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Abstract

Hydrothermally stable composite materials with hierarchical macro–meso–micro-porous structure were successfully synthesized via in situ
assembly of preformed zeolite Y nanoclusters on kaolin using cetyltrimethylammonium bromide as template under alkaline conditions. The
characterization results show that the mesophase in the composite contains primary and secondary structural building units of zeolite Y. The
building units contribute micropores in the composite with acidity similar to that of zeolite Y, whereas the macroporous kaolin substrate contributes
macropores. This hierarchical macro–meso–micro-porous structure increases the accessibility of the active sites in the composite to reactants and
thus confers superior catalytic performance on the resulting catalyst in cracking heavy crude oil. The present work demonstrates that the in situ
assembly of zeolitic nanoclusters on substrates (e.g., kaolin) can provide a novel route for fabricating composite materials with hierarchical pore
structure.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Inorganic microporous zeolites with uniform pore size,
unique topology, adjustable acidity, and excellent structural sta-
bility are widely used in many petrochemical processes. The
well-defined micropores (usually <1 nm) of microporous ze-
olites confer exceptional properties for their applications in
various size-selective reaction and separation processes. On the
other hand, these relatively narrower pores also put limits on
the application of microporous zeolites in the conversion and
separation of bulky molecules, such as encountered in heavy
crude oil upgrading and organic waste treatment, because of
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diffusion limitations on chemical reaction and mass transfer [1].
Many approaches to overcoming this shortage of and improv-
ing transport in microporous zeolites have been developed,
including desilication, dealumination, synthesis of wide-pore
zeolites and nanosized zeolites, and carbon-templated synthe-
sis [2]. One of the most effective approaches involves creating
the so-called “hierarchical pore structure” by compositing a
microporous zeolite and a mesoporous material containing or-
dered 2–50 nm mesopores [3,4]. For this reason, mesoporous
materials have received extensive attention since their emer-
gence in 1992 [5]. Despite numerous efforts over the last 15
years [6–9], the fabrication of mesoporous materials with high
hydrothermal stability and adjustable acidity remains one of the
greatest challenges in materials science. This is because typi-
cal applications of these materials, such as heavy crude oil fluid
catalytic cracking (FCC) and hydrocracking, usually involve
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severe operations that expose the materials to steam at high
temperature during reaction or catalyst regeneration.

Recent studies have identified that the poor hydrothermal
stability and weak acidity of mesoporous materials are due to
the amorphous nature of their pore walls [10]. Therefore, as-
sembling primary and secondary structural building units (nan-
oclusters or seeds) of microporous zeolites should provide an
alternative way to synthesize mesoporous materials with im-
proved thermal and hydrothermal stability and suitable acid-
ity [11–15]. For examples, Pinnavaia’s group [11,12] prepared
steam-stable aluminosilicates MSUs from the seed solutions of
zeolites Y, β , and ZSM-5, and Xiao’s group [13–15] prepared
hydrothermally stable mesoporous aluminosilicates from pre-
formed zeolite precursors in both alkaline and acidic media.
Reportedly, these materials can survive severe treatments, such
as in boiling water for more than 300 h and in steam at 800 ◦C
for more than 2 h. In addition to their high hydrothermal sta-
bility, these mesoporous materials containing nanoclusters of a
zeolitic nature are also marked by a unique pore channel system
consisting of mutually interconnected mesopores and micro-
pores (bimodal pore system) [14,15]. This kind of pore system
can accelerate the transport of reactant molecules [16]. It dif-
fers greatly from the conventional dual-pore structure arising in
crystalline composites [17,18] and crystalline mechanical mix-
tures [19]; the microporous structure existing in crystalline mi-
crophases usually has relatively longer diffusion paths [17–19],
whereas the microporous channels connected to the more open
mesopores in assembled mesostructural materials [14,15] result
from zeolitic building units residing in the mesopore walls and
thus have much shorter diffusion paths for molecules. This is a
significant factor for diffusion-limited reactions [20].

W.R. Grace & Co. [21,22], the former Engelhard Corp. (now
acquired by BASF) [23–25], along with some other researchers
[26,27] have demonstrated that the bimodal NaY/kaolin FCC
catalysts obtained by overgrowing zeolite NaY on metakaolin
microspheres has much better catalytic cracking performance,
expressed in terms of heavy oil conversion, liquid product yield,
dry gas yield, and coke yield, due to the improved accessibility
of active sites to bulky heavy oil molecules, enhanced resistance
to attrition, high tolerance to contaminant metals, and excellent
stability to temperature and steam [28]. Whereas much progress
has been achieved on the synthesis of bimodal materials [3,
4,17–19,21–27], the synthesis of materials with hierarchical
macro–meso–micro-porous structure remains unexplored.

