 mol kg−1 of the framework aluminum content in
the USY. The Na2H2-EDTA treatment slightly decreased th
framework aluminum[6]. Here, it should be noted that the
agreement between the analyses of framework Al cont

Table 1
Composition, peak intensities in27Al NMR, porosity, acidic property and cr

Sample Micropore
volumec

(cm3 g−1)

Mesopore
volumec

(cm3 g−1)

[Al] a

(mol kg−1)
[Al F]b

(mol kg−1)
R
in

IV

NaY 0.396 0.007 5.2 4.9
USY 0.352 0.012 5.5 2.0
Na2H2-EDTA-treated

USY
0.358 0.080 5.0 2.2

a From ICP.
b From29Si NMR.
c From N2 adsorption.
d From NH3 TPD.
e By the pulse method at 573 K.
f Corresponding HY type zeolite.
(kJ mol−1) (s−1)IV b V VI

0 0 0 0 4.56f 102f 0f

3 35 4 29 1.40 112 33
0 56 0 4 1.68 120 102
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Fig. 2. 27Al 3QMAS NMR spectra at 16 T of NaY (A), USY (B) and Na2H2-EDTA-treated USY (C).

(	δ) and the quadrupolar coupling constant (CQ) of each
cross-section. On the USY and Na2H2-EDTA-treated USY,
the IVb species had considerably a largeCQ (6.4 MHz) com-
pared to the IV species (1.1 MHz), indicating lower structural
symmetry of the IVb species.

The IV species was observed also in the conventional
NMR spectra of all the samples at 7 T as shown inFig. 3, while
the VI species showed broad peaks, and the IVb and V species
were quite unclear (practically invisible) on the USY (Fig. 3,
B) and Na2H2-EDTA-treated USY (C)[6]. The advantage of
the high magnetic field for detection of the Al species with
high quadrupolar interaction is thus demonstrated.

The peak was deconvoluted into the fragments due to these
species (Fig. 4), in order to discuss the change of contents of
these species. Thus estimated peak intensities are summa-
rized inTable 1. The intensities does not show the quantities
of Al species directly, because the spectrum reflects only a
fraction of quantum transitions. At least, the following qual-
itative changes were remarkable.

On the NaY, only the IV species was observed by the27Al
NMR. By steaming, a considerable fraction of the framework
(IV) species was converted into IVb, V and VI species on the
USY. The Na2H2-EDTA treatment diminished the V and VI
species, while the IVb species increased.

Fig. 5shows the ammonia TPD spectrum. As already re-
to
a-

and
th)

showed a broad peak, indicating a wide distribution of acid
strength (Fig. 5, B). The acid sites were decreased by steam-
ing; the framework aluminum content was also decreased, but
the acid amount was more significantly decreased (Table 1).
The averaged adsorption heat was increased, showing the
generation of strong acid sites. In the IR spectrum of ad-
sorbed pyridine (Fig. 6, A and B) on these (HY and USY) zeo-
lites, both pyridine molecules coordinated to Lewis acid sites
(characteristic absorption, e.g., 1455 cm−1) and pyridinium
cations bonded to Brønsted acid sites (1545 cm−1) were ob-
served. It can be concluded that only weak acid sites were
generated on the HY, and acid sites with various strengths
and types (Lewis and Brønsted) were observed on the USY.

On the Na2H2-EDTA-treated USY, the adsorption heat
was higher than on the HY and USY (Table 1). The peak
of TPD was relatively narrow showing a narrow distribution
of acid strength (Fig. 5, C). The nature of acid sites was
mainly Brønsted type, as shown by the IR spectrum of pyri-
dine (Fig. 6, C).

