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Through a two-step synthesis procedure, bimodal micro-mesoporous aluminosili-
cates, denoted as B-MASs, were synthesized by assembling preformed zeolite Y nano-
clusters using a triblock polymer as template. By controlling the aging conditions of
preformed zeolite nanoclusters the porosity of the B-MASs was suitably tuned. The
characterization results showed that the pore walls of the mesoporous phase in the
B-MASs consist of zeolite Y nanoclusters and the microporosity of the B-MASs is
inherited from the incorporated nanoclusters. It was suggested that more incorporation
of the well-developed zeolite nanoclusters accounts for the increasing microporosity of
the B-MASs with the increasing aging temperature of the preformed zeolite nano-
clusters. The incorporated nanoclusters have much shorter pore channels and mainly
contribute weak Lewis acid sites to the B-MASs. The resulting bimodal micro-mesopo-
rous materials B-MASs with mutually connected mesopores and shorter micropores
showed superior catalytic properties when used for cracking heavy crude oil. © 2008
American Institute of Chemical Engineers AIChE J, 54: 1850-1859, 2008
Keywords: bimodal micro-mesoporous aluminosilicates, zeolite nanoclusters; pore
structure tuning, heavy oil catalytic cracking

Introduction because of their potential applications in separation and ca-
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Since their emergence, mesoporous materials such as talysis involving large molecules. ~ Compared with conven

MCM-41 and SBA-15 have attracted considerable attention ~ tional microporous - zeolites, however, these mesoporous
materials have much weaker acidity and lower hydrothermal

stability because of the amorphous nature of their mesopo-
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as aluminum can generate catalytically active sites, the
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mesostructural materials often become lower.>® These short-
ages severely limit their industrial applications, especially
those dealing with high-temperature operations with steam
such as encountered in petroleum fluid catalytic cracking
(FCC). Therefore, to improve the hydrothermal stability and
increase the acidity of mesoporous materials has been the
focus of mesoporous material research.”

On the other hand, microporous zeolites have been the
most widely used porous inorganic materials in catalysis
because of their adjustable acidity and well-defined micro-
pores. Although the micropores of various zeolites usually
less than 1 nm confer the exceptional properties in various
size-selective reactions,® their intrinsic smaller pore size
brings diffusional limitations, especially when used for con-
verting bulky molecules. It has been recognized that hier-
archical pore structure that combines the advantages of both
mesoporous materials and microporous zeolites can offer
attractive features and circumvent the problems aforemen-
tioned.”'® There have been several successful examples
regarding the synthesis of such hierarchical porous materials,
such as by compositing mesoporous materials with zeo-
lites'"'? and by creating mesoporosity in zeolite crystals.13’14
Nevertheless, the diffusion path length in the micropore
channels of these composite materials is still quite long for
diffusion-limited reactions,' because of the bulky and sepa-
rate nature of microporous zeolites in these composite mate-
rials.'® Such a quite long diffusion path length often results
in much longer time for intermediate product molecules
inside micropore channels to diffuse outward, leading to
unwanted by-reactions such as excessive cracking in FCC
processes. So, to fully take advantage of the unique adsorp-
tion performance and excellent shape-selectivity of micropo-
rous zeolites without suffering from diffusional limitations,
micropore channels in zeolite phase should be short'’ and
directly connected to more open mesopores, as described by
the concept of pore continuum.'® This suggests the necessity
to create so-called bimodal pore system that can substantially
enhance the accessibility of the catalytically active sites
existing in microporous channels and thereby increase the
catalytic efficiency, because molecules to be converted are
first transported through the mesopore channels and then
adsorbed in the micropores to undergo selective catalytic
reactions. An effective approach to preparing such bimodal
porous materials is to endow ordered mesoporous materials
with some characteristics of microporous zeolites, i.e., to
generate zeolitic microporosity and acidity within the pore
walls of ordered mesoporous materials.'” For this purpose,
steam-stable aluminosilicates MSUS,20 named after their
invention institution Michigan State University, and hydro-
thermally stable mesoporous aluminosilicates (MASs)*'?
have been successfully synthesized via the assemblage of ze-
olite nanoclusters/seeds using surfactant-templated synthesis
in both alkaline and acidic media. By recrystallizing the
pore walls, mesoporous materials with semicrystalline zeo-
litic framework were also obtained.”> Although numerous
results have shown that the ratio of microporosity to meso-
porosity in such bimodal porous materials has remarkable
influence on the catalytic efficiency of the resulting catalysts
in terms of conversion, yield, and product selectivity,Q’24 the
porosity control of bimodal porous materials is still a great
challenge.