In the present study, novel macro–meso–micro-porous com-
posite materials designated mesoporous Y/kaolin composites or
MY/kaolin composites were synthesized via the in situ assem-
bly of preformed zeolite Y nanoclusters on kaolin in an alka-
line medium. The composite materials were characterized by
X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), Fourier transformed
infrared spectroscopy (FTIR), N2 and Ar adsorption isotherms,
mercury porosimetry, 27Al magic-angle spinning nuclear mag-
netic resonance (27Al MAS NMR), and differential scanning
calorimetry (DSC). The acidity of the samples was measured by
temperature-programmed desorption of ammonia (NH3-TPD)
and in situ IR spectroscopy of adsorbed pyridine (Py-IR). The
catalytic properties of the materials were assessed in a microac-
tivity testing (MAT) unit using heavy oil catalytic cracking as a
model reaction system.

2. Experimental

2.1. Materials

Sodium silicate (containing 26.0 wt% SiO2) was purchased
from Beijing Hongxing Chemicals Co. Aluminum sulfate
(containing 99.0 wt% Al2(SO4)3·18H2O) and sodium hy-
droxide (containing 96.0 wt% NaOH) were purchased from
Beijing Yili Fine Chemicals Co. Cetyltrimethylammonium
bromide (CTABr) (containing 99.0 wt% C19H42BrN) was
purchased from Beijing Chemical Reagents Co. Kaolin parti-
cles (10–40 µm, containing 37 wt% Al2O3 and 48 wt% SiO2)
were kindly provided by Lanzhou PetroChemical Company,
PetroChina Company, Ltd.

2.2. Synthesis

The typical synthesis of the MY/kaolin composites involved
the following steps:

1. Preformed zeolite Y nanoclusters were prepared by mix-
ing 4.6 g of sodium silicate, 0.9 g of aluminum sulfate,
and 1.25 g of sodium hydroxide with 4.8 mL of deionized
water while stirring. Then the resulting mixture with a mo-
lar ratio of Na2O:Al2O3:SiO2:H2O at 16:1.0:15:300 was
transferred into an autoclave and dynamically aged at 95 ◦C
for 24 h.

2. The preformed nanocluster solution obtained in step 1 was
added dropwise to a solution obtained by dissolving 0.75 g
of CTABr in 14.1 mL of deionized H2O. The pH of the re-
sulting mixture gel was adjusted to 10.5 with a 10% sulfuric
acid solution and aged at 45 ◦C for 12 h.

3. A 0.7 g sample of kaolin particles was mixed with 12.2 mL
of 6.0 wt% sodium hydroxide solution containing 4.0 wt%
CTABr, and the fresh mixture gel obtained in step 2 was
added under agitation. Then the whole reaction system was
placed in a rotary autoclave at 120 ◦C for 36 h.

4. After crystallization, the solid product was filtered, washed
with deionized water, dried, and calcined at 550 ◦C for
6 h in air to remove the organic template, producing the
MY/kaolin composite.

This preparation procedure is schematically depicted in Fig. 1.
For comparison purposes, a pure-phase zeolite Y was

prepared by statically crystallizing the preformed zeolite Y
nanocluster solution at 100 ◦C for 24 h. Si-MCM-41 and
Al-MCM-41 were prepared under the same conditions used
for the MY/kaolin composite, except that the nanocluster solu-
tion was replaced by corresponding amounts of sodium silicate
and aluminate and kaolin particles were not used. Following
the same in situ synthesis strategy, two reference composites,
Y/kaolin and Y/MCM-41, were obtained for comparison pur-
pose.
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Fig. 1. Schematic of the typical synthesis procedure of a MY/kaolin composite.

2.3. Characterization

The XRD patterns of the samples were obtained on a Shi-
madzu XRD-6000 diffractometer using nickel-filtered CuKα

X-ray source radiation and operated at 40 kV and 30 mA. After
being coated with a thin layer of gold, the samples were evalu-
ated by SEM for a morphology study using a Cambridge S-360
apparatus combined with energy-dispersive X-ray spectrometry
(EDS). TEM images were obtained using a JEOL-2000FX II
electron microscope operated at 120 kV. The FTIR spectra of
the samples were recorded on a Nicolet Magna-IR 560 ESP
spectrometer with a resolution of 1 cm−1. N2 adsorption and
desorption isotherms were measured on a Micromeritics ASAP
2020M system at liquid nitrogen temperature. All samples were
degassed at 300 ◦C for 24 h before analysis.

The Brunauer–Emmett–Teller (BET) method was used to
calculate the specific surface areas of the samples. The diam-
eter distribution of mesopores and micropores were calculated
by Barrett–Joyner–Halenda (BJH) and Horvath–Kawazoe (HK)
models, respectively. Mercury porosimetry experiments were
carried out on a Micromeritics AutoPoreIV 9500 apparatus in
the pressure range 0–30000 psia. Argon adsorption experiments
at 77 K were conducted on a Micromeritics ASAP 2020M
system in the relative pressure range of 10−6–0.995, and the
density functional theory (DFT) model was used to calculate
micropore size. 27Al solid-state MAS NMR experiments were
performed on a Varian Unity Inova 300 spectrometer equipped
with a double-resonance 6-mm Chemagnetics MAS probe and
operated at a frequency of 59.59 MHz, a pulse width of 1.5 µs,
a radiofrequency field strength of 50 G, a pulse delay of 2 s,
a spinning rate of 5 kHz, and 10,000 scans. The DSC analy-
sis was performed on a Netzsch STA409PC thermogravimetric
analyzer with a heating rate of 5 ◦C/min in air. The NH3-TPD
curves were obtained in the range of 100–500 ◦C at a heating
rate of 15 ◦C/min. The adsorption of ammonia on the sam-
ples was performed at room temperature, followed by removing
physically adsorbed ammonia at 100 ◦C for 1 h in flowing pure
nitrogen. Pyridine adsorption experiments were conducted on
self-supported wafers in an in situ IR cell. Samples were dehy-
drated at 500 ◦C for 5 h under a vacuum of 1.33 × 10−3 Pa,
followed by adsorption of purified pyridine vapor at room tem-
perature for 20 min. The system was then evacuated at different
temperatures, and IR spectra were recorded.

