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Abstract

The dealumination of USY (ultrastable Y) zeolites by nitric acid and oxalic acid treatment was systematically investigated
by multinuclear solid-state NMR and MQ MAS NMR experiments. The results show that both acids are very effective in
removing non-framework Al as well as framework Al but that aluminum is extracted from the lattice at a higher rate by oxalic
acid even at low concentrations. The presence of different species (e.g. silanol nest, Al–OH, four-coordinated framework Al,
six-coordinated framework Al, six-coordinated non-framework Al and five-coordinated non-framework Al) was detected,
and their changes were followed during the dealumination. The investigation gives evidence that the breakdown of the parent
USY zeolite mainly depends on the degree of dealumination and that non-framework Al exerts a great effect on the acidity of
the USY zeolite. Leaching-induced increase in the Brønsted acidity of the USY zeolite was also observed by1H MAS NMR
spectroscopy. The different distribution of Al species in these samples accounted for the different catalytic performance of
n-dodecane cracking.
© 2002 Published by Elsevier Science B.V.
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1. Introduction

It is well known that Y type zeolites of high-silica
content cannot be synthesized directly due to the syn-
thesis limits of the Si/Al ratio, i.e. between 2.5 and
2.9. To obtain highly siliceous zeolite Y, it is necessary
to have a post-synthesis treatment (dealumination), in
which the Al atoms are expelled from the zeolite lat-
tice. As a result non-framework Al species are formed.
Dealumination can be accomplished by thermal or
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hydrothermal treatments,[1] acids leaching,[2] and
chemical treatments with hexafluorosilicate or silicon
tetrachloride[3–6]. Among these methods, hydrother-
mal treatment is the most frequently used one, and the
resulting material, USY (ultrastable Y) zeolites, being
modified in the framework Si/Al ratio, structure and
acidity, usually exhibit improved reactivity, selectiv-
ity and coking behavior for a catalytic reaction, which
is of great interest to the petroleum industry[1,7].
These changes have been attributed to the structural
dealumination and the presence of non-framework alu-
minum[8–10]. It has been suggested that the amount
of non-framework Al species, formed during the ul-
trastabilization, is one of the key factors that influ-
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ences significantly the cracking activity towards hy-
drocarbons[11]. Meanwhile, the presence of a large
amount of non-framework Al has a detrimental ef-
fect on the catalytic and transport properties, so that
a subsequent acid leaching to extract them is neces-
sary. In addition, chemists have different opinions on
the assignment of those non-framework Al species,
characterized by a broad27Al band between the bands
of the tetrahedrally-coordinated Al (at≈60 ppm) and
octahedrally-coordinated Al (at≈0 ppm) in the27Al
NMR spectra of steamed USY[12–28]. It can be vi-
sualized that, when a given chemical agent extracts a
non-framework Al, the efficiency will be influenced
by the degree of polymerization or the local environ-
ment of the non-framework Al. As a result, a modifi-
cation in the distribution of aluminum by acid leach-
ing can be controlled by the type and concentration
of the acid used, the temperature employed and the
duration of the treatment. The nature and variation of
these aluminum species during acid leaching are of
great importance for a better understanding of the cat-
alytic behavior of these treated zeolites and, therefore,
are worth further studying.

In this work, USY zeolites were modified through
different acid dealumination procedures by removing
different fractions of framework and/or framework Al
atoms. The conditions of dealumination, such as the
type of acid, the concentration and the temperature,
were varied systematically in order to obtain a regular
change of structural and acidic properties of the USY
zeolite as well as the Al coordination during the dea-
lumination process. The resulting samples were char-
acterized by XRD and solid state NMR spectroscopy,
with XRD measurements for structure breakdown, and
NMR measurements for analysis of structure, Al coor-
dination, and acid sites (types, strength, and number of
hydroxyl groups in zeolites). The different distribution
of Al species in these samples accounted for the dif-
ferent catalytic performance ofn-dodecane cracking.

2. Experimental

2.1. Acid dealumination

Zeolite NaY (Si/Al = 2.5) was synthesized ac-
cording to the conventional hydrothermal method. The
USY sample was prepared from NH4-exchanged ze-

olite Y obtained by three-fold contact of NaY with a
saturated aqueous solution of NH4NO3 at 353 K, fol-
lowed by washing with deionized water. After being
dried at 373 K, the NH4–Y sample was then treated at
873 K for 4 h in a 100% steam atmosphere to obtain
the USY sample. Subsequently, the USY zeolite was
treated with nitric acid or oxalic acid using a propor-
tion of 1 g zeolite per 20 ml solution. The acid treat-
ment was carried out at room temperature or under
reflux conditions for 8 h. The concentration of oxalic
acid was varied systematically from 0.1 to 1N and that
of nitric acid from 0.25 to 1N. The suspension was
then washed with deionized water and dried in an oven
at 393 K overnight.