AIChE Journal July 2008 Vol. 54, No. 7

Published on behalf of the AIChE

In this article, a series of bimodal micro-mesoporous
aluminosilicates (B-MASs) with tunable microporosity were
prepared by assembling zeolite Y nanoclusters in an acidic
medium. The resulting materials were characterized by X-ray
diffraction (XRD), Fourier transformed infrared spectroscopy
(FTIR), transmission electron microscopy (TEM), N, adsorp-
tion, 2’Al solid-state nuclear magnetic resonance (27Al NMR)
spectroscopy, in-situ FTIR spectroscopy of adsorbed pyridine
(Py-IR), and differential thermogravimetry (DTG). The cata-
Iytic activities of the samples were assessed in a microactiv-
ity testing (MAT) unit using heavy oil catalytic cracking as a
model reaction system.

Experimental
Materials

Sodium silicate (containing 26.0 wt % SiO,) was purchased
from Beijing Hongxing Chemicals (China). Aluminum sulfate
(containing 99.0 wt % Al5(SO4)3-18H,0) and sodium hydro-
xide (containing 96.0 wt % NaOH) were purchased from
Beijing Yili Fine Chemicals (China). EO»oPO70EO, (Pluronic
P123) was purchased from Aldrich (USA).

Synthesis procedure

A typical synthesis procedure of the B-MASs with differ-
ent microporosities is described as follows: (1) Five mixtures
with the identical molar ratio of Na,0:Al,05:Si0,:H,O at
16:1.0:15:300 were prepared in parallel by mixing 4.6 g so-
dium silicate, 0.9 g aluminum sulfate, and 1.25 g sodium hy-
droxide in 4.8 mL deionized water in five autoclaves under
stirring, and then aged under stirring at 45, 70, 95, 120,
140°C for 24 h, respectively, to obtain five solutions of zeo-
lite Y nanoclusters; (2) Five P123 solutions were prepared in
parallel by dissolving 2.08 g P123 in 52.6 mL H,O and mix-
ing with 10.0 mL H,SO, of 2.5 M/L, to each of them one of
the preformed zeolite Y nanocluster solutions obtained in
step (1) was added, and the pH values of the resulting gels
were adjusted to 2.0 by dropwise adding a H,SO, solution of
2.5 M/L; (3) The resulting five gel mixtures were stirred at
40°C for 20 h and then transferred into five autoclaves to
crystallize at 100°C for 24 h, the crystallization products
were collected by filtration, then dried in air, and calcined at
550°C for 6 h to remove the template to obtain five B-MAS
samples denoted as B-MAS-1, B-MAS-2, B-MAS-3, B-MAS-4,
and B-MAS-5, respectively.

For comparison purpose, an aluminum-substituted SBA-15,
which was named after its invention institution University of
California, Santa Barbara, was prepared by the direct synthe-
sis method described in literature®> under the same condi-
tions used for synthesizing the B-MASs, except for that the
nanocluster solution was replaced by an equivalent amount
of sodium silicate and aluminate. Zeolite Y was prepared by
statically crystallizing the third nanocluster solution (aged at
95°C) at 100°C for 24 h.

Characterizations

The XRD patterns of the samples were obtained on a Shi-
madzu 6000 diffractometer (Shimadzu, Japan) using CuKo
radiation and operated at 40 kV and 30 mA. TEM characteri-
zation was conducted on a JEOL-2000FX II electron micro-
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Table 1. Properties of the Heavy Crude Oil Feedstock

Vacuum Vacuum

Items gas oil residual oil
Density (20°C) (g/cm’) 0.8748 0.9310
100°C viscosity (mm?/s) 11.28 137.67
Conradson carbon (m%) 0.30 8.22
Initial boiling point (°C) 423 456
500°C distilled (m%) 38 7
Element analysis (m%)

