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a b s t r a c t

The aluminum–silicon distribution and mesoporosity of Y zeolites prepared by sequential NaOH desilica-
tion and ammonium hexafluorosilicate (AHFS) dealumination are compared with that of Y samples pre-
pared via AHFS dealumination only. AHFS treatment led to severe non-uniform dealumination and
substantial surface silicon deposition. Y samples obtained by sequential desilication and dealumination
had substantially better dealumination uniformity and aluminum–silicon distribution. The mesopore for-
mation in these zeolites is discussed in detail. The desilication creates defects in the framework of the
parent NaY zeolite. These defects improve the intra-crystalline transport and induce mesopore formation
during dealumination. The desilication- plus dealumination-treated zeolites showed higher initial activ-
ity and lower deactivation tendency in the case of 1,3,5-triisopropylbenzene cracking, and higher conver-
sion rate of cumene than those zeolites modified by AHFS treatment only. These catalytic data indicate
that the former could be a viable catalyst in the catalytic cracking of heavy hydrocarbons.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

As one of the post-synthesis approaches for the modification of
the framework aluminum–silicon composition of zeolites, the
fluorosilicate method has attracted great attention because of its
unique characteristic of producing a zeolite that is free of non-
framework aluminum. The dealumination reaction can be per-
formed both in aqueous medium and in solid phase [1–6]. This
technique has been successfully applied to a series of synthetic
zeolites such as Y [1–8], mazzite and offretize [9], FAU/EMT inter-
growths [10], ZSM-5 [11], Beta [12], MCM-22 [13], zeolite A
[14,15], and mordenite [16]. In most cases, dealumination with
ammonium hexafluorosilicate (AHFS) produces products with sil-
ica-rich surfaces. This was because dealumination by AHFS is a dif-
fusion-controlled reaction [7,17]. Wang et al. further suggested
that the surface silicon enrichment was due to the dealumination
gradient and silicon deposition at the surface [18]. To prepare
crystalline samples with high acidity with AHFS, Garralón et al.
suggested that the aluminum extraction should be controlled
[19]. Later, Ohsuna et al. showed that the surface silicon deposition
reduced when FAU/EMT intergrowth was used as the parent mate-
ll rights reserved.
rial. Besides, some mesopores were created in the framework of
such intergrowth-based products [10].

Despite all this progress, up to now no one has been able to pre-
pare an AHFS-dealuminated Y zeolite with uniform aluminum–sil-
icon distribution and mesopores of good accessibility. The
distribution of aluminum strongly affects the catalytic perfor-
mance of the zeolite [20,21]. The surface silicon enrichment leads
not only to the reduction in surface acidity but also to the reduc-
tion in the utilization of the active sites inside the zeolite particles,
which would be extremely disadvantageous for the catalytic appli-
cations of these surface silicon-rich zeolites. Cruz et al. have al-
ready found that, for an AHFS-dealuminated Y zeolite, it is the
composition of the outer shell of the zeolite that controls the activ-
ity in the catalytic cracking of gasoil [7]. Although it has been re-
ported that mesopores were created in the framework of an
AHFS-dealuminated Y zeolite [10,22–26], little information is
available regarding mechanisms of mesopore formation and evolu-
tion in this dealumination process.

The key to solve the surface silicon-rich problem is to improve
the intra-crystalline diffusion of the reactant molecules during the
AHFS dealumination process. The large size of the reactant mole-
cules makes the reaction a diffusion-controlled process [7]. One
possible approach to the problem of the confined intra-crystalline
diffusion is to modify the porosity of the parent zeolite. According
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Table 1
The experimental conditions of the NaOH treatmenta.

Samples Concentration of NaOH solution, wt.% Time of treatment, h

ATY-1 2 1
ATY-2 4 1
ATY-3 5 1
ATY-4 5 3

a The reaction temperature is 368 K.

Table 2
The experimental conditions of the ammonium hexafluorosilicate (AHFS) treatment.

Samples AHFS treatment conditions Products

NH4NaY Case 1a FSY-1
NH4ATY-1 Case 1 FS-ATY-1
NH4ATY-3 Case 1 FS-ATY-3
NH4NaY Case 2b FSY-2–1c, FSY-2–2d

NH4ATY-2 Case 2 FS-ATY-2–1c, FS-ATY-2–2d

a 8 wt.% aqueous AHFS solution (114 g), added at a rate of 0.05 g AHFS per
minute, then maintained for 3 h with stirring.

b 4 wt.% aqueous AHFS solution (89 g), added at a rate of 0.04 g AHFS per minute,
then maintained for 1.5 h with stirring, after a intermediate washing, the dealu-
mination procedure was repeated once.