The codes of the samples reflect their treatment
conditions. The acid and its concentration are given
in parentheses. The temperature at which the sample
was treated is also given. If the sample was leached
by 0.1N oxalic acid at room temperature, it is denoted
by USY(0.10)RT, while USY(1N)HT means that the
USY was treated with 1N nitric acid under a reflux
condition.

2.2. Characterization

2.2.1. XRD measurements
Powder XRD patterns were collected on a

D/max-�b type X-ray diffractometer (RIGAKU) us-
ing Cu K� radiation. The scan speed was 5◦/min and
the scan range was 5–50◦ 2θ . The crystallinity was
determined by using HY zeolite as the reference ma-
terial and the total intensity of the strongest reflections
in the region 15< 2θ < 36◦.

2.2.2. NMR Measurements
The NMR spectra were obtained at 9.4 T on a

Bruker DRX-400 spectrometer using 4 mm ZrO2 ro-
tors at room temperature.29Si MAS NMR spectra
with high power proton decoupling were obtained at
79.49 MHz using a pulse of 0.8�s, a repetition time
of 4 s, and 2000 scans.1H →29 Si cross-polarization
(CP)/MAS NMR experiments[28], which can se-
lectively enhance the signals of Si atoms strongly
when interacted with hydroxyl groups, were per-
formed with a 4 s repetition time, 4000 scans and an
optimized contact time of 1.5 ms. All29Si spectra
were recorded on samples spun at 4 kHz and refer-
enced to 4,4-dimethyl-4-silapentane sulfonate sodium
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(DSS) which has a chemical shift of 0 ppm from
TMS.

For the1H MAS NMR measurements, a home-made
and specially-designed apparatus was used to conduct
the dehydration of the zeolite, which is described in
our previous report[29,30]. After dehydration, the
sample can be transferred in situ into the conven-
tional NMR rotor, and sealed without contacting air
or moisture. The rotor packed by this method can ro-
tate to the upper speed of 12 kHz, and it is proved
by proton NMR experiments that no moisture leakage
from the atmosphere can be observed within 2 days.
In the present experiment, the samples were evacu-
ated typically under 10−2 Pa at 723 K for 20 h. The
1H MAS NMR spectra were collected at 400.1 MHz
using single-pulse experiments with 1�s π /10 pulse,
a 4 s recycle delay, and 200 scans, and with a satu-
rated aqueous solution of DSS (0 ppm from TMS) as
a secondary chemical shift reference.

Before the measurement of the27Al MAS NMR
spectra, all samples were fully hydrated in a desic-
cator with a saturated NH4NO3 solution for 48 h to
avoid as much as possible detection failures of the Al
species due to their asymmetrical environments. The
27Al MAS NMR spectra were recorded at 104.3 MHz
(9.4 T) using a 0.75�s π /12 pulse with a 3 s recycle
delay and 400 scans.

It is well recognized that27Al NMR spectroscopic
methods are very useful in the study of zeolite chem-
istry, but the sizable second-order quardupolar interac-
tion at Al, which contains higher-ranking anisotropic
terms, cannot be completely averaged out by MAS.
Methods such as double rotation (DOR)[31], dy-
namic angle spinning (DAS)[32], multiple-quantum
(MQ) MAS [33], and satellite transition (ST) MAS
[34] have been proposed to overcome this drawback.
Among these, MQ MAS, which was proposed by Fry-
dman and Harwood[33] and Frydman and co-workers
[35], appears to be the most promising[36]. 27Al
MQ MAS experiments were carried out on a Bruker
DRX-400 NMR spectrometer, equipped with a Bruker
double-resonance MAS NMR probe with a 4 mm rotor
and with the27Al Larmor frequency of 104.26 MHz.
In the experiments, the sample spinning rate was con-
trolled at 10 kHz with a fluctuation of less than±5 Hz
by a Bruker pneumatic MAS unit. In concert with
the TPPI technique[37], pure-phase MQ MAS spec-
tra were obtained using az-filter method[38], where

the phase cycling was designed to select the coher-
ence pathway of 0→ ±3 → 0 → −1. The first hard
pulse was to create the triple-quantum (TQ) coherence,
while the second one was to convert the TQ coherence
into the zero-quantum (ZQ) coherence. RF amplitude
of 100 kHz was used in the experiments for the first
and the second pulses and their pulse lengths were
optimized to be 4 and 1.8�s, respectively. The third
pulse was used to select the central transition of27Al.
In the experiments, a low RF amplitude of 10 kHz was
used for this selective pulse. The spectra were recorded
with 512×256 data points and zero-filled to 512×512
before 2D Fourier transform. For eacht1 increment,
48 scans were used to accumulate the signals with a
recycle delay of 2 s. A shearing transformation was
performed after the 2D transform. The chemical shift
was referenced to [Al(H2O)6]3+ in a 1 M Al(NO3)3
aqueous solution at 0 ppm.