C 85.94 86.62

H 13.70 12.67

N 0.20 0.30

S 0.16 0.41

scope (JEOL, Japan) operated at 120 kV. The FTIR spectra
of the samples were recorded on a Nicolet Magna-IR 560 E.
S. P. spectrometer (Nicolet, USA) with a resolution of
1 cm~'. N, adsorption and desorption isotherms were mea-
sured on an ASAP 2020M instrument (Micromeritics, USA)
at liquid nitrogen temperature. The Brunauer-Emmett-Teller
(BET) method was used to calculate the surface areas of the
samples (Sger). The surface areas (Syic) and volumes (Vie)
of micropores were calculated by using the V-t plot
method.?® The sizes of mesopores were derived from Barrett-
Joyner-Halenda (BJH) models. The values of unit cell param-
eter were calculated using the formula a = 2d100/31/ 2, where
dygo represents the d-spacing value of the (100) diffraction
peak in the XRD patterns. The values of wall thickness d
were calculated by subtracting mesopore size (b) from unit
cell dimension (a). *’Al solid-state NMR experiments were
performed on a Varian Unity Inova 300 spectrometer
(Varian, USA) equipped with a double resonance 6 mm
Chemagnetics ™ MAS probe and operated with frequency at
59.59 MHz, pulse width at 1.5 us, radiofrequency field
strength at 50 G, pulse delay at 2 s, spinning rate at 5 kHz,
and 10,000 scans. Pyridine adsorption experiments were con-
ducted on self-supported wafers in an in-situ FTIR cell. The
samples were dehydrated at 500°C for 5 h under a vacuum
of 1.33 X 1072 Pa and the adsorption of purified pyridine
vapor at room temperature for 20 min was followed. The sys-
tem was then evacuated at different temperatures (200 and
350°C) and the FTIR spectra were recorded. The DTG analy-
sis was performed on a STA409PC thermogravimetric ana-
lyzer (Netzsch, Germany) at a heating rate of 5°C/min in air.

Catalytic cracking performance tests

The H-form samples of the above B-MASs, Al-SBA-15,
and zeolite Y were obtained by repeated procedure of ion
exchange with a NH4NOj3 solution of 1.0 M/L and calcina-
tion at 550°C for 2 h. The H-form samples were then pressed
into pellets, crushed, sieved to 20-40 mesh, and finally
steamed before being used as catalysts.

Heavy crude oil catalytic cracking tests were carried out in
a MAT unit by the pulse method. The heavy crude oil feed-
stock used was a blend of 30 wt % Daqing (China) vacuum
residue and 70.0 wt % Daqing vacuum gas oil. The physical
and chemical properties of the feedstock are shown in Table
1. The heavy crude oil catalytic cracking tests were per-
formed under the standard conditions: catalyst loading 4.0 g;
reaction temperature 500°C; 1.3 g of the heavy crude oil was
introduced to the reactor through an injection tube within
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60 s, then purging nitrogen was followed for 5 min. Before
entering the reactor, the feedstock was preheated to 90°C to
improve its flowability. The reaction products were collected
in a gas collector and a liquid collector, respectively, through
a cooling bath. The component analyses of the cracking
products were carried out using an Agilent gas chromatogra-
pher equipped with a flame ionization detector.

Results and Discussion
Characterization

XRD. Figure 1 shows the XRD patterns of the calcined
B-MAS-1, B-MAS-2, B-MAS-3, B-MAS-4, B-MAS-5, and
Al-SBA-15 samples before and after the hydrothermal treat-