c The once-dealuminated semi-finished product of ‘‘Case 2’’.
d The twice-dealuminated samples of ‘‘Case 2’’.
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to recent research, mesopore-containing zeolites can be prepared
by NaOH treatment. The essence of this treatment is the rational
use of the intrinsic nature of NaOH to selectively remove frame-
work silicon. However, this mesopore-creating method has so far
only been applied in the modification of high-silica zeolites, such
as MOR [27,28], BEA [29], MFI [30,31], and ITQ [32]. When it comes
to Y zeolite, whose framework silicon-to-aluminum ratio is low,
the chance to introduce large amounts of mesopores in its frame-
work through NaOH treatment would be remote, considering the
previously established results that a high framework aluminum
content inhibits the silicon extraction [33]. The original structure
of the sodium carbonate-treated Y zeolite is essentially preserved
[34]. Nevertheless, that framework silicon can also be selectively
removed from the Y zeolite framework is undeniable, which means
that defect sites will be created in the Y zeolite framework. The po-
tential of these defects in assisting the intra-crystalline diffusion
and mesopore formation has been underestimated. Introducing a
functional group into open-framework materials that tunes the
porosity will open new routes in framework engineering and in
the fabrication of new types of materials [35]. From this perspec-
tive, the artificial defects in the framework of the Y zeolite frame-
work left by silicon removal would be a very attractive ‘‘functional
group’’ in facilitating the intra-crystalline diffusion and mesopore
formation during AHFS dealumination.

When considering the further treatment of a pre-desilicated zeo-
lite with AHFS, it is necessary to consider the resistance of the zeolite
framework to the reactant used. After all, some silicon atoms have
been removed from the zeolite framework. Therefore, the first pur-
pose of the present research is to demonstrate that modified Y zeo-
lite, with well-preserved crystallinity and substantially improved
aluminum–silicon distribution and accessible mesoporosity, can
be prepared via sequential desilication–dealumination. Another
purpose is to explore how pre-desilication makes such a modifica-
tion method possible. The catalytic cracking of cumene and 1,3,5-
triisopropylbenzene (TIPB), with critical diameters of 0.68 and
0.95 nm, respectively, was investigated to characterize the catalytic
performance of the prepared acidic samples.
2. Experimental

2.1. Desilication

The parent NaY zeolite used in this study was synthesized
according to CN Patent ZL 200410097108.3 [36]. The phase purity
of the crystallized product was checked by XRD. Desilication of the
parent NaY zeolite was performed in 2–5 wt.% aqueous NaOH solu-
tion (cf. Table 1 for details). In a typical process, 1000 g of the aque-
ous NaOH solution was heated to 368 K, and then 100 g of the
parent NaY zeolite was added to the hot solution. The resulting
suspension was kept at 368 K for 1 or 3 h while stirring. Then,
the slurry was suction-filtered and washed thoroughly with hot
distilled water until a pH of 8.0. Products thus prepared were
named ATY (Table 1).
2.2. Dealumination

The AHFS dealumination treatments were carried out as fol-
lows. First, the parent NaY and the ATY zeolites were converted
into the NH4

+-form (NH4NaY and NH4ATY) by three successive ex-
changes in 10 wt.% aqueous NH4Cl solution. Then, 30 g of the NH4

+-
form zeolite was suspended in 300 g distilled water which was
buffered at pH = 6 with ammonium acetate and heated to 338 K.
To this buffered slurry, a predetermined amount of AHFS (Table
2) was added dropwise. The resulting slurry was maintained at
338 K for 1.5 or 3 h with stirring, then filtered, and washed thor-
oughly with hot distilled water. Based on the total amount and
the way of addition of the reactant, the AHFS dealumination treat-
ments are classified as ‘‘Case 1’’ and ‘‘Case 2’’ (Table 2). In ‘‘Case 1’’,
a 8 wt.% aqueous AHFS solution (114 g) was added at a rate of
0.05 g AHFS per minute to the buffered slurry. The resultant slurry
was maintained for 3 h with stirring. In ‘‘Case 2’’, a 4 wt.% aqueous
AHFS solution (89 g) was added at a rate of 0.04 g AHFS per minute
to the buffered slurry. The resultant slurry was maintained for
1.5 h with stirring, then filtered, and washed, and the same dealu-
mination treatment was repeated once. Samples prepared from
NH4NaY zeolite and those from NH4ATY zeolite under different
reaction conditions were denominated FSY-1, FSY-2–1, FSY-2–2
and FS-ATY-1, FS-ATY-2–1, FS-ATY-2–2, FS-ATY-3, respectively
(Table 2).

2.3. Physicochemical characterization

X-ray diffraction patterns of the zeolites were obtained using a
Bruker AXS D8 Advance X-ray diffractometer with monochroma-
tized Cu Ka radiation (40 kV, 40 mA). Before the XRD measurements,
the zeolite powder was dried at 393 K for 2 h in an oven and then
kept in a closed vessel containing super-saturated aqueous CaCl2

solution for 16 h to stabilize the moisture content of the zeolite.
The relative crystallinity was estimated by comparing the peak
intensities of the treated samples with that of the parent sample
according to SH/T 0340–92. The total integrated intensities of the
eight peaks assigned to the (331), (511), (440), (533), (642),
(822), (555), and (664) reflections were calculated for the compar-
ison. The scan range is from 15� to 35�, and the scan rate was 2�/
min with a step width of 0.02�. The unit cell parameters of the par-
ent NaY and ATY zeolites (a01) were analyzed from the diffraction
data using the Le Bail method [37]. For this purpose, the scan range
is from 5� to 60�, and the scan rate was 1�/min with a step width of
0.02�. The unit cell parameters of the parent NaY, ATY, and the dea-
luminated zeolites (a02) were determined from the position of the
(555) reflection, using pure silicon (99.999 wt.%) as the internal
standard for angle calibration (2h = 28.443�) according to SH/T
0339–92. The scan range is from 28� to 32�, and the scan rate
was 0.05�/min with a step width of 0.02�. The framework Si/Al ra-
tios of all the Y type zeolites involved in this work were obtained
from the a02 by Eq. (1) [38], a02 taken in Å.
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framework Si=Al ratio
25:858� a02