2.3. Catalytic test

Cracking ofn-dodecane was carried out in a quartz
tubular fixed bed microreactor (6 mm i.d.) at 673 K.
Each zeolite was pressed into a large wafer at 20 MPa
(2923 psi), then broken into 40/60 mesh pieces. Zeolite
of 0.02–0.2 g was mixed with 60/80 mesh quartz chips
sufficient to make a total bed volume of 0.35 cm3 in
the flow reactor. The zeolite was sandwiched between
two layers of acid washed quartz wool, which resulted
in a negligible pressure drop across the reactor. All
the catalysts were pre-treated by heating in N2 flow at
10 K/min to 673 K and holding at 673 K for 0.5 h.

Nitrogen was saturated withn-dodecane (Aldrich,
99% purity) at 273 K and passed through the reac-
tor, giving a n-dodecane volume feed flow rate of
0.07 cm3/min. Reaction products were analyzed by an
on-line gas chromatograph with a flame ionization de-
tector (FID), and the weight percentage selectivities
were calculated assuming an FID response factor of
1.0 for all hydrocarbons[39].

3. Results and discussion

3.1. XRD study

Fig. 1 shows the XRD patterns of USY after dif-
ferent treatments. The powder XRD diffractograms
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Fig. 1. Powder XRD patterns of USY after nitric acid (left) and oxalic acid (right) treatments. USY (a), USY(0.25N)HT (b), USY(0.5N)RT (c), USY(0.5N)HT (d), USY(1N)HT
(e); USY(0.1O)HT (f), USY(0.25O)RT (g), USY(0.25O)HT (h), USY(0.5O)HT (i), USY(1O)HT (j).
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show a progressive breakdown of the crystalline
structure of the zeolite. The XRD patterns of the
USY and USY(0.25N)HT are typical of Y zeolite
and indicate a high framework crystallinity. Under
more severe leaching conditions (>0.25N nitric acid),
the diffraction peaks become weaker and weaker,
indicating a collapse of the framework structure,
while the broad peak due to the amorphous phase
(silica–alumina) becomes more and more obvious.
These observations reveal that the formation of the
amorphous phase is accompanied with the break-
down of the zeolite framework structure. As for the
oxalic acid treatment, the framework breakdown oc-
curs after the leaching by 0.25N oxalic acid at room
temperature. Compared with nitric acid, oxalic acid is
more effective for the extraction of lattice aluminum.
The difference in dealumination behavior can be ex-
plained by the dual nature of the oxalic acid, i.e.
it acts both as a hydrolysing as well as a chelating
agent, forming a trioxalato aluminum complex with
a high complexation constant (logβ3 = 15.1) [40].
Complexation is the driving force of the observed
high aluminum-extraction efficiency of oxalic acid.

3.2. 29Si MAS and CP/MAS NMR

The 29Si MAS NMR spectra of the USY samples
are shown inFig. 2. It is well known that a29Si MAS
NMR spectrum of the Y zeolite may contain up to five

Fig. 2.29Si MAS NMR spectra of USY after nitric acid (left) and oxalic acid (right) treatments. USY (a), USY(0.25N)HT (b), USY(0.5N)RT
(c), USY(0.5N)HT (d), USY(1N)HT (e); USY(0.1O)HT (f), USY(0.25O)RT (g), USY(0.25O)HT (h), USY(0.5O)HT (i), USY(1O)HT (j).

lines depending on the number of aluminum atoms and
silanol groups connected to the silicon atom[41]. The
29Si MAS NMR spectrum of the parent USY sample
(Fig. 2a) shows the presence of four components, cor-
responding to Si(0Al), Si(1Al), Si(2Al ) and Si(3Al)
species at−108, −103, −98, and−93 ppm, respec-
tively. After leaching by 0.25N nitric acid under reflux
for 8 h, the intensities of these lines are nearly un-
changed, which suggests that the framework structure
is kept almost intact. However, with the concentration
of the nitric acid solution being increased to 0.5N,
there is another line developed at−113 ppm, which is
assigned to Si(4Si) of silica (as shown inFig. 2c). Us-
ing second ion mass spectroscopy, Dwyer et al.[42]
have illustrated that surface layers rich in silica can
be produced in Y zeolite after a chemical treatment.
At this stage, some of the framework Al species are
removed from the lattice by nitric acid and a large
part of the framework is ruined, as indicated by its
corresponding XRD pattern (Fig. 1c). Meanwhile, it is
clear that other bands (those at−108 and−103 ppm)
become broadened as compared with the parent USY
(Fig. 2a and c), suggesting that acid treatment leads
to a distortion of the coordination environment of
the corresponding framework silicon atoms and, thus
increases the chemical shift distribution. When more
severe conditions are used, the intensity of the line
at −113 ppm becomes more pronounced, while the
characteristic zeolitic band at−108 ppm gradually
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Fig. 3. 29Si CP/MAS NMR spectra of USY after nitric acid (left) and oxalic acid (right) treatments. USY (a), USY(0.25N)HT (b),
USY(0.5N)RT (c), USY(0.5N)HT (d), USY(1N)HT (e); USY(0.1O)HT (f), USY(0.25O)RT (g), USY(0.25O)HT (h), USY(0.5O)HT (i),
USY(1O)HT (j).