ment in 100% water vapor at 800°C for 2 h, and Table 2
lists the corresponding structural parameters. Each of the B-
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Figure 1. XRD patterns of (a) B-MAS-1, (b) B-MAS-2, (c)
B-MAS-3, (d) B-MAS-4, (e) B-MAS-5, and (f)
Al-SBA-15 before (A) and after (B) the treat-
ment in 100% water vapor at 800°C for 2 h.
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I MAS samples has well-resolved diffraction peaks associated
= EElme=as5a with the ordered hexagonal arrays of mesopores of uniform
- E SE| FF G . . . .
;@. 5 size (Figures 1A, curves a—e). The absence of the diffraction
@ . . . °
vv;; sl coccocoo peaks in the high angle region (5-35°) of the XRD patterns
7]
EE g gg oggded of the five B-MAS samples (not shown) suggests that they
Ela &3 are pure mesoporous phase without bulky zeolite crystals. It
§ § ‘,2 zzl88%8%8¢% is interesting to note that the dygo values reflecting the (100)
v &« EE|ld—a==2 interplanar spacings of the five B-MAS samples are larger
o= sE|dz=dzz=¢2 p pacing p 4
I~ 2w than that of the Al-SBA-15 sample (Table 2). Combining the
= g = g results of the N, adsorption—desorption experiments shown in
E5E S 3eIg3 Table 2, we can see that the wall thickness of the five B-
’ﬁf ; é ceceee MAS samples is also thicker than that of the AI-SBA-15
2 E < sample. This phenomenon is attributed to the relatively larger
2 %EI — spatial volume and stronger rigidity of the preformed zeolite
» 20 ..
§ $ : gmg § E g § § § nanoclusters used for synthesizing the B-MASs than the non-
- i g =3|sscsss structured silicon and aluminium species used for synthesiz-
g £2 ing AI-SBA-15.?7 Furthermore, the (110) and (200) peaks of
«g go BC) CZoasq the five B-MAS samples (Figure 1A, curves a—e) are rela-
2 £ Feleee == ively 1 isibl d distinguishable than th f the Al-
@ EBE SElS222S53SS tively less visible and distinguishable than those of the
=2% = SBA-15 sample (Figure 1A, curve f), suggesting that the
E e P mesopores in the five B-MAS samples are relatively not as
Q“E = & E-ogedd ordered as those in the AI-SBA-15 sample. This is because
2 5 7 “ET==aa the relatively larger spatial volume and stronger rigidity of
2 gé zeolite nanoclusters make the assembly relatively difficult
;:5 g = g S229as and thus result in relatively less order of the mesophase in
2gE|® ﬁm asa338g the final products.”” Interestingly, after the hydrothermal
EE&|E treatment in 100% water vapor at 800°C for 2 h, the five B-
=& S . P
T23 |2 e - o oo MAS samples (Figure 1B, curves a—e) show stronger (100)
-~ = — . . . . .
=~ g = SEI88SREX diffraction peak intensity than the Al-SBA-15 sample (Figure
g é% M —eeeee 1B, curve f), although before the hydrothermal treatment the
A~ oo latter (Figure 1A, curve f) shows stronger (100) diffraction
s~ »n = ) 0 o . . . . .
=38 2 Elgagzggds peak intensity than the formers (Figure 1A, curves a—e), indi-
s ES |3 < IR cating the higher hydrothermal stability of the formers than
£33 |9 g g Y y
QD — o=
SZE 3| . the lz}tter. ‘ . .
E o= | 5 S& 2gnaag It is well known that the chemical and physical properties
A ig al A 23 @ e § of mesoporous materila%s are strongly dependent on their
LSy preparation conditions. *~ In the case of the B-MASs, the key
§§ ’g synthesis factor is the preformation of zeolite Y nanoclusters.
E <2 Elpugxgg| = These zeolite Y nanoclusters undergo the surfactant-tem-
9 E : . d
= s § =| T ‘g plated assembly and form the mesoporous products B-MAS:s.
3 2 < o The XRD patterns of the solid products obtained by filtrating
» = Tl e—wmao| S the five nanocluster solutions reveal some representative fea-
sEx S|E2Q33%| % f nano-faujasite (Figure 2 hile th
T2 = ; NS ooo| = tures of nano-faujasite (Figure 2, curves a—e), while the zeo-
E S ,S‘ 5 lite Y sample show all the diffraction peaks typical to fauja-
ez = PP = site crystals in its XRD pattern (Figure 2, curve f). These
&~ &E E RS results suggest that the silicon and alumina species in the
8 g = sS|TTTT T 2 five initial solutions have been transformed into primary and
=g E s secondary structural units of pure zeolite Y crystals, viz., ze-
=) = ~| w—=aaurmnmol| 2 Ty P y
o /53: g Eloatexs = olite Y nanoclusters. During the second step, however, part
~ 53 [RE[=T == = of these nanoclusters is unavoidably dissolved into the acidic
ER- 5 . o
.g:g £ medium and their size is diminished to too small to be
S 5% © g E resolved by the XRD technique. Consequently, the final
E ZF 222 | Cvnoo E products B-MASs do not show any diffraction features typi-
S o 8| BB Y| TEaaF g . . . .
g .= 8. 2 — = 5 cal to the corresponding microporous zeolite crystals in the
> 2B |<ES g P g P ry
g8« o 8 = S high angle (5-35°) region of their XRD pattern (not shown).
ST @ % £ g g g p
‘f & g = Interestingly, by gradua!ly increasing the aging temperature
‘: It § - | 2 of the nanocluster solutions from 45 to 140°C, the stronger
= §.E 2| & Sod 2:: 8 intensity of the diffraction peaks and thereby the more pro-
= 5 E éggggg % nounced characteristics of faujasite were observed for the
= S| AR AR E corresponding solid products obtained by filtering the nano-
% cluster solutions (Figure 2, curves a—e), suggesting that the
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Figure 2. XRD patterns of the solid products obtained
by the direct filtration of the nanocluster
solutions used for synthesizing (a) B-MAS-1,
(b) B-MAS-2, (c) B-MAS-3, (d) B-MAS-4, (e)
B-MAS-5, and (f) zeolite Y.