a02 � 24:191
ð1Þ

A Rigaku ZSX 100e X-ray fluorescence (XRF) spectrometer was
used for the measurement of the bulk Si/Al ratio of the zeolites.
X-ray photoelectron spectroscopy (XPS) measurements were
performed on ESCALAB 250 (VG) using Al Ka (hm = 1486.6 eV)
radiation. Binding energies were referred to the C 1s at 285.0 eV.
The aluminum coordination in the samples was characterized by
27Al MAS NMR at a resonance frequency of 78.155 MHz. All spectra
are calibrated to zero ppm using a liquid Al(NO3)3 reference. IR
spectra of the hydroxyl region (3000–4000 cm�1) were recorded
on a Nicolet MAGNA-IR 560 spectrometer. Ten milligrams of the
sample powder was pressed into a self-supporting wafer
(1.33 cm2) under 5 MPa pressure. Heat treatment of the wafers
was performed in a home-made quartz cell (CaF2 windows) at
673 K for 4 h in dynamic vacuum (10�2–10�3 Pa). Subsequently,
the sample was cooled to room temperature, and the spectrum
was collected. Nitrogen physisorption measurements were per-
formed at liquid-nitrogen temperature with a Micromeritics ASAP
2020 apparatus. Prior to the measurements, all samples were vac-
uum-degassed at 623 K for 5 h. The total surface area was deter-
mined by the BET method. The micropore and external surface
areas as well as the micropore volume were calculated by the t-
plot method. The pore size distribution profile and the mesopore
volume were obtained by the BJH method with the N2 desorption
isotherm. Mercury intrusion experiments were performed on a
Micromeritics Autopore IV 9500 apparatus to a final pressure of
228 MPa. Prior to measurements, samples were dried 2 h at 423 K.

The existence and the morphology of the mesopores were eval-
uated using a JEOL JEM-2100 electron microscope operating at
200 kV (point resolution: 0.19 nm). The particles were dispersed
on a micro-grid without crushing or other mechanical treatments.
NH3-TPD of the catalysts was performed using a home-made appa-
ratus, which consisted of a cylindrical quartz tube, a vertical well-
controlled high-temperature furnace, and an Agilent 1790F gas
chromatograph equipped with a thermal conductivity detector. A
sample of 0.1000 ± 0.0002 g was charged in the quartz tube and
heated at a rate of 10 K min�1 to 823 K for 120 min under He flow
(1.5 l h�1) before exposure to 100% NH3 at 298 K for 30 min. The
NH3-TPD profile was recorded from 373 to 873 K at a heating rate
of 10 K min�1 after removing weakly adsorbed NH3 by heating the
catalyst to 373 K under pure He flow (1.5 l h�1).

2.4. Catalytic testing

Zeolite activity was determined with cumene and TIPB as the
probe molecules, using a flow-type apparatus equipped with a
fixed-bed reactor. Nitrogen was used as carrier gas at flows of
4.5–12 l h�1. The catalysts were pressed binder-free and crushed
to a particle size of 0.2–0.3 mm. The activation of the catalysts
was carried out in situ with a rate of 4 K min�1 to the final tem-
Table 3
Crystallinity and chemical composition of the zeolites.

Samples C/C0
a, % a01

b, Å a02
c, Å SiO2/Al2O3 by XR

Parent NaY 100 24.585 24.60 6.2
ATY-1 94 24.594 24.63 5.7
ATY-2 97 24.634 24.66 5.2
ATY-3 93 24.654 24.69 4.8
ATY-4 92 24.674 24.71 4.4

a C/C0: crystallinity of the zeolite relative to that of the parent NaY zeolite.
b Unit cell parameters obtained by analyzing the diffraction data using the Le Bail me
c Unit cell parameters obtained by the silicon internal standard method.
perature of 773 K and purged at this temperature with nitrogen
for 3 h (flow rate = 4.5 l h�1). In the case of cumene cracking,
nitrogen saturated with vaporized cumene at 273 K was passed
through the reactor (flow rate = 4.5 l h�1), and the reaction tem-
perature varied from 413 to 493 K. In the case of TIPB cracking,
nitrogen saturated with TIPB at 353 K was passed through the
reactor at 423 K (flow rate = 12 l h�1). Reaction products were
analyzed by an online gas chromatograph with flame ionization
detector.
3. Results