disappears (Fig. 2d and e), showing that the frame-
work of the USY is now almost entirely collapsed,
as revealed by its XRD patterns (Fig. 1d and e). If
the sample is treated with 1N nitric acid under a re-
flux condition for 8 h, then the Si(4Si) line and the
one at−103 ppm become dominant (Fig. 2e), with a
trace amount of species at−93 ppm as a very weak
shoulder. It is necessary to make an unambiguous as-
signment of the peaks at−93 and−103 ppm because,
for example, in the case of USY(1N)HT, we can
hardly attribute them solely to the Si(3Al) and Si(1Al)
species, respectively. In order to get an insight into
this problem, the1H → 29Si CP technique is applied.
The corresponding1H → 29Si CP/MAS NMR spec-
tra of these samples are indicated inFig. 3. As can be
seen, compared withFig. 2a, the relative ratio of the
intensity of the line at−103 ppm to that at−108 ppm
increased in the CP spectrum of the USY (as shown
in Fig. 3a), suggesting that the line at−103 ppm may
be partly due to the (OSi)3SiOH species that contains
a silanol group[41]. Thus, the line at−103 ppm is
in fact an overlap of Si(1Al) and (OSi)3SiOH sites in
the spectrum of parent USY. After the leaching by the
0.25N nitric acid, the intensity of the line at−103 ppm

is further increased with respect to that of the line at
−108 ppm, and attains the maximum. This fact shows
that nitric acid can remove lattice aluminum from
the zeolite framework, thus resulting in the so-called
silanol nests, which is confirmed by the following1H
MAS NMR spectra which show an increase in the
intensity of the silanol groups at 1.7 ppm. However,
the intensities of the NMR profiles of both the USY
and the USY(0.25N)HT are relatively low compared
with those of the USY(0.5N)RT, USY(0.5N)HT and
USY(1N)HT, indicating that the amount of silanol
groups in USY and USY(0.25N)HT is small. The in-
tensity of the line at−103 ppm increases dramatically
as the treatment conditions become more severe (as
shown inFig. 3c–e). The enhanced signals at−93 ppm
illustrate the presence of the (SiO)2Si(OH)2, also due
to Al removal[41]. Moreover, the peak at−113 ppm
corresponding to Si(4Si) of silica becomes more ob-
vious. At the same time, no peak can be detected in
the 27Al MAS NMR spectrum of the USY(1N)HT.
These results indicate that a large number of the
silanol groups are formed and the regular framework
structure is lost. For the severely treated samples, the
bands at−103 and−93 ppm are mainly attributed to
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the (OSi)3SiOH and (SiO)2Si(OH)2 species, respec-
tively. The same results have been achieved in the
following 1H MAS NMR experiments.

The 29Si MAS and CP/MAS NMR spectra reveal
that framework Al could be dealuminated by acid
leaching, while at the same time, the formation of
amorphous silica occurs and becomes pronounced as
more severe leaching conditions are imposed. The
variation in individual peak intensity indicates a pro-
gressive dealumination of the USY framework. XRD
studies of these same catalysts have also produced re-
sults indicative of a progressive dealumination in good
qualitative agreement with the29Si NMR data.

The 29Si MAS and CP/MAS NMR spectra of the
USY after oxalic acid treatment are also shown in
Figs. 2 and 3. Similar phenomena are observed despite
the relatively low concentration of the oxalic acid used.

3.3. 27Al MAS NMR

27Al MAS NMR has been widely used to follow
the local Al environment as a function of the treat-
ment. The27Al MAS NMR spectra of the USY after
various treatments are given inFig. 4. When the27Al
MAS NMR spectrum of the parent USY is analyzed
(Fig. 4a), three components are detected centered at
60, 30 and 0 ppm. The two typical signals, namely

Fig. 4.27Al MAS NMR spectra of USY after nitric acid (left) and oxalic acid (right) treatments. USY (a), USY(0.25N)HT (b), USY(0.5N)RT
(c), USY(0.5N)HT (d); USY(0.1O)HT (e), USY(0.25O)RT (f), USY(0.25O)HT (g).