2.4. Catalytic cracking assessment

The catalytic cracking performance assessment of the dif-
ferent materials obtained was carried out in a MAT unit by the
pulse method, using a heavy crude oil as feedstock. The com-
position analyses of the cracking products were carried out with
an Angilent gas chromatograph equipped with a flame ioniza-
tion detector.

Before assessment, the MY/kaolin composites were con-
verted to ReH form by the repeated procedure of successive
ion exchanges with 1.0 M NH4Cl and 0.05 M La(NO3)3 solu-
tions, followed by calcination at 550 ◦C for 2 h. The ReH form
composites were pressed into pellets, crushed, sieved to 20–
40 mesh, and finally steamed before being used as a catalyst. To
calculate the mass fraction of the mesophase MY in the com-
posite and use it to prepare the reference catalysts, mechanic
mixtures at various proportions of raw kaolin to single meso-
porous MY synthesized without using kaolin were prepared,
and their XRD profiles were obtained [18]. Then a working
curve was obtained by plotting the sum of the integrated inten-
sities of the three diffraction peaks in the (100), (110), and (200)
directions versus the proportion. Using this working curve, the
mass fraction of the mesophase MY in the MY/kaolin compos-
ite was calculated to be about 50%. For comparison purposes,
four reference catalysts (Y-kaolin, Y/kaolin, Y/MCM-41, and
Y-MCM-41-kaolin) were prepared according to this ratio. The
Y-kaolin and Y-MCM-41-kaolin catalysts were obtained by
mechanically blending zeolite Y and kaolin and zeolite Y, Si-
MCM-41, and kaolin, respectively. The two reference compos-
ites Y/kaolin and Y/MCM-41 were posttreated under the identi-
cal conditions used for the MY/kaolin-derived catalyst to obtain
the corresponding catalysts.

The heavy crude oil feedstock used was a blend of 30 wt%
Xinjiang vacuum residue and 70.0 wt% Xinjiang vacuum gas
oil. The physical and chemical properties of the feedstock are
given in Table 1. The catalytic cracking was performed under
standard conditions. The catalyst loading was 4.0 g, and the
reaction temperature was 500 ◦C; 1.3 g of the heavy crude oil
was introduced to the reactor through an injection tube within
60 s, followed by nitrogen purging for 5 min. Before entering
the reactor, the feedstock was preheated to 90 ◦C to improve its
flowability. The products were collected in a gas collector and
a liquid collector, respectively, through a cooling bath.

3. Results and discussion

3.1. XRD

Fig. 2 shows the XRD patterns of the calcined composite
sample before and after the treatment in boiling water for 120 h
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Table 1
Properties of the heavy crude oil feed

Item Property

Density (20 ◦C) (g/cm3) 0.885
Viscosity at 100 ◦C (mm2/s) 9.518
Conradson carbon residue (m%) 15.80
Initial boiling point (◦C) 2.70

Item 223
5% distillation temperature (◦C) 278
10% distillation temperature (◦C) 315
30% distillation temperature (◦C) 372
50% distillation temperature (◦C) 430

Element composition (m%)
C 86.13
H 12.94
N 0.25
S 0.38

Fig. 2. The small-angle XRD patterns of the calcined composite before (a),
after treatment in boiling water for 120 h (b), and after treatment in 100% water
vapor at 800 ◦C for 2 h (c).

and after the treatment in 100% water vapor at 800 ◦C for 2 h.
In the low-angle region from 1.0 to 6.0◦, the three distinct dif-
fraction peaks on curve (a) in Fig. 2, indexed as (100), (110),
and (200) and associated with hexagonal symmetry, are those
specific to the mesoporous structure. They demonstrate the ex-
istence of ordered hexagonal mesophase in the composite. In
the high-angle range from 10 to 40◦, no diffraction peaks are
observed, indicating the absence of bulky zeolite phase. The
Table 2
Textural parameters of the Si-MCM-41 and MY/kaolin composite

Samples d100
(nm)

Mesopore
diameter
(nm)

Wall
thicknessa

(nm)

Surface
area
(m2/g)

Pore
volume
(cm3/g)

Micropore
volume
(cm3/g)

Si-MCM-
41

3.25 2.74 1.01 1130 0.96 0

MY/kaolin
composite

3.86 2.44 2.02 364 0.47 0.10

MY/kaolin
composite
treatedb

3.69 2.63 1.64 268 0.36 0.04

a The wall thickness was calculated as: a0—mesopore diameter (a0 = 2 ×
d100/31/2).