more zeolite nanoclusters with higher matureness were
formed in the solutions with the increasing aging tempera-
ture.?®

FTIR. Figure 3 shows the FTIR spectra of the calcined
B-MAS-1, B-MAS-2, B-MAS-3, B-MAS-4, B-MAS-5, and
Al-SBA-15 samples. Obviously, they all have a broad band
at 460 cm™! in the wavenumber region of 400-600 cm”
similar to that of amorphous materials.”’ For the five B-MAS
samples (Figure 3, curves a—e), however, an additional band
in the region of 570-580 cm ' is clearly observed. This
band is typically ascribed to the double six-member rings of

(f)
(e)
(d)

(c)
(b)

(a)

800 700 600 500 400
Wavenumber (cm™)

Figure 3. FTIR spectra of the (a) B-MAS-1, (b) B-MAS-
2, (c) B-MAS-3, (d) B-MAS-4, (e) B-MAS-5,
and (f) AI-SBA-15.
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Figure 4. TEM images of the calcined (a) B-MAS-1, (b)
B-MAS-2, (c) B-MAS-3, (d) B-MAS-4, (e) B-
MAS-5, and (f) AlI-SBA-15.

Y type zeolite.**! This result confirms that the nanoclusters
containing the structural building units of zeolite Y have
been incorporated into the mesoporous walls of the five B-
MAS samples, exactly consistent with literature results.?’
This result also indicates that the B-MASs obtained in the
present investigation may play the same role as zeolite Y
does in catalysis applications.

TEM. The TEM images of the calcined B-MAS-1, B-
MAS-2, B-MAS-3, B-MAS-4, B-MAS-5, and AI-SBA-15
samples are shown in Figure 4. Similar to the Al-SBA-15
sample, the five B-MAS samples clearly show the ordered
hexagonal arrays of uniform mesopores. From the high
black—white contrastness of the TEM images, the distance
between two neighboring mesopores and the mesopore wall
thickness and size of the five B-MAS samples were esti-
mated and the results are shown in Table 2. The results
obtained are basically consistent with those of the XRD
analyses.

N, Adsorption—-Desorption Isotherms. Figure 5 gives the
nitrogen adsorption—desorption isotherms of the calcined B-
MAS-1, B-MAS-2, B-MAS-3, B-MAS-4, B-MAS-5, and Al-
SBA-15 samples before (A) and after (B) the treatment in
100% water vapor at 800°C for 2 h. The isotherms of the
five B-MAS samples before the hydrothermal treatment
(Figure 5A, curves a—e) show the representative characteris-
tics of type IV adsorption—desorption with a sharp inflection
at relative pressure 0.70 < P/Py < 0.85 and a well defined
hysteresis loop, similar to that of the AI-SBA-15 sample
(Figure 5A, curve f), indicating the well formed mesoporous
structure in their frameworks. Interestingly, the isotherms of
the five B-MAS samples have a steep increase in N, adsorp-
tion volume at relative pressure P/P, < 0.01 (Figure 5A,
curves a—e), different from that of the AI-SBA-15 sample
(Figure 5A, curve f), suggesting the presence of microporous
structure in the five B-MAS samples due to the incorporation
of zeolite Y nanoclusters into their pore walls.?! The approx-
imately linear adsorption volume increments at relative pres-
sure 0.05 < P/Py < 0.70 for the five B-MAS samples are
possibly due to the monolayer coverage of regular mesopores
by N, adsorbate, while the sharp inflections at relative pres-
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Figure 5. Nitrogen adsorption-desorption isotherms of
the (a) B-MAS-1, (b) B-MAS-2, (c) B-MAS-3,
(d) B-MAS-4, (e) B-MAS-5, and (f) Al-SBA-15
before (A) and after (B) the treatment in
100% water vapor at 800°C for 2 h.