at 0 and 60 ppm, corresponding to octahedrally and
tetrahedrally-coordinated Al species, respectively, can
be clearly distinguished. Between them, a broad and
tailing band centering around 30 ppm, which is com-
monly ascribed to five-coordinated Al, is observed.
The corresponding acid-leached samples show an ap-
parent decrease in the area of the peak at ca. 30 ppm.
For the USY(0.5N)RT and USY(0.5N)HT samples,
this peak is virtually absent. At the same time, the
peaks at around 60 and 0 ppm undergo different
changes. As shown inFig. 4a and b, both the peaks
at 60 and 0 ppm seem to become narrowed upon a
0.25N nitric acid leaching treatment. It is especially
the case for the one at 0 ppm. The reason for this
observation could be the removal of the superim-
posed broad peak at ca. 30 ppm, thus leading to a
sharpening of these peaks. However, the possibility
of the overlap of two resonances at ca. 0 ppm could
also account for the observed band narrowing at
0 ppm for the zeolite after acid leaching (as shown
in Fig. 4b and e). By means of a high-field NMR
instrument (19.6 T), we have recently demonstrated
that there are two overlapped octahedral aluminum
species around 0 ppm for a dealuminated HMCM-22
zeolite: the narrow one is associated with the zeolite
framework while the broad one is non-framework in
nature[43]. Here, with acid treatment, the broad one
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is removed by the nitric acid, thus resulting in the nar-
rowing of the band at 0 ppm. This conclusion is further
checked by MQ MAS NMR in the following section.
After the treatment by 0.5N nitric acid at room temper-
ature, the intensity of the 60 ppm peak decreases, with
the widening of the line shape and the appearing of a
new peak at 52 ppm. Meanwhile, the remaining octa-
hedral aluminum species vanishes (Fig. 4c). When a
more rigorous treatment is applied (Fig. 4d), the peak
at ca. 60 ppm fades out and only a new signal at ca.
52 ppm can be monitored. The peak at 52 ppm should
be attributed to tetrahedral non-framework Al, since
the framework structure of the USY breaks down com-
pletely after the 0.5N nitric acid treatment under reflux
(Fig. 1d). The existence of tetrahedral non-framework
Al in dealuminated Y was assumed by Klinowski et al.
[44] to explain the lower Si/AlF ratio determined from
the 27Al NMR spectra in comparison with that from
the 29Si NMR spectra. Samoson et al.[19] also de-
tected the tetrahedral non-framework Al in hydrother-
mally treated Y and ZSM-5 zeolites by using 2D NMR
spectroscopic techniques. Tetrahedral non-framework
Al has been further reported to exist in thermally
treated CaA, SrA[45,46]and HMCM-22 zeolites[43].

3.4. 27Al MQ MAS NMR

In this study,27Al MQ MAS NMR is employed in
order to provide unique insight into the dealumina-
tion process and for the unambiguous assignment of
various Al species in zeolite USY.Figs. 5–8show the
27Al MQ MAS NMR of the USY, USY(0.25N)HT,
USY(0.5N)RT and USY(0.5N)HT, respectively. As
shown in the 2D MQ MAS spectra of a series of
samples (Figs. 5–8), there is a gradual change in the
peak shift and the peak width with the acid leaching
conditions. Two distinct bands are observed in the
tetrahedral region of the MQ MAS spectrum of USY,
i.e. signals A and B. Signal A can be unambiguously
assigned to the tetrahedral framework Al (AlF

tetra), and
signal B, which appears as a tail to signal A and indi-
cates a much larger quadrupolar coupling due to highly
distorted electronic environment, can be attributed to
distorted framework tetrahedral Al (AlF

dist.-tetra). The
presence of similar Al species has been reported re-
cently by various authors[43,47–50]. Projecting signal
B to the F2 dimension gives rise to peaks that span a
chemical shift range ofδ = 20 ∼ 40 and superimpose

Fig. 5. 27Al 3Q MAS NMR spectrum of parent USY zeolite. Two
tetrahedral aluminums (AlF

tetra. (A), Al F
dist.-tetra. (B)), two octahedral

aluminums (AlFoct. (D), AlNF
oct. (E)) and trace of penta-coordinated

aluminums (AlNF
pent. (C)) are observable.

with that of the five-coordinated non-framework Al
(AlNF

pent.). From these results, it is suggested that the
peak at around 30 ppm in the 1D spectra is in fact
a superposition of peaks which originate from both

Fig. 6. 27Al 3Q MAS NMR spectrum of USY(0.25N)HT zeolite.
Two tetrahedral aluminums (AlF

tetra. (A), Al F
dist.-tetra. (B)) and one

octahedral aluminum (AlF
oct. (D)) are observable.
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Fig. 7. 27Al 3Q MAS NMR spectrum of USY(0.5N)RT zeolite.
Two tetrahedral aluminums (AlF

tetra. (A), Al NF
tetra. (F)) are observable.

distorted tetrahedral framework Al (signal B inFigs. 5
and 6) and five-coordinated non-framework Al (signal
C in Fig. 5). Five-coordinated Al is relatively hard to
be observed by MQ MAS NMR due to the different
exciting efficiencies of different species, as shown in
the recent literature[47,43]. Thus, it is difficult to get

Fig. 8. 27Al 3Q MAS NMR spectrum of USY(0.5N)HT zeolite.
One tetrahedral aluminum (AlNF

tetra. (F)) is observable.