b In 100% water steam at 800 ◦C for 2 h.

value of d100, the interplanar spacing in the (100) direction of
the mesophase of the calcined composite is 3.86 nm, much
larger than that (3.25 nm) of the pure Si-MCM-41 phase pre-
pared under the same conditions, as shown in Table 2. The pore
diameters of the mesophase in the MY/kaolin composite and
the pure-phase Si-MCM-41 are 2.44 and 2.74 nm, respectively,
and the pore wall of the former is 1.0 nm thicker than that of
the latter. This can be ascribed to the larger spatial volume
and stronger rigidity of the zeolite Y nanoclusters compared
with the nonstructured silicon species in the conventional Si-
MCM-41 phase [13–15]. After the treatment in boiling water
for 120 h [curve (b) in Fig. 2] and in 100% water steam at
800 ◦C for 2 h [curve (c) in Fig. 2], the mesophase in the com-
posite retains its regular mesoporous structures. These results
suggest that the mesophase in the MY/kaolin composite is hy-
drothermally stable even at high temperatures. In contrast, after
hydrothermal treatment in 100% water steam at 800 ◦C for 2 h,
the pure phase Si-MCM-41 loses its mesoporous structure. The
better hydrothermal stability of the composite may be due, at
least in part, to its zeolite-like connectivity and thicker meso-
pore wall [29].

3.2. SEM

Fig. 3 displays the SEM images of kaolin microspheres (a),
the MY/kaolin composite (b), and the interphase section in the
composite (c). From Fig. 3, it can be seen that the MY crys-
tals are evenly and densely packed on the surface of kaolin
microspheres. In Fig. 3b, the MY mesophase shows consistent
color depth, indicating that no other crystals, such as zeolite
Y crystals, are formed [17,30]. By sectioning the composite,
Fig. 3. SEM images of the samples: (a) kaolin particles; (b) calcined composite; (c) the interphase section in the composite.
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Fig. 4. TEM images of the MY phase in the calcined composite: (a) in the (100) direction; (b) in the (110) direction.
we can see two distinct texture regions (Fig. 3c): the core re-
gion (region 1), which is relatively compact, and the shell re-
gion (region 2), which is relatively loose. More interestingly,
the EDS analysis of the element compositions of the two re-
gions showed that the molar SiO2/Al2O3 ratios of regions 1
and 2 are 2.7 and 15.8, respectively, close to those of the start-
ing kaolin microspheres (2.2) and the initial nanocluster solu-
tion (15.0). Moreover, the interface between regions 1 and 2
is difficult to distinguish, suggesting that the MY mesophase is
linked to the kaolin phase by chemical bonding. Such chemical-
bonding linkage between the MY mesophase and the kaolin
phase can greatly increase the thermal and hydrothermal sta-
bility of the composite [26,27]. From these results, it can be
concluded that the MY mesophase in the composite is certainly
overgrown on kaolin microspheres; that is, a core/shell structure
is formed. Thus, the composite is undoubtedly not a physical
mixture of kaolin and MY. The similar SiO2/Al2O3 molar ra-
tio in the MY mesophase (15.8) in the composite and the initial
solution (15.0) of the preformed zeolite Y nanoclusters also in-
dicates that most of the silicon and aluminum species in the
initial solution had been incorporated into the MY mesophase
during the assembly procedure [14].

3.3. TEM

The TEM images of the MY mesophase in the (100) and
(110) directions (Fig. 4) show that the MY mesophase has or-
dered hexagonal arrays of uniform mesopores. From the TEM
images of the calcined samples, the distance between meso-
pores, the wall thickness, and the size of the mesopores are
estimated to be about 4.5, 2.0 and 2.5 nm, respectively. These
results are consistent with those from the XRD analyses.

3.4. FTIR

The FTIR spectra of the MY/kaolin composite are shown
in Fig. 5. The spectra of the MY/kaolin have two broad bands
at about 460 and 800 cm−1 [curve (a) in Fig. 5], representing
the deformational vibration and symmetric vibration of Si–O
bonds, respectively. Another band at about 579 cm−1 [curve (a)
in Fig. 5], typically ascribed to the double six-member rings in
microporous zeolite type Y [31], is also observed, suggesting
the presence of primary and secondary structural building units
of zeolite Y. These results are consistent with those reported in
Fig. 5. FT-IR spectra of (a) the calcined composite and (b) the pure phase zeo-
lite Y.

the literature [32,33]. However, the band characterizing the vi-
bration of the double rings is at 573 cm−1 [curve (b) in Fig. 5]
for the pure-phase Y zeolite prepared from the same nanoclus-
ter solution. This difference infers that the two materials may
have different local structural environments in the primary and
second structural building units. In fact, it is widely accepted
that the array of silicon and aluminum atoms is of long-range
order in pure-phase Y zeolite, but not in pure mesophase (e.g.,
MCM-41) [10].