From these observations, it can be summarized that steam-
ing (from HY into USY) diminished some of acid sites due
to the framework aluminum, and increased the strength of
some other acid sites; the Na2H2-EDTA treatment converted
the acid sites into the strong Brønsted type.
ported, the HY zeolite prepared by conversion of NaY in
NH4Y through ion exchange followed by the in-situ evacu
tion showed a desorption peak atca. 510 K (A). The number
of acid sites was close to the number of aluminum atoms,
the heat of ammonia adsorption (an index of acid streng
was ca. 100 kJ mol−1 (Table 1). This type of acidity is at-
tributed to the aluminum in the FAU framework[8]. The USY

Table 2
Isotropic chemical shift (	δ) and quadrupolar coupling constant (CQ)

NaY USY Na2H2-EDTA-
treated USY

IV IV IV b V VI IV IV b

	δ (ppm) 63.6 62.3 64.1 34.1 4.7 62.3 64.1
CQ (MHz) 0.8 1.1 6.4 3.7 2.0 1.1 6.4
 Fig. 3. 27Al MAS NMR spectra at 7 T of NaY (A), USY (B) and Na2H2-

EDTA-treated USY (C).
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Fig. 4. Deconvolution of single pulse spectra at 16 T of USY (left) and Na2H2-EDTA-treated USY (right). The experimental value is shown by a dotted line.

Fig. 5. Ammonia TPD spectra of HY in-situ-prepared from NH4Y (A), USY
(B) and Na2H2-EDTA-treated USY (C).

Table 1also shows the catalytic activity. The activity for
octane cracking at 573 K was negligible on the HY. The ac-
tivity was generated by steaming (USY), and significantly
enhanced by the Na2H2-EDTA treatment.

Fig. 6. IR spectra of pyridine adsorbed on HY in situ-prepared from NH4Y
(A), USY (B) and Na2H2-EDTA-treated USY (C).

4. Discussion

4.1. Proposal of a candidate species, IVb, as the active
site for catalytic cracking based on experimental findings

Formation of mesopores by steaming of Y zeolite has been
proposed to enhance the activity for catalytic cracking of
alkane[7]. However, because the active site is believed to
be the acid site, we must take into account the change in
acidic properties for the interpretation of catalytic activity
for the alkane cracking. The increase in mesopore volume by
steaming and the Na2H2-EDTA treatment could contribute to
the enhancement of activity. However, it is difficult to explain
the change in activity only from the porous structure. The HY
showed no activity while it had mesopores. The increase in
mesopore volume was small when the HY was converted
into USY, while the activity was created. The analyses of
microstructure of Al and acidic property provide a possible
explanation as follows.

The cracking activity was not observed on the parent HY
where most of the aluminum atoms were located in the frame-
work. Steaming of Y zeolite created the activity, with the
formation of strong acid sites. The activity was significantly
increased by the Na2H2-EDTA treatment. After this treat-
ment, most of the acid sites had a strong Brønsted nature. In
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addition, we have carried out the global characterization
a series of USY treated in various solutions (various ED
salts, HNO3, and NH3). We found a clear relationship be
tween the number of strong Brønsted acid sites and the
tivity for octane cracking at 573 K[6]. We thereby propose
that the enhancement of catalytic activity is mainly due to
generation of strong Brønsted acidity.

Steaming converted a considerable fraction of the fra
work (IV) species into extra-framework (IVb, V and VI)
species. The Na2H2-EDTA treatment converted the V an
VI species in the USY zeolite into the IVb species. From
the viewpoint of microstructure, the Brønsted acidity a
activity seem to increase with increasing IVb species. We
here propose that the IVb species is the active site (mo
exactly, the species generating the activity) for the catal
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cracking of alkane on the USY zeolite on the basis of these
findings.

4.2. Schematic explanation for generation of strong
acidity by Al IVb species

As described above, various extra-framework aluminum
species are supposed to be present on the steamed USY zeo-
lite. The EDTA salt is, based upon its chelating ability, consid-
ered to dissolve a fraction of the extra-framework aluminum
species at an elevated temperature in a basic medium, for
example as shown by Eq.(1).