the exact ratio of these two species just from the MQ
MAS NMR. Interestingly, two overlapped signals
(one narrow (signal D) and one broad (signal E)) at
ca. 0 ppm are discernible in the spectrum of the parent
USY. After the 0.25N nitric acid leaching, signal E
vanishes and leads to a sharp range at almost an iden-
tical position (signal D), suggesting that signal D may
be linked with the framework and be attributed to octa-
hedral framework Al (AlFoct.) [43,51], while signal E is
the octahedral non-framework Al (AlNF

oct.) species. The
regular framework coordination of aluminum in the
zeolite framework is tetrahedral. However, there are
some evidence that octahedral aluminum (AlF

oct.) can
be present in the framework of a zeolite[43,51–54].
A recent study by Kuehl and Timken[51] on� zeolite
has illustrated the detection of a distinct octahedral
framework AlF species and a non-framework species.
They concluded that the higher the hydrothermal
treatment temperature, the smaller the amount of oc-
tahedral AlF, and the larger the amount of octahedral
AlNF formed. These framework-bound octahedral Al,
which were postulated by Wang et al.[55] as interme-
diate Al species in the hydrolysis process of the frame-
work Al, can be transformed into a tetrahedral coor-
dination by means of ammonia adsorption[43,54,56].
Van Bokhoven et al.[57] also showed that at least two
different types of octahedral aluminum exist in� ze-
olite after a more severe heat treatment. The survival
of this signal even after 0.25N nitric acid treatment
under reflux proves indirectly that signal D (Fig. 6)
should link partly to the zeolite framework. Com-
pared with the octahedral non-framework Al species,
octahedral framework Al is more resistant to acid
agents.

For the USY zeolite leached by 0.25N nitric acid,
the signals due to the five-coordinated AlNF and octa-
hedral AlNF disappeared, and there remain the tetra-
hedral AlF, the distorted tetrahedral AlF, and the oc-
tahedral AlF in its MQ MAS NMR spectrum (Fig. 6).
From this point, non-framework Al can be readily re-
moved by acid leaching as expected. After a 0.5N
nitric acid treatment at room temperature (Fig. 7),
AlF

dist.-tetra. and AlFoct. species were removed, showing
that a rigorous treatment can further hydrolyze the re-
maining Al–O bonds of these species and extract them
from the zeolite framework. Meanwhile, a new signal
F appears and becomes the dominant peak, with sig-
nal A as its shoulder. Signal F is also in the tetrahedral



162 Z. Yan et al. / Journal of Molecular Catalysis A: Chemical 194 (2003) 153–167

region, and its projection to F2 dimension results in
a chemical shift at 52 ppm. Since most of its frame-
work structure has been collapsed, as indicated by the
XRD study, it is reasonable to assign it to tetrahe-
dral non-framework Al (AlNF

tetra.), as discussed previ-
ously in the27Al MAS NMR. At the same time, the
signal corresponding to the tetrahedral framework Al
species (signal A) disappears (Fig. 8) when all frame-
work Al are extracted. It has been revealed by Long
et al. [58] that when a high temperature steam dea-
lumination treatment is applied, the framework tetra-
hedral aluminum of HZSM-5 will transform into the
non-framework aluminum species that resonances at
a similar chemical shift in27Al MAS NMR. These
authors attributed it to the non-framework tetrahedral
aluminum species that retains its Si–O–Al links. We
believe that a similar reason accounts for the present
observation: when a harsh treatment is applied, these
framework species, i.e. AlF

tetra., AlFdist.-tetra., etc. will be
transformed into the non-framework tetrahedral alu-
minum species.

From the results presented previously, it can be con-
cluded that dealumination treatment of the USY zeo-
lite by acid leaching can differentiate various coordina-
tions of the Al species. Under mild dealumination con-
ditions, (e.g. concentration<0.25N), the octahedral
non-framework Al (AlNF

oct.) and five-coordinated Al
(AlNF

pent.) are removed at first. At the same time, some

of the distorted tetrahedral framework Al (AlF
dist.-tetra.)

are removed, with a further breaking of its remaining
Al–O bonds. Upon intermediate dealumination treat-
ment, the framework Al both in octahedral (AlF

oct.) and
tetrahedral (AlFtetra. and AlFdist.-tetra.) coordinations can
be extracted, resulted in the formation of tetrahedral
non-framework Al (AlNF

tetra.) and the collapse of most
framework. After severe treatment, however, there re-
mains only the non-framework Al (AlNF

tetra.) relating to
amorphous silica–alumina. Non-framework Al species

Table 1
The amount of hydroxyls species of different samplesa

Hydroxyl species Concentration (%)

USY USY(0.25N)HT USY(0.5N)RT USY(0.5N)HT

Si–OH 10.2 26.1 44.5 51.3
Al–OH 28.9 22.6 30.9 34.8

a Determined by1H MAS NMR, the rest are Brønsted acid sites.

exhibit not only octahedral and pentahedral but also
tetrahedral coordination depending on the dealumina-
tion procedures used.