3.5. Pore structure

The N2 adsorption–desorption technique is considered more
effective for assessing the hydrothermal stability of mesostruc-
tured materials, because N2 adsorption–desorption measure-
ments are more sensitive to the structural changes that may
occur during hydrothermal treatment. The N2 adsorption–
desorption isotherms of the calcined MY/kaolin composite
before and after the treatment in 100% water vapor at 800 ◦C
for 2 h are shown in Fig. 6A; for comparison purposes, the
N2 adsorption–desorption isotherms of Si-MCM-41 (c), zeo-
lite Y (d), and kaolin (e) are shown in Fig. 6B. The isotherm
of the calcined composite [curve (a)] shows the representative
characteristics of type IV and type I adsorption–desorption.
A steep increase in adsorption volume for the composite oc-
curs at relative pressure P/P0 < 0.01, which is not observed
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(A)

(B)

Fig. 6. N2 adsorption and desorption isotherms of the samples: (A) the calcined
composite before (a) and after (b) the hydrothermal treatment in 100% water
vapor at 800 ◦C for 2 h; (B) Si-MCM-41 (c), zeolite Y (d), and kaolin (e).

for either the pure-phase Si-MCM-41 [curve (c) in Fig. 6B]
or the kaolin [curve (e) in Fig. 6B]. This indicates that mi-
cropores are present in the composite due to the incorporation
of primary and secondary structural building units of zeolite
Y into the MY mesophase. These incorporated building units
behave like microporous zeolite [curve (d) in Fig. 6B] [15].
Another sharp inflection for the composite appears at P/P0,
ranging from 0.25 to 0.40, due to capillary condensation of
the adsorbate in the mesoporous structure. The hysteresis loop
occurring in the pressure range 0.45 < P/P0 < 1.0 is due to
the presence of the macropores from the kaolin and interparti-
cle mesopores. These results demonstrate that the MY/kaolin
composite obtained has a trimodal macro–meso–micro-porous
structure.

The N2 adsorption–desorption isotherm of the calcined com-
posite after the treatment in 100% water vapor at 800 ◦C for
2 h exhibits features typical of type IV isotherms [curve (b) in
Fig. 6A]. After treatment, the composite retains 74% of the pre-
treatment surface area and 77% of the pretreatment framework
pore volume of the composite (Table 2). These findings are con-
sistent with the XRD analysis results and further confirm the
excellent hydrothermal stability of the composite.
(A)

(B)

Fig. 7. Pore size distribution of the calcined composite: (A) BJH mesopore; (B)
HK micropore.

Fig. 7 shows the mesopore and micropore size distributions
of the calcined composite calculated by the BJH and HK mod-
els, respectively. It shows uniform mesopores and micropores
narrowly distributed at about 2.5 and 0.56 nm, respectively.
As shown in Fig. 7A, a broad distribution is also observed in
the pore diameter range >20 nm, signifying the existence of
macropores. This further confirms the hierarchical pore struc-
ture of the composite. The calculated size of mesopores is in
agreement with that estimated from the TEM images shown in
Fig. 4. The micropores in the MY/kaolin composite are smaller
than the pore channels of ordinary zeolite Y crystals (0.56 nm
vs. 0.74 nm), possibly because the pore wall of the mesophase
in the composite is not thick enough to accommodate a whole
zeolite crystal cell [14]. By the t -plot method, it is estimated
that the contribution of the microporous structure to the total
pore volume is about 0.10 cm3/g from N2 adsorption, as shown
in Table 2.

To reaffirm the hierarchy of the pore structures of the com-
posite MY/kaolin, mercury porosimetry and argon sorption
measurements were also carried out. The mercury intrusion–
extrusion isotherms (Fig. 8A) clearly show an intrusion uptake
correlated with the mercury filling in macroporosity. The de-
rived pore size distribution (Fig. 8A) manifestly reveals the
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(A)

(B)

Fig. 8. Mercury intrusion-extrusion isotherms: (A) the composite MY/kaolin;
(B) the mechanical mixture of MY and kaolin.

Fig. 9. Argon adsorption–desorption isotherms and the derived DFT micropore
size distribution of the composite MY/kaolin.

presence of both macroporous and mesoporous architecture
in the composite MY/kaolin. The argon adsorption–desorption
isotherms and the derived DFT micropore size distribution
are shown in Fig. 9. The argon isotherms of the composite
MY/kaolin exhibit a typical IV curve with capillary condensa-
tion within the relative pressure range of 0.30 < P/P0 < 0.40,
which is analogous to the aforementioned nitrogen sorption
properties, indicating the presence of the ordered mesoporous
structures. More interestingly, the DFT micropore size dis-
tribution at 0.62 nm (Fig. 9) is close to the HK micropore
size value (0.56 nm) derived from the nitrogen adsorption–
desorption measurements. Combining the nitrogen and argon
adsorption–desorption results, we can conclude that a hierar-
chically macro–meso–micro-porous system is undoubtedly es-
tablished in the composite MY/kaolin.