sure 0.70 < P/Py < 0.85 for the five B-MAS samples indi-
cates the capillary condensation of N, adsorbate in their
primary mesopores. It is well known that this inflection point
on adsorption—desorption isotherms is generally related to the
diameter of mesopores and the sharpness of this step indi-
cates the size uniformity of mesopores.32 The relatively less
sharpness of this inflection step and the relatively larger hys-
teresis loop for the five B-MAS samples (Figure 5A, curves
a—e) than those of the AI-SBA-15 sample (Figure 5A, curve
f) indicate that the mesopore size of the five B-MAS samples
is less uniform than that of the AI-SBA-15 sample, consistent
with the above XRD analysis results. Together with the
abovementioned XRD and FTIR analysis results, the nitrogen
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adsorption results introduced here strongly suggest that the
five B-MAS samples have a bimodal micro-mesoporous
structure. Correspondingly, the five B-MAS samples have
surface areas and pore volumes of micropores (Table 2), in
addition to their narrowly distributed mesopores (Figure 6).
Because no bulky zeolite phase is found in the five B-MAS
samples as reflected by the above XRD analysis, it is reason-
able to conclude that the microporous structure exists in the
mesoporous walls of the B-MASs and thus the micropore
channels in the B-MASs should be much shorter than those
in ordinary zeolite crystals,'” because the wall thickness
(4.5-6.1 nm, as shown in Table 2) of the mesopores is much
smaller than the size (600800 nm) of ordinary zeolite Y
crystals. So, the pore channels of the mesopores and the
shorter micropores in the B-MASs are considered to com-
pletely run through with each other. Such a pore system con-
sisting of interconnected mesopores and short micropores can
greatly improve the accessibility of catalytically active sites
in the microporous channels to reactants,'’ especially for
reactions taking place in mass transfer limited regime, such
as encountered in FCC units operated with heavier feedstock.
Also, the micropores of the B-MASs with their size smaller
than 1 nm will benefit shape-selective catalysis.

Significantly, Table 2 shows that the change in the prepa-
ration conditions of the preformed zeolite nanoclusters leads
to a systematic change of the textural properties of the result-
ing B-MAS samples. For example, by increasing the aging
temperature of the preformed zeolite nanoclusters from 45 to
140°C, the remarkable increases in micropore surface area
from 66.8 to 262.7 m2/g and micropore volume from 0.037
to 0.141 cm’/g are observed for the five B-MAS samples.
Generation of microporosity in ordinary SBA-15 materials
has been suggested to be from the partial occlusion of hydro-
philic poly ethylene oxide (PEO) chains into silica walls.*>*
The synthesis parameters,” including silica/template ratio,"?
crystallization time and temperature level," pH value of

mixture,*® presence of inorganic salt,*” and length of the
:/J\/\-k )
A °
A )
1 L (a)
1 10 100

Mesopore diameter (nm)

Figure 6. BJH mesopore distributions of the (a) B-MAS-
1, (b) B-MAS-2, (c) B-MAS-3, (d) B-MAS-4, (e)
B-MAS-5.
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EO, bolck,38 etc., would affect the microporosity of the
resulting SBA-15 due to their influence on the hydrophilicity
of PEO chains. However, the present results are quite differ-
ent from those in literatures: the microporosity in the B-
MAS:s increases only with the increasing aging temperature
of the preformed zeolite nanoclusters when the other synthe-
sis parameters such as crystallization temperature and surfac-
tant amount are kept constant. This indicates that the system-
atic change of microporosity in the B-MASs has nothing to
do with the change of hydrophilicity of PEO chains. Simply,
the established relationship between the microporosity and
the aging temperature of the nanoclusters rules out the effect
of the hydrophilicity of PEO chains on the microporosity of
the B-MASs.**?* So, it is reasonable to deduce that the
microporosity in the B-MASs is inherited from the incorpo-
rated zeolite nanoclusters in view of their unique synthesis
route, and that the increase of microporosity is therefore
ascribed to the more incorporation of zeolite nanoclusters
with higher matureness as discussed earlier.”> Although the
microporosity and the mesoporosity (mesopore volumes
VMes) of the B-MASs increases and decreases with the
increasing aging temperature of the preformed zeolite nano-
clusters, respectively, the Vyiio/Vmes ratio and the density of
microporosity in the mesopore walls of the B-MASs (the
density is obtained by dividing the micropore volume by the
total pore volume) increase simultaneously (Table 2), and
correspondingly, the total porosity (total pore volume Vr) of
the B-MASs dereases.