3.5. 1H MAS NMR

High-resolution 1H MAS NMR as a powerful
method has been applied frequently to the characteri-
zation of the local environment of protons in zeolites.
The 1H MAS NMR spectra with different features of
the present samples are shown inFig. 9, and the results
after a quantitative deconvolution of the correspond-
ing spectra are plotted simultaneously. The proton
distribution is summarized inTable 1. The spectrum of
the USY contains signals at 1.6, 2.6, 3.6 and 4.6 ppm,
indicating the complexity of the hydroxyl groups.
The line at 1.6 ppm, which is the most intense signal
in the spectra of acid treated samples, is assigned to
non-acidic hydroxyl groups (silanols), and the reso-
nances at about 3.6 and 4.6 ppm, which constitute the
maxima in the spectrum of USY, are attributed to SiO-
HAl groups (Brønsted acid sites) in supercages and
sodalite cages, respectively. The signal at 2.6 ppm is
due to hydroxyl groups bonded to the non-framework
Al [59–61]. As shown inTable 1, 10% of the hydroxyl
groups are silanol groups, while the concentration of
non-framework Al–OH amounts to 29%.

After the removal of the non-framework Al (AlNF
oct.

and AlNF
pent.) and part of the distorted framework tetra-

hedral Al (AlFdist.-tetra.) by means of a 0.25N nitric
acid treatment, the intensity of the line at 2.6 ppm
decreases and that of the line at 1.6 ppm increases
sharply due to the formation of some additional
silanol groups (Fig. 9b). At this stage, the silanol
concentration doubles and amounts to 26%. It de-
serves to be pointed out that the resonance position of
Brønsted acid sites in the supercage shifts 0.2 ppm to
the low-field. Since the acid strength can be measured
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Fig. 9. 1H MAS NMR and their deconvoluted spectra of USY after various treatments. USY (a), USY(0.25N)HT (b), USY(0.5N)RT (c),
and USY(0.5N)HT (d).
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by the1H NMR chemical shift[61], this fact reveals
that the acid strength of the USY(0.25N)RT may be-
come stronger than that of its parent USY zeolite. Gen-
erally, the less the framework aluminum acidic sites a
unit cell of a zeolite possesses, the stronger the acidity
of the zeolite[62,63]. Theoretical models developed
to explain the relationship between acidity and frame-
work composition suggest that, as the initial frame-
work aluminum starts to decrease, the fraction of the
“isolated” aluminum atoms increases, resulting in an
increase in the acid strength of the active sites[64].
In the present study, some of the framework tetrahe-
dral Al are indeed removed from the zeolite and the
removed Al are most likely to be in a distorted tetrahe-
dral geometry, which is apparent from the27Al NMR
experiment. At the same time, all five-coordinated
non-framework Al are removed from the pores of the
zeolite (as indicated in the27Al NMR experiments).
The five-coordinated non-framework Al may interact
with a portion of the remaining structural Al and, thus
reduce their acid strength[65]. Both the decrease in
the amount of distorted tetrahedrally-coordinated Al
and the removal of the five-coordinated Al are sug-
gested to account for the 0.2 ppm shift of the Brønsted
acid, which could be interpreted as a leaching-induced
increase in the Brønsted acidity. The line at 2.4 ppm is
due to the Al–OH species attached to the zeolite frame-
work (framework-related Al–OH, as shown inFig. 6,
AlF

oct.). These species result from a partial hydrolysis
of the framework Al–O bonds due to the interaction

Table 2
Results ofn-dodecane cracking over USY zeolites

Catalyst Parent USY USY(025N)HT USY(0.5N)RT USY(0.5N)HT

Product distribution (wt.%)
Propylene 12.15 11.3 15.4 13.6
Propane 3.25 3.84 4.37 4.0
iso-Butane 15.92 18.74 8.56 8.85
iso-Butene 8.1 6.3 14.76 13.88
n-Butane 4.1 4.3 4.52 4.4
iso-Pentane 15.6 18.1 6.97 7.1
tran-2-Butene 3.16 2.7 3.91 3.5
tert-Pentane 4.5 3.9 5.5 4.98
2-Methyl-pentane 7.25 7.5 3.1 3.96
3-Methyl-pentane 4.1 4.3 1.8 2.0
2-Methyl-2-butene 4.6 3.2 8.4 7.7

Conversion (%) 45.1 61.57 6.21 9.2

Temperature= 673 K; WHSV= 12 h−1; TOS= 3 min.

of water with the Brønsted acid sites in the zeolite
[54]. These framework-bound octahedral Al, which
were postulated by Wang et al.[55] as intermediate Al
species in the hydrolysis process of the framework Al,
can be transformed into a tetrahedral coordination by
means of ammonia adsorption[43,54,56]. About 22%
of the hydroxyl groups are framework-bound Al–OH
species. These results are also consistent with the29Si
CP/MAS NMR,27Al MAS and MQ MAS experiments
discussed previously.