In hierarchically porous materials, the connectivity of pores
of different sizes is significant in terms of their catalytic ap-
plications from the standpoint of accessibility. To investigate
the macro–meso–micro-pore interconnectivity in the compos-
ite MY/kaolin, a mechanical mixture of MY and kaolin with
the same mass fraction as that in the composite MY/kaolin was
prepared and characterized by mercury porosimetry measure-
ments (Fig. 8B). Comparing Figs. 8A and 8B reveals that the
deviation of the extrusion branch from the intrusion branch
for the composite MY/kaolin is much less than that for the
mechanical mixture, indicating the much lower mercury en-
trapment during the extrusion process and better accessibility
of the framework porosity of the former, that is, higher con-
nectivity between mesopores and macropores for the compos-
ite MY/kaolin [34]. In contrast, isolated pores or cavities with
lower interconnectivity often lead to negligible mercury intru-
sion and hold mercury reservation during the extrusion. Be-
cause adsorption–desorption hysteresis is related to the acces-
sibility of the gas condensed in a given pore to the surrounding
gas phase (i.e., to the connectivity of pores [35]), the negligible
adsorption–desorption hysteresis in the argon sorption for the
composite MY/kaolin (Fig. 9) suggests that the mesopores of
the composite MY/kaolin are entirely accessible from outside
and well connected with each other.

Because the foregoing XRD and SEM analysis results con-
firm the absence of bulky microporous zeolite phase in the
composite, and the SEM analyses show that the composite
MY/kaolin is composed of kaolin phase and MY mesophase in
nature, the microporous structure in the composite MY/kaolin
revealed by the FTIR and N2 and Ar adsorption analysis results
is thought to derive exclusively from the mesophase MY due
to the absence of microporous structure in kaolin, as shown by
curve (e) in Fig. 6B; that is, the microporous structure exists in
the mesoporous structure. Because the mesophase MY is over-
grown on kaolin microspheres (see Fig. 3), the mesophase is
naturally connected to the macropores in the kaolin phase, con-
sistent with the foregoing mercury porosimetry analyses. Thus,
a hierarchical macro–meso–micro-pore structure is surely ob-
tained. A schematic representation of the composite MY/kaolin
given in Fig. 10 provides more information on the hierarchical
pore structure.

Because the wall thickness of the mesophase MY is much
smaller than the size of an ordinary zeolite Y crystal, the micro-
pore channels in the MY/kaolin composite (see Fig. 7B) should
be much shorter than those in the ordinary zeolite Y crystals.
Such an interconnected pore system differs greatly from those
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Fig. 10. Schematic representation of envisaged core/shell section structure of
the composite MY/kaolin.

Fig. 11. 27Al NMR spectra of the mesophase MY in the calcined MY/kaolin
composite (a), pure-phase zeolite Y (b), and Al-MCM-41 (c).

of the kaolin/NaY/MCM-41 composites synthesized by the
two-stage method and the mechanical mixtures of kaolin, NaY,
and MCM-41 [36]. This unique pore system should greatly en-
hance the accessibility of the catalytically active sites inside the
microporous channels to larger reactant molecules, accelerate
the diffusion of products, and reduce secondary reactions.

3.6. 27Al NMR

The state of Al in the MY mesophase of the calcined com-
posite was studied by 27Al MAS NMR; the results are shown
in Fig. 11. The only chemical shift assigned to tetrahedrally co-
ordinated Al species in the framework is at 60 ppm (Fig. 11,
curve (a)), which is very close to the 59-ppm shift of those in the
pure-phase Y zeolite (Fig. 11, curve (b)) and significantly dif-
ferent from the 55-ppm shift of those in Al-MCM-41 prepared
under identical conditions (Fig. 11, curve (c)). This finding sug-
gests that Al species in both the mesophase MY and the pure-
phase Y zeolite have a close to similar environment. In contrast,
the Al species in Al-MCM-41 after calcination often show an
additional chemical shift signal related to the nonframework Al
species (Fig. 11, curve (c)) [37]. No visible difference in chem-
ical shift was observed between the as-synthesized samples and
Fig. 12. NH3-TPD curves of (a) the calcined composite, (b) Y, and Al-
MCM-41 (c).

Table 3
Acidic properties of the samples determined by NH3-TPD technique

Samples Acidity (mmol NH3/g solid)

Weak acid Medium acid Strong acid Total amount

MY/kaolin 0.333 (58.3%) 0.161 (28.2%) 0.077 (13.5%) 0.571
Zeolite Y 0.377 (40.9%) 0.190 (20.6%) 0.354 (38.4%) 0.921
Al-MCM-41 0.274 (70.5%) 0.098 (25.3%) 0.016 (4.2%) 0.388

the calcined samples, again indicating that the Al species in the
framework are stable.