3.1. Influence of desilication and dealumination on crystallinity and
chemical composition of the zeolites

All the alkaline-treated zeolites still had good crystallinity (Ta-
ble 3), indicating that the NaOH treatment had negligible damag-
ing effect on the framework of the NaY zeolite. On the other
hand, the unit cell parameters increased continuously as the NaOH
concentration or reaction time increased. The (SiO2/Al2O3)XRD ratio
of the alkaline-treated zeolites decreased with increasing degree of
treatment (Table 3). It has long been recognized that, in an alkaline
solution, silicon will be selectively removed from a zeolite frame-
work [27,34,39], as long as the zeolite treated is EFAL free [33].
No external aluminum sources were available under our condi-
tions, and we checked with 27Al MAS NMR that the parent NaY zeo-
lite did not contain extra-framework aluminum. We therefore
suggest that the removal of framework silicon is the sole reason
for the increase in the unit cell parameter. As a result, some defects
will be created in the framework of the alkaline-treated zeolites.
These defects are more or less like the hydroxyl nests, which are
known to be larger than an ordinary SiO4 tetrahedron [40,41].
Hence, the larger the silicon removal, the more defect sites will
be present in the ATY zeolite framework, and, as a result, the larger
the unit cell parameter will be. Evidence showing the generation of
defects in the framework of the desilicated zeolites comes also
from the comparison of mass of zeolites before and after the alka-
line treatment. Four alkaline-treated zeolites were obtained by
alkaline treatment of the parent NaY with NaOH aq. solution of
concentration 1 wt.%, 2 wt.%, 3 wt.%, and 4 wt.% for 3 h at 368 K.
The corresponding mass loss of these alkaline-treated zeolites is
3.3 wt.%, 5.6 wt.%, 8.1 wt.%, and 12.9 wt.%. It is clear that the mass
loss increases as the concentration of NaOH solution increases,
suggesting that desilication does happen. Therefore, it is reason-
able to state that defect sites are created in the framework of the
treated samples as a result of the removal of parts of zeolite
framework.

It is well known that the higher the SiO2/Al2O3 ratio is, the
more stable the structure of the zeolite will be. Therefore, it is
possible that the crystallinity of the ATY-based products will
deteriorate during AHFS dealumination due to the previous loss
D Samples C/C0
a, % SiO2/Al2O3 by

XRD XRF XPS

FSY-1 88 8.2 10.9 25.0
FSY-2–2 97 8.2 9.6 22.8
FS-ATY-1 86 8.1 9.6 16.4
FS-ATY-2–2 97 8.1 8.7 7.6
FS-ATY-3 85 8.0 9.1 10.9

thod.
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of framework silicon. While the reaction conditions greatly influ-
ence the crystallinity of the final products (Table 3), in agreement
with several other works [18,19,42], the FSY and FS-ATY zeolites
prepared by the same conditioning AHFS treatments have compa-
rable crystallinity (Table 3), both after mild and more severe dea-
lumination (Cases 1 and 2 in Table 2). Besides, the (SiO2/
Al2O3)XRD ratios of all the FSY and FS-ATY zeolites are very sim-
ilar. These data show clearly that, under our experiment condi-
tions, the desilication has negligible effect on the crystallinity
of the final products and on their framework silicon and alumi-
num composition. However, the XPS results indicate that there
is a sharp difference in the surface SiO2/Al2O3 ratios between
the FSY and FS-ATY zeolites and between the final products pre-
pared via the severe (Case 1) and mild (Case 2) dealumination
treatments. For the FSY-1 zeolite, the surface silicon-to-alumi-
num ratio determined by XPS, (SiO2/Al2O3)XPS, is 16.8 higher than
the framework silicon-to-aluminum ratio determined by XRD
((SiO2/Al2O3)XRD). The bulk silicon-to-aluminum ratio determined
by XRF, (SiO2/Al2O3)XRF, which measures SiO2/Al2O3 in the frame-
work as well as in the amorphous layer, is 2.7 higher than the
(SiO2/Al2O3)XRD ratio (Table 3). The (SiO2/Al2O3)XPS ratio of the
FS-ATY-1 zeolite decreased to 16.4. This is a marked decrease
compared to that of the FSY-1 zeolite. The (SiO2/Al2O3)XRF ratio
of the FS-ATY-1 zeolite decreased to 9.6, 1.5 larger than the cor-
responding (SiO2/Al2O3)XRD ratio. For the FS-ATY-3 zeolite, the
(SiO2/Al2O3)XPS ratio decreased to 10.9, and the (SiO2/Al2O3)XRF ra-
tio further decreased to 9.1. XRD measures the framework com-
position, XPS measures the surface composition, and XRF
measures framework plus extra framework. The closeness of
these SiO2/Al2O3 ratios in the case of the FS-ATY zeolites shows
that treating the parent NaY zeolite with desilication before the
AHFS treatment improves the aluminum–silicon distribution of
the final dealuminated product.