[H2-EDTA]2− + 2Na+ + Al(OH)2
+· · · O−

Z

→ [EDTA-Al] − + Na+ + 2H2O + Na+· · · O−
Z (1)

where EDTA shows (O2CCH2)2N(CH2)2N(CH2CO2)2 and
O−

Z shows the ion exchange site of zeolite. The solubility of
the formed salt Na[EDTA-Al] is probably low, and therefore
equilibrium (2) is supposed.

[EDTA-Al] − + Na+ + 3H2O

� [H3-EDTA]− + Na+ + Al(OH)3 (2)

The formed aluminum hydroxide must precipitate soon,
e,
ele
-

om
el

th
n
r o

th
e
is

c-

strength of framework aluminum site by the interaction with
extra-framework aluminum has been proposed for various
zeolites[18].

(5)

Finally we have to mention that the quantitative analysis
has not been enough in this study. The activity showed a
positive relationship with the peak intensity of IVb species
as described above, but it was not a linear relationship. The
following reasons can be adducted.

1) Here, first-order kinetics is assumed to analyze the re-
action rate of octane cracking. However, the kinetics of
alkane cracking is not simple. The reaction order is sen-
sitive to the conditions.

2) As mentioned above, in addition to the effect of acidic
property, the change in porosity can affect the apparent
reaction rate.

3) As mentioned above, the peak intensity of single pulse
spectrum of27Al NMR does not show the amount of
species directly.

We are now studying the actual efficiency of these acid
of
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and will be probably deposited preferentially on the zeolit
because the zeolite has a large surface area and a strong
tric field in the micropores. It is rational that the deposition oc
curs at the place close to the ion-exchange site, because s
electronic interactions can occur. The ion-exchange site its
should be blocked by sodium cation in the Na2H2-EDTA so-
lution. Therefore, the structure (3) is proposed.

(3)

Probably, the oxygen anion in this species interacts wi
the Si or Al cation in the zeolite framework, and the hydroge
atom interacts with the oxygen anion, because a monome
Al(OH)3 should be unstable.

After the ion-exchange of Na+ for NH4
+, the structure (4)

is assumed. The Ala in this drawing is presumed to be IVb
species detected in the27Al NMR at the high magnetic field.
The low structural symmetry of this species is consistent wi
this postulation, because it would strongly interact with th
oxygen anion of the ion-exchange site of the left side in th
drawing.

(4)

After the removal of NH3, the strength of formed Brønsted
acid site [Ha in (5)] is considered to be enhanced by the ele
tron withdrawal from Oa by Ala. The enhancement of acid
c-

e
f

f

sites for the catalytic activity by means of a new method
ammonia TPD combined with IR; and it has suggested t
a fraction of the Al species are not accessible by the re
tants, probably because they are located in the small cav
of zeolite[19]. Therefore, the investigation should be conti
ued, but the understanding of acid site in the modified US
zeolite is significantly advanced by using a new techniq
of 27Al NMR at the high magnetic field. The27Al NMR at
the high magnetic field revealed that the extra-framework
species on the Na2H2-EDTA-treated USY zeolite were pre
dominantly tetra-coordinated and anisotropic, and the po
ble role of this species in the catalytic cracking of paraffin
proposed.

5. Conclusions

1. 27Al MAS NMR at 16 T enabled us to detect the tetra
coordinated Al species with a large structural anisotro
(IVb) on the USY zeolite, while it was practically invis
ible at 7 T. The 3QMAS technique clearly identified th
species.

2. On the NaY, only the framework Al (IV) was observed. B
steaming, the IVb, V (penta-coordinated) and VI (hexa
coordinated) species of extra-framework Al were form
on the USY. The Na2H2-EDTA treatment of the USY was
found to convert the V and VI species into the IVb species.

3. The positive relationship between the peak intensity
IVb species and the catalytic activity suggests that
origin of enhanced Brønsted acidity (and thereby the h
cracking activity) of the USY zeolite was the IVb species.
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