3.7. Acidity

Fig. 12 shows the NH3-TPD curves of the calcined compos-
ite, pure-phase zeolite Y, and Al-MCM-41. The samples had
been transformed into protonated form by ion exchange be-
fore measurement. Apparently, both the composite (Fig. 12,
curve (a)) and the pure-phase zeolite Y (Fig. 12, curve (b))
have three desorption peaks at 190, 286, and 398 ◦C, corre-
sponding to weak, medium, and strong acid sites, respectively.
Al-MCM-41 (Fig. 12, curve (c)) shows only the two former
desorption peaks, demonstrating that Al-MCM-41 obtained in
the present investigation has only weak and medium acidity,
with almost no strong acidity. This indicates that the acidic
property of the composite MY/kaolin is similar to that of ze-
olite Y, but different from that of Al-MCM-41. The acidity of
aluminum-containing zeolite catalysts is often influenced by the
local environment of Al atoms. As discussed above, the local
environment of Al atoms and the pore wall structure in the
MY mesophase of the MY/kaolin composite are very similar
to those in zeolite Y. The NH3-TPD results show that the MY
mesophase assembled from the preformed zeolite Y nanoclus-
ters accounts for the acidity, especially for the strong acidity
of the composite. However, the composite has less total acid
sites than the pure-phase Y zeolite, as shown in Table 3. The re-
sults in Table 3 also demonstrate that compared with zeolite Y,
the MY/kaolin composite has higher percentages of weak and
medium acid sites and a lower percentage of strong acid sites.
For some acid-catalyzed reactions, such as heavy crude oil cat-
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(A)

(B)

Fig. 13. IR spectra of pyridine adsorbed at 200 ◦C (curve 1) and 350 ◦C
(curve 2): (A) protonated composite; (B) protonated pure phase zeolite Y.

Table 4
Acidic properties of the calcined composite and the pure phase zeolite Y

Samples Acidity (A cm2/g)

Brönsted Lewis Total

200 ◦C 350 ◦C 200 ◦C 350 ◦C 200 ◦C 350 ◦C

Composite 12.0 6.9 25.3 16.3 37.3 23.2
Pure phase zeolite Y 20.8 8.2 42.7 26.0 63.5 34.2

alytic cracking, the weaker acidity may mean relatively lower
catalytic activity.

IR spectroscopy of adsorbed pyridine is another technique
for measuring and distinguishing different types of acid sites
on zeolite surfaces. The IR spectra of pyridine adsorbed on the
protonated samples of the composite and the pure-phase Y ze-
olite in wavenumber region 1600–1400 cm−1 are presented in
Fig. 13. The two bands at 1540 and 1450 cm−1 are related to the
adsorption of pyridine molecules on Brönsted and Lewis acid
sites, respectively. Table 4 lists the acid strength distributions of
the composite and the pure-phase Y zeolite quantitatively cal-
culated from the results of pyridine adsorbed IR spectra at 200
and 350 ◦C. At the two thermal desorption temperatures, there
are less Brönsted acid sites and Lewis acid sites in the com-
Fig. 14. DSC curves of (a) the composite and (b) Si-MCM-41.

posite than in the pure-phase Y zeolite. This is in agreement
with the NH3-TPD characterization results. The acidity mea-
surement results verify the zeolite-like structural characteristics
of the mesophase MY in the MY/kaolin composite.

3.8. DSC

The DSC analysis results of the composite and Si-MCM-41
are shown in Fig. 14. The two peaks on curve (a) for the com-
posite at 300 and 410 ◦C can be assigned to the desorption
and decomposition temperatures of the template CTABr in the
mesophase MY, respectively, both of which are below 345 and
416 ◦C on curve (b), the corresponding desorption and decom-
position temperatures of CTABr in the pure-phase Si-MCM-41.
The easier thermal desorption and decomposition of CTABr
in the mesophase MY is an indication of the weaker interac-
tion between CTABr and the mesopore walls in the composite
[18,37]. Fig. 14 also shows that the exothermal peak represent-
ing the transformation of kaolin phase to mullite phase shifts
from 994 ◦C for the kaolin spheres to 986 ◦C for the composite,
due to the decreased structural integrity of the kaolin phase after
the overgrowth of the mesophase MY [38], because the surface
part of kaolin spheres is dissolved into the liquid gel and par-
ticipate in formation of the MY mesophase. The presence of
the kaolin phase in the composite further confirms the macro–
meso–micro-porous structure of the composite, in which the
retained kaolin provides macropores. Kaolin in the composite,
functioning as a substrate, also can contribute to the excellent
hydrothermal stability of the composite [27].

3.9. Catalytic properties

To explore the potential of the MY/kaolin composite as a
catalyst, the catalytic performance of the MY/kaolin composite-
derived catalyst was tested for cracking heavy crude oil and
compared with that of the Y-kaolin-, Y/kaolin-, Y/MCM-41-,
and Y-MCM-41-kaolin-derived catalysts. The results are listed
in Table 5. Among the five catalysts, the MY/kaolin-derived
one shows the lowest dry gas yield (1.5 wt%) and a very
low coke yield (6.9 wt%). As is well known, the dry gas and



78 Q. Tan et al. / Journal of Catalysis 251 (2007) 69–79
Table 5
Catalytic cracking results of the different catalysts

Samples Yield (wt%)