Treating NH4NaY and NH4ATY zeolites under mild AHFS dealu-
mination conditions (Case 2) also improves the aluminum–silicon
distribution, while the degree of improvement largely depends
on the situation. In the case of the FSY-2–2 zeolite, the (SiO2/
Al2O3)XPS ratio decreased from 25.0 to 22.8 only, which is still
14.6 higher than its (SiO2/Al2O3)XRD ratio (Table 3). In the case of
the FS-ATY-2–2 zeolite, however, a clear improvement in alumi-
num–silicon distribution occurred. The (SiO2/Al2O3)XRD ratio of this
zeolite is 8.1, and the (SiO2/Al2O3)XPS ratio is 7.6. Clearly, pre-desi-
lication is more effective than the modification of AHFS dealumina-
tion conditions in governing the aluminum–silicon distribution of
the final products, in view of the fact that the (SiO2/Al2O3)XPS ratio
of the FSY-2–2 zeolite is 6.4 higher than that of the FS-ATY-1 zeo-
lite. The combination of these two works even better in modifying
the distribution, as exemplified in the case of the FS-ATY-2–2 zeo-
lite. Previous studies showed that the difference between the
framework SiO2/Al2O3 ratio and the SiO2/Al2O3 ratio of the outer
surface is a sign of dealumination gradient and silica deposition
[18]. The traditional AHFS dealumination treatment is often beset
by deposition and inhomogeneous dealumination problems. If
the same applies for our FSY-type zeolites, then one may suggest
that these problems can be eliminated by a combined use of pre-
desilication and AHFS dealumination.

3.2. Influence of desilication and dealumination on zeolite structure

3.2.1. N2 sorption
The effect of desilication on the pore structure of the ATY zeo-

lites can be clearly seen in the N2 sorption isotherms (Fig. 1). The
slopes of the isotherms of the ATY zeolites are larger than that of
the parent NaY zeolite. This means that the surface adsorption
capacity of the ATY zeolites is higher. The pore size distribution
(Fig. 2) shows that there is a wide range of pore sizes. Increasing
the NaOH concentration results in an increment in the volume of
the mesopores (Table 4). On the other hand, the formation of
these mesoporous defects is not accompanied by any detectable
debris in the micropores, since all the ATY zeolites have at least
an equally high micropore volume as the parent NaY zeolite (Ta-
ble 4).

After the AHFS treatments, all the samples dealuminated under
the same conditions show comparable residual micropore volume
(Table 4). Moderating the severity of the dealumination condition
modified the preservation of the microporosity. These N2 sorption
results confirm the XRD data (Table 3) that the pre-desilication has
no detrimental effect on the micropore system of the final prod-
ucts. On the other hand, all the dealuminated zeolites showed
some increase in mesopore volume compared to their respective
sodium-form precursors (Table 4), suggesting that some mesop-
ores are created in the zeolite framework. These mesoporous struc-
tures all show a bimodal pore size distribution (Figs. 3–5). For the
FSY-1 and FS-ATY-1 zeolites, two peaks appear at ca. 4 and 8 nm
(Later, it will be shown that the 4 nm peak is an artifact). For the
FS-ATY-3 zeolite, the two peaks appear at ca. 9 and 26 nm
(Fig. 3). Treating NH4NaY and NH4ATY zeolites with AHFS of a low-
er concentration (Case 2) increases the micropore volume of the fi-
nal products (Table 4), while the pore size distributions of these



Table 4
The surface area and pore volume data of all the Y type zeolites involved.

Samples Smicro
a, m2 g�1 Sexternal

b, m2 g�1 Vmicro
c, cm3 g�1 Vmeso

d, cm3 g�1 VHg
e, cm3 g�1

Parent NaY 680 18 0.33 0.06 –
ATY-1 677 31 0.34 0.09 –
ATY-2 683 31 0.33 0.11 –
ATY-3 659 35 0.33 0.11 –
FSY-1 549 54 0.27 0.15 0.07
FSY-2–1 643 37 0.32 0.08 –
FSY-2–2 617 56 0.30 0.12 0.08
FS-ATY-1 559 61 0.27 0.17 0.10
FS-ATY-2–1 678 40 0.34 0.13 –
FS-ATY-2–2 648 55 0.32 0.17 0.17
FS-ATY-3 557 58 0.27 0.19 0.19

a t-plot micropore surface area.
b t-plot external surface area.
c t-plot micropore volume.
d BJH mesopore volume.
e Mercury intrusion volume (6–100 pore size range). ‘‘–’’ no data were collected.
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dealuminated samples still show a bimodal curve. In Fig. 4, two
peaks whose positions closely resemble those observed for the
FSY-1 zeolite are also observed for the FSY-2–2 zeolite. In the case
of the FS-ATY-2–2 zeolite (Fig. 5), the positions of the two maxima
in the pore size distribution are very close to those of the FS-ATY-3
zeolite.
3.2.2. TEM observation
The TEM images (Fig. 6A–H) provide us with a direct observation

of the morphology of the NaOH and/or AHFS-treated samples. The
crystalline region of the FSY zeolites shows no indication of mesop-
ores (Fig. 6A–C). Only between the out surface and the main body of
the crystallite there is a layer of light material (the belt-shaped zone
indicated by the arrow in Fig. 6B). According to Ohsuna et al.
[10,43], this layer is a result of crater formation and its further
expansion. We therefore suggest that this less dense layer is
responsible for the existence of the mesopores, or craters, to be ex-
act, in these FSY zeolites as indicated by the N2 sorption results
(Section 3.2.1). The mesopores are spread all over the crystal parti-
cles of the FS-ATY zeolites under the electron beams (Fig. 6D–F).
What is more, these mesopores are much more accessible to the
large probe molecules than the craters in the FSY zeolites, since
all the FS-ATY zeolites show both higher amounts of mercury
intrusion and higher VHg/Vmeso ratio than the FSY zeolites on a com-
parative basis (Table 4). Especially noteworthy is that both FS-ATY-
2–2 and FS-ATY-3 zeolites show analogous Vmeso and VHg values.