With further treatment (Fig. 9c and d), the signals
due to the Brønsted acid sites and Al–OH groups de-
crease dramatically, while the line at 1.6 ppm increases
remarkably and becomes the maximum peak. This is
not difficult to imagine: the expelling of one aluminum
atom from its tetrahedral position will lead to the for-
mation of four silanol groups (so-called silanol nest).
Thus, in the present situation, with most of the alu-
minum removed from the framework, a great number
of silanol groups are formed, which agrees well with a
selective enhancement of peaks at−103 and−93 ppm
in the corresponding29Si CP/MAS NMR profiles.

3.6. Relationship between Al sites and n-dodecane
cracking activity

The subject of this reaction is to investigate whether
and to what extent the different kinds of Al species
of USY are able to catalyze the cracking of hydrocar-
bons.Table 2 lists the products distribution and the
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n-dodecane conversion at 673 K after 3 min reaction.
The data inTable 2 show thatn-dodecane conver-
sion is different depending on the leaching method
used for dealumination. Meanwhile, the primary
product selectivities for all the four samples were
different. iso-Butane and -pentane were the dominant
products for parent USY and USY(0.25N)HT sam-
ples (as indicated by bold numbers inTable 2). Upon
further dealumination, the selectivities for propylene
andiso-butene increased and became dominant prod-
ucts for USY(0.5N)RT and USY(0.5N)HT samples
(as indicated by bold numbers inTable 2).

The large differences in conversion between parent
USY and acid-dealuminated USY can be attributed to
the different Al sites distribution (type and amount)
and, consequently, different reaction mechanisms that
prevail. Compared with severe acid-dealuminated
USY (USY(0.5N)RT and USY(0.5N)HT), there are
large amount of framework tetrahedral Al species in
the parent USY and USY(0.25N)HT zeolites, which
gives the large amount of Brønsted acid sites and,
thus results in the highern-dodecane conversion. At
the same time, 0.25N nitric acid leaching results in
the appearance of strong acid sites as indicated by
1H MAS NMR. The leaching-induced increase in
Brønsted acid strength of USY accounts for the high
catalytic activity. Although the USY(0.5N)RT and
USY(0.5N)HT samples have little or undetectable
framework tetrahedral Al species, there are large
amount of non-framework tetrahedral Al species. Pe-
ter and Wu[66] observed an active site characterized
by a 27Al MAS NMR shift of about 53 ppm after a
severe steam dealumination at 830◦C. This species
is associated with strong acidity with the Lewis acid
character. It is well known that mono-molecular
cracking involves secondary reactions, especially
further reactions of hexene, pentene and other large
alkenes, which contribute to the formation of light
alkenes (propylene andiso-butene) [67]. The in-
creased non-framework tetrahedral Al species with
the significant Lewis acid character[66] favor the sec-
ondary reactions, which consequently lead to higher
selectivity to propylene andiso-butene.

These results suggest that the kinetics of cracking
is sensitive to any possible differences in Al sites dis-
tributions among these catalysts. The different selec-
tivities implied that different reaction mechanisms for
cracking were operative over the four USY samples.

4. Conclusion

Modification of the aluminum distribution of the
USY zeolite was carried out by the acids (nitric and
oxalic) leaching under various conditions. It is evi-
denced that the removal of different aluminum species
can be controlled by the type and the concentration of
the acid and the temperature employed. Depending on
the process of acid treatment employed, the removal
of non-framework aluminum is followed by that of
framework aluminum and, eventually, a collapse of
the zeolite framework is observed. Al are extracted at
a higher rate by oxalic acid, even at low concentra-
tions. If harsher conditions are applied, a more severe
dealumination resulted.

There are five aluminum species in the parent USY
zeolite: octahedral aluminum species within and out-
side the zeolite framework (AlF

oct. and AlNF
oct.), tetra-

hedral framework Al (AlFtetra.), distorted tetrahedral
Al (Al F

dist.-tetra.) and five-coordinated non-framework
Al (Al NF

pent.). Leaching with 0.25N nitric acid removes
mainly those non-framework species, while a further
hydrolysis of the remaining Al–O bonds of AlF

dist.-tetra.
and AlFoct. is realized under harsher conditions (higher
acid concentration or higher treating temperature).
For a more rigorous condition, even the tetrahedral
framework aluminum is removed from the lattice,
leading to the formation of a great number of silanol
groups and tetrahedral non-framework aluminum
species.

A leaching-induced increase in the Brønsted acid-
ity of USY was observed by1H MAS NMR spec-
troscopy, and it is due to the removal of the nearest
lattice aluminum species which produces isolated alu-
minum atoms and the removal of the five-coordinated
non-framework aluminum that interacted with the
structural aluminum.

The conversion and selectivity for cracking of
n-dodecane were measured and compared. With the
progress of dealumination, the catalytic activity in-
creased at the beginning of the process, reached a
maximum, and then decreased. The increase in se-
lectivities to alkenes (propylene andiso-butene) was
due to the appearance of non-framework tetrahedral
Al species resulting from the severe dealumination
of USY. The different distribution of Al species in
these samples accounted for the different catalytic
performance.
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