Dry gas LPG (C3+C4) Gasoline Diesel HCO Coke Gasoline + diesel

MY/kaolin 1.5 10.8 43.8 30.6 6.4 6.9 74.4
Y-kaolin 2.5 12.9 39.6 28.5 7.9 8.7 68.1
Y/kaolin 2.7 13.1 40.8 28.4 6.6 8.4 69.2
Y/MCM-41 1.9 12.1 43.2 29.4 7.3 6.1 72.6
Y-MCM-41-kaolin 2.2 13.5 41.8 29.3 6.0 7.2 71.1
coke come from the secondary reactions, because of the lim-
ited outward diffusion of the product molecules. It also was
found that the diffusion coefficient of molecules in mesopores
is several orders of magnitude larger than that in micropores,
which are close in size to the molecules involved [20]. There-
fore, the lower yields of dry gas and coke over the composite
MY/kaolin derived catalyst can be attributed, at least in part,
to the presence of mesopores in the composite. Such an ex-
planation is further supported by comparing the catalytic be-
havior of the mesophase-containing catalysts (Y/MCM-41 and
Y-MCM-41-kaolin) and the mesophase-free catalysts (Y-kaolin
and Y/kaolin); the former two catalysts show lower yields of
dry gas and coke (Table 5). This is because the mesopores in
the catalysts can accelerate the diffusion of the product mole-
cules, and thus the secondary reactions leading to dry gas and
coke formation are decreased [39]. For hydrocarbon transfor-
mation over zeolite materials, conversion and selectivity are
largely influenced by the time that the hydrocarbon molecules
spend inside the zeolitic micropores [20]. As discussed before,
the micropore channels in the composite MY/kaolin are much
shorter than those in pure-phase zeolite Y crystals and thus help
decrease unwanted secondary reactions that lead to massive for-
mation of dry gas and coke. This interpretation is perfectly in
line with the concept of pore continuum [40], which states that
essentially, a product molecule that diffuses outward the zeolitic
micropores will spend less time within the zeolitic micropores
and thus will have less chance to undergo the resulting sec-
ondary cracking reaction if the zeolitic micropores are short
and the mouth of the zeolitic micropores is in close contact with
mesopores. For the same reason, the dry gas and coke yields of
the composite MY/kaolin-derived catalyst are also lower than
those of the Y/MCM-41- and Y-MCM-41-kaolin-derived cata-
lysts (Table 5), whereas the latter two catalysts also have regular
mesopores. This is because the microporous phase (zeolite Y)
in the latter two catalysts exists in the bulk-phase form; that is,
the micropores in Y/MCM-41 and Y-MCM-41-kaolin are rela-
tively longer than those in the composite MY/kaolin.

Surprisingly, the composite MY/kaolin-derived catalyst also
gives the highest yield of light fraction oil (gasoline + diesel)
among the five catalysts, even though the composite MY/kaolin
is of lower acidity than zeolite Y. These results are consis-
tent with but better than those reported by Kloetstra [17], who
reported that MCM-41-coated USY gave 4.5 wt% higher se-
lectivity to lighter fractions than the original USY for cracking
vacuum gasoil. In fact, it is widely accepted that catalyst acidity
is not the only factor determining conversion and product dis-
tribution and that the accessibility of catalytically active sites
often plays a critical role in some diffusion-controlled reac-
tions [41,42]. Therefore, the higher light fraction yield of the
composite MY/kaolin-derived catalyst compared with the other
catalysts should be attributed to the enhanced accessibility of
active sites to reactant molecules thanks to the unique macro–
meso–microporous structure. This is because in the hierarchi-
cal pore structure of the composite MY/kaolin, the reactant
molecules are first transported through the mesopores and then
adsorbed in micropores to undergo shape-selective catalytic
cracking reactions [43]. Thus, precracking of the feedstock
molecules in the mesopores before they enter the zeolitic mi-
cropores results in the higher gasoline yields in the final product
distribution (Table 5) [41]. Here we can infer that the enhanced
accessibility to active sites, induced mainly from the mesopores
of the hierarchical pore structure, can partially compensate for
the relatively lower acidity of the composite MY/kaolin-derived
catalyst [39], as can be seen from the higher light fraction
yields of the mesopore-containing catalysts (Y/MCM-41 and
Y-MCM-41-kaolin) compared with the mesopore-free catalysts
(Y-kaolin and Y/kaolin) (Table 5).

The foregoing catalytic results fully demonstrate that the hi-
erarchical macro–meso–micro-porous structure of the MY/kao-
lin composite can significantly facilitate molecule diffusion and
increase the accessibility of the acid sites located in microp-
orous channels to larger reactant molecules.

4. Conclusion

In this study, MY/kaolin composites with hierarchical mac-
ro–meso–micro-porous structure were synthesized for the first
time via the overgrowth of ordered mesophase MY on kaolin
spheres through the in situ assemblage of preformed zeolite
Y nanoclusters. The characterization results for the compos-
ites show that they have high hydrothermal stability, moderate
acidity, and an advantageous pore system comprising microp-
ores, mesopores, and macropores. The mesophase MY in the
MY/kaolin composites contains primary and secondary struc-
tural building units of zeolite Y and contributes the shorter
micropores and moderate acidity, whereas the macropores in
the composite are inherited mainly from kaolin. The unique
pore structure of the composites significantly facilitates mass
transfer and greatly increases the accessibility to catalytically
active sites in microporous channels. As a result, the composite-
derived catalysts perform excellently in heavy crude oil crack-
ing. The methodology introduced in this study provides a novel
route for preparing composite materials with hierarchical pore
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structure that have wide applications in catalysis reactions, es-
pecially those involving conversion of bulky molecules.
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