Dense material coats most parts of the FSY-1 zeolite surface
(Fig. 6A and B). There is no obvious evidence that this dense layer
is crystalline and crossed by observable pores (Fig. 6B). Between
this and the crystalline phase, there is the much lighter layer men-
tioned above (Fig. 6A and B). Ohsuna et al. had already reported the
co-occurrence of the dense and lighter layers [10]. They suggested



Fig. 6. A-H. TEM images of the FSY-1 (A, B), FSY-2–2 (C), FS-ATY-1 (D, E), FS-ATY-2–2 (F), and ATY (G, H) zeolites.
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that the formation of the dense outer layer is the result of surface
silica deposition, while the lighter inner layer is due to heavy local-
area dealumination. It seems that this is also the case for the FSY-1
zeolite.



272 Z. Qin et al. / Journal of Catalysis 278 (2011) 266–275
According to Garralón et al. [19] and Matharu et al. [42], a
reduction in the reactant concentration is good for the control of
the aluminum extraction. We also carried out such an experiment
to measure to what extent this approach would improve the alu-
minum–silicon distribution of the final product. As can be seen
for the FSY-2–2 zeolite, although the crystalline phase is still
coated by a crust (Fig. 6C), this amorphous layer shows almost
homogeneous contrast under electron beams. Since there is no sign
of the existence of a lighter area, it seems that our TEM observa-
tions agree well with the conclusions of Garralón et al. [19] and
Matharu et al. [42] that the dealumination uniformity can be im-
proved if more moderate reaction conditions are used. On the other
hand, the fact that the amorphous layer is still clearly visible sug-
gests that severe silicon deposition still exists on the surface of the
FSY-2–2 zeolite. This is confirmed by the fact that the surface SiO2/
Al2O3 ratio of this zeolite is still 13.2 higher than its bulk SiO2/Al2O3

ratio (Table 3). This may suggest that the optimization of the reac-
tion conditions improves the control of aluminum removal only
moderately. It seems that the surface silicon deposition cannot
be avoided by simply modifying the reaction conditions.

In the case of the FS-ATY-1 zeolite, however, both the dense outer
crust and the lighter inner layer were not observed (Fig. 6D and E).
Several different specimens were examined, and similar phenom-
ena were observed. In addition, the same result is obtained for the
FS-ATY-2–2 zeolite (Fig. 6F). Apparently, pre-treating the parent
material with NaOH greatly improves its dealumination character-
istics and the aluminum–silicon distribution of the final product.
The combination of the pre-desilication and the modification of
the reaction conditions works even better. The decrease in the sur-
face SiO2/Al2O3 ratio of 25.0 for the FSY-1 zeolite to 16.4 for the
FS-ATY-1 zeolite (Table 3) supports these suggestions. The (SiO2/
Al2O3)XPS ratio of the FS-ATY-2–2 zeolite even decreased to 7.6,
which is very close to the (SiO2/Al2O3)XRD ratio, suggesting an almost
homogeneous aluminum–silicon distribution in FS-ATY-2–2.

3.3. Catalytic activity of the FSY and FS-ATY zeolites

Differences in the acid amount of the FSY and FS-ATY zeolites
are shown by the NH3-TPD results. The FS-ATY zeolites have only
slightly higher acid amounts than the corresponding FSY zeolites
(Figs. 7 and 8). For the FSY-1, FSY-2–2, FS-ATY-1, and FS-ATY-2–2
zeolites, the bulk silicon-to-aluminum ratio is 10.9, 9.6, 9.6 and
8.7. If we assume that these zeolites are exempt from framework
defects and non-framework aluminum species, the number of alu-
minum atoms in the unit cell would be about 30, 33, 33, and 36. So
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Fig. 7. NH3-TPD profiles of the FSY-1 and FS-ATY-1 zeolites.
it is reasonable for these zeolites to show similar higher amount of
acid sites, since the total acid site concentration is proportion to
the aluminum concentration in a zeolite that is free of non-frame-
work aluminum species.

Both the cracking of cumene and TIPB were investigated to
compare the catalytic performance of the FS-ATY zeolites with that
of the FSY zeolites and to evaluate the application potential of the
sequential desilication–dealumination-modified zeolites. In the
case of cumene cracking, the FS-ATY zeolites showed a higher con-
version rate than the FSY zeolites between 413 and 453 K (Fig. 9).
Further increasing the temperature from 453 to 493 K, however,
diminished these activity differences. It is suggested that there is
a higher amount of stronger acid sites in the framework of the
FS-ATY zeolites than that in the FSY zeolites, which is a result of
the more homogeneous dealumination of the framework of the
former zeolites. As a result, the reactant molecules can be more
easily activated at lower temperature when the cracking reaction
is carried out on the surface of the FS-ATY zeolites. The cumene
conversion rates of these zeolites grew closer as the reaction tem-
perature increased. This can be understood by considering that the
acid amounts of all the zeolites are very similar. Besides, the criti-
cal diameter of cumene (0.68 nm) is smaller than the pore opening
of the Y zeolite (0.74 nm). In this condition, there is no diffusional
transport constraint influencing the rate of catalytic cracking [44].
In the catalytic conversion of TIPB, the FS-ATY-type zeolites
showed both higher initial activity and lower deactivation ten-
dency than the FSY-type zeolites (Fig. 10). This is an expected phe-
nomenon given that the critical diameter of the TIPB molecule is
0.95 nm, which is larger than the pore diameter of the Y zeolite.
In this condition, the catalytic cracking of this bulk molecule on
the microporous Y zeolite would be diffusion-controlled [44].
There is a higher amount of aluminum on the surface of the FS-
ATY-type zeolites than on the surface of the FSY-type zeolites. Be-
sides, the mesopores in the framework of the former zeolites are
more accessible than those in the framework of the latter zeolites.
Therefore, there is an increased opportunity for the TIPB molecules
to be cracked on the external and mesoporous surfaces of the FS-
ATY-type zeolites. Additionally, the products can diffuse out more
quickly in the case of the FS-ATY-type zeolites. The chance for coke
formation on these zeolites will be smaller than on FSY-type zeo-
lites. As a result, the former zeolites exhibit lower deactivation ten-
dency in the catalytic conversion of TIPB. These results suggest that
the FS-ATY zeolites may increase the conversion efficiency as well
as reduce the deactivation rate in the catalytic reaction.
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The TIPB catalytic cracking performance of the starting material
(HY type) is also included (Fig. 10). The HY zeolite was prepared by
ion exchange of the parent NaY zeolite with ammonium chloride
solutions, followed by drying at 373 K. At the beginning of the
reaction, the HY zeolite showed higher conversion rate of TIPB than
the FS-ATY and FSY zeolites (Fig. 10). As the reaction continued, HY
zeolite showed similar activity to those FS-ATY-type zeolites, but
the activity was still higher than that of the FSY-type zeolites. This
is a positive sign, which indicates that the loss of activity caused by
dealumination can be mitigated by the proper introduction of mes-
opores and the adjustment of distribution of framework
aluminum.
4. Discussion

In view of earlier work [10,22–26], it is not surprising that mes-
opores are created in our AHFS-dealuminated zeolites. It is surpris-
ing, however, that it seems easy to create mesopores in the Y
zeolite framework by AHFS treatment and that the mesopore size
distribution of all the samples displays two peaks (Figs. 3–5). Our
pore size distribution centered around 4 nm in diameter could be
the same as the maximum near 5 nm observed by Lynch et al.
[22] and could be attributed to the tensile strength effect of the
N2 molecules at P/P0 = 0.42, but there is no explanation reported
for the occurrence of the 8 nm peak in the pore size distributions.
What makes things more complicated is that the pore size distribu-
tions centered around 4 nm in diameter gradually disappeared in
the case of the FS-ATY zeolites. Furthermore, a new peak centered
at around 26 nm occurred in the pore size distribution of the FS-
ATY-2–1,2 and FS-ATY-3 zeolites. Obviously, the pre-desilication
treatment is responsible for the occurrence of these new pores,
since similar profiles were also observed in the pore size distribu-
tion of the corresponding desilicated precursors (Fig. 2). A subse-
quent increase in this peak intensity during the following
dealumination processes is observed in Fig. 5.

The only research dealing with the distribution and morphology
of the mesopores in AHFS-dealuminated zeolites was carried out
by Lynch et al. [22] By combining electron microscopy and N2

adsorption, they found that mesopores were only formed in the
AHFS-treated samples when the starting zeolite had been dealumi-
nated at least 50% [22]. This supports that mesopores can be
formed in a AHFS-dealuminated zeolite but that it is not common.
This is easy to understand from the mechanism of dealumination
by AHFS, which is believed to proceed via the isomorphous substi-
tution of aluminum by silicon within the zeolite framework. This
mechanism implies that products having little or no aluminum
vacancies can be prepared by AHFS treatment as long as the dealu-
mination rate is under control. It suggests, however, that the zeo-
lite framework may not preserve its integrity if the silicon
insertion rate is too slow to repair the vacancies left by aluminum
removal.

Based on the above discussion, we may reconsider the meso-
pore formation in the traditional AHFS dealumination treatment.
It seems that mesopores are only formed when framework dealu-
mination is out of control. That may be the reason why a supple-
mentary condition of dealumination level higher than 50% has
often been imposed by authors who reported the formation of
mesopores in AHFS-treated zeolites [22,23]. These mesopores were
directly observed, and their distribution was identified by TEM. All
mesopores exist only on the subsurface of the dealuminated zeo-
lites (Fig. 6A and B). Obviously, this kind of mesopore formation
should be avoided if a crystalline sample with high surface acidity
is to be obtained. Both the pre-desilication and the subsequent
AHFS dealumination seem to be indispensable for the mesopore
formation in the FS-ATY zeolites. Neither the single desilication
nor the individual dealumination contributes to such mesopore
formation, since all crystal parts of the ATY zeolite show homoge-
neous contrast under the electron beams (Fig. 6G and H), and there
are only some craters on the surface of the FSY-type zeolites. It
seems that the pre-desilication acts as an inducement for the mes-
opore formation by creating some defects in the framework of the
ATY zeolites. The increment of the Vmeso value (Table 4) and the
growth of the 26-nm peak (Fig. 2) with increasing NaOH concen-
tration confirmed the existence of these defects. Maybe these de-
fects are too large in size to accommodate the extraneous
Si(OH)4 during the AHFS treatment. As a result, they remain in
existence and undergo further development with the help of the
neighboring vacancies left by aluminum removal. It is highly pos-
sible that these mesopores as well as their precursors, the desilica-
tion-created defect sites, greatly facilitate the intra-crystalline
transfer of the reactant molecules, thereby decreasing the concen-
tration gradient and finally improving the aluminum–silicon distri-
bution of the product.

With regard to the formation sequence of the amorphous mate-
rials (Fig. 6A–C), Ohsuna et al. considered that the outer layer is
created first. Then some craters are formed under this layer of
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amorphous material, which further expands and finally forms the
lighter inner layer [10]. However, we suggest, on the contrary, that
the craters form in advance of the dense outer layer. In addition,
we suggest that the pore opening of the craters created under
our experimental conditions is just 8 nm or so, as shown in
Fig. 3. It is known that the AHFS dealumination process proceeds
in two steps [1] and that the reaction rate of the second step (sili-
con insertion) is considerably slower than that of the first one (alu-
minum removal) [19]. Especially if a high SiF6

2�/NH4NaY ratio is
used, the number of extracted aluminum atoms, before any silicon
is inserted, will be very high [19]. Moreover, it is reported that
AHFS dealumination is a diffusion-controlled reaction [7,17,18].
Therefore, it is safe to speculate that most aluminum removal reac-
tions happen on the surface of the NH4NaY zeolite, at least in the
case of a severe AHFS dealumination process. That is why we be-
lieve that the craters of about 8 nm pore size form first, since these
surface defects must be the place where intensive dealumination
happened. Treating the NH4NaY zeolite with AHFS solution of a
lower concentration (Case 2) affords FSY-2–2 zeolite a weaker peak
at round 8 nm in the pore size distribution than that of the FSY-1
zeolite (Figs. 3 and 4). The peak around 8 nm in the pore size dis-
tribution of the FS-ATY-2–2 zeolite almost disappears (Fig. 5).
These phenomena support our proposal that the 8-nm peak is a re-
sult of intensive local-dealumination.

The boundary of the crater-region is not clearly defined until
the dense outer layer is formed. This is because the intra-crystal-
line transport of the orthosilicic acid (Si(OH)4) molecules is also
diffusion-controlled. When high concentrations of Si(OH)4 species
are present in the liquid phase, they are easy to accumulate and
gradually deposit on the outer and mesoporous defect surface of
the zeolite. These surface deposits gather into a mass and then fi-
nally contribute to the dense outer layer formation. The dense
layer formation markedly facilitates the visual delineation of the
boundary of the crater-region, that is, the lighter inner layer that
lies beneath the dense outer one under the election beams. As
the surface silicon deposition becomes increasingly intense, the
pore opening of many craters are partially or even entirely blocked
by the silicon deposits. Then finally, these depositions contribute to
the formation of ink-bottle-like mesopores that show their exis-
tence by showing a sharp peak at ca. 4 nm in the pore size distri-
bution (Fig. 3). Now, it is easy to understand why the 4-nm peak
in the pore size distributions gradually disappears in the case of
the FS-ATY zeolites. It means the silicon deposition is almost to-
tally avoided, which coincides with the XPS characterization re-
sults reported in Section 3.1.

5. Conclusions

AHFS dealumination provides Y samples with substantial sur-
face silicon deposition, and craters of about 8 nm pore size are cre-
ated on the outer surface of these dealuminated zeolites. Both are
caused by the insufficient intra-crystalline diffusion of the reactant
molecules. The mesoporous defects on the outer surface are par-
tially or entirely blocked by silicon deposits. These depositions
contribute to the formation of ink-bottle-like mesopores.

The combined use of sequential desilication and AHFS treat-
ment leads to Y products with a homogeneous aluminum–silicon
distribution. Upon desilication, framework silicon is extracted from
the parent NaY zeolite without deteriorating zeolite crystallinity.
As a result, defects of different sizes are created in the ATY zeolite.
Framework defect effectively facilitates the intra-crystalline trans-
port of reactant molecules during the following AHFS dealumina-
tion process. This increases the dealumination uniformity, and
surface silicon deposition is avoided in the preparation of FS-ATY
zeolites. The framework defects can coalesce and develop further
into well-accessible mesoporous structures.
The FS-ATY zeolites show a higher conversion rate of cumene
than the FSY zeolites between 413 and 453 K (Fig. 9). This is attrib-
uted to the more homogeneous distribution of framework alumi-
num in the FS-ATY zeolites, which provides the FS-ATY zeolites
with a higher amount of stronger acid sites than that in the FSY
zeolites. In the catalytic conversion of TIPB, the FS-ATY zeolites
are more active and stable than FSY zeolites. The improved acces-
sibility of the active sites and the reduced diffusional path lengths
of the FS-ATY zeolites are probably responsible for the improve-
ments in catalytic efficiency.
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