Surprisingly, for the B-MAS samples with higher micro-
porosity, i.e., those prepared from zeolite nanoclusters
obtained at higher aging temperatures, higher total surface
areas and total pore volumes were retained after the hydro-
thermal treatment in 100% water vapor at 800°C for 2 h (Ta-
ble 2), indicating the increased hydrothermal stability. This
result was further verified by comparing the N, adsorption—
desorption isotherms before (Figure 5A, curves a—e) and after
(Figure 5B, curves a—e) the hydrothermal treatment. As
shown in Figure 5B (curves a—e), the higher the microporos-
ity, the more pronounced characteristics of the typical hexag-
onal mesostructure the N, sorption isotherm of the corre-
sponding B-MAS sample after the hydrothermal treatment
has. Prior to the hydrothermal treatment, however, this tend-
ency is reversed (Figure 5A, curves a—e). This result demon-
strates that the B-MAS sample with higher microporosity has
the higher hydrothermal stability.

2’Al NMR. The state of Al in the five B-MAS samples
was studied by 2’Al solid-state NMR and the results are
shown in Figure 7. The only chemical shift for all the five
B-MAS samples at 58 ppm (Figure 7, curves a—e) can be
assigned to tetrahedrally coordinated Al species, indicating
that Al atoms have been incorporated into the framework of
the five B-MAS samples. In strongly acidic synthesis media,
some metals exist only in cationic form rather than in their
oxo species, so free aluminum cations (A13+) cannot enter
the framework of SBA-15 in the conventional synthesis.* In
our case, Al atoms are directly introduced into the meso-
structure in the acidic medium. This can be explained by the
fact that Al species are firstly contained in the preformed
nanoclusters and subsequently are incorporated into the
framework of the products through the templated assembly.
Notably, tetrahedral aluminum in the five B-MAS samples
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Figure 7. 2’Al NMR spectra of the calcined (a) B-MAS-
1, (b) B-MAS-2, (c) B-MAS-3, (d) B-MAS-4, (e)
B-MAS-5, and (f) Al-SBA-15.

shows 2’Al chemical shift at 58 ppm (Figure 7, curves a—e),
behaving almost like that in zeolite Y (at ca. 59-61 ppm),
but unlike that in AI-SBA-15 (at 53 ppm, Figure 7, curve f).
These results reveal that the environment of aluminum in the
B-MASs is nearly identical to that in zeolite Y crystals, but
significantly different from that in amorphous AI-SBA-15.
Given the widely accepted fact that the acidity of zeolitic
materials are generally related to the local environment of Al
in them,** we can expect that the B-MASs obtained in the
present investigation should have the similar acidic properties
as zeolite Y has.

Py-IR. To understand the influence of microporosity on
the acidic properties of the B-MASs, pyridine adsorption
experiments of the five B-MAS samples were carried out in
in-situ FTIR cells and the results are shown in Figure 8. The
two bands at about 1540 and 1450 cm ' are related to the
adsorption of pyridine molecules on Bronsted and Lewis acid
sites, respectively, and the band at 1490 cm ™' is ascribed to
the synergistic effects between Bronsted and Lewis acid
sites. The quantitative information of Bronsted and Lewis
acid sites calculated from pyridine adsorption at 200 and
350°C is listed in Table 3. According to the data, it is clear
that with the increasing microporosity from B-MAS-1 to B-
MAS-5, the total amount of Bronsted and Lewis acid sites of
the corresponding B-MAS sample increases from 527.5 to
1262.4 umol/g (Table 3). This can be interpreted by the
more incorporation of zeolite nanoclusters with higher
matureness, as the above XRD and N, adsorption analyses
have suggested. The increased incorporation of zeolite nano-
clustes endows the corresponding B-MAS samples with
increased acidity from B-MAS-1 to B-MAS-5. Moreover,
from B-MAS-1 to B-MAS-5, the ratio (B/L) of the number
of Bronsted acid sites to that of Lewis acid sites decreases
from 0.30 to 0.18 and the ratio (W/S) of the number of weak
acid sites to that of strong acid sites increases from 1.28 to
2.73. These results indicate that the incorporated zeolite
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Figure 8. IR spectra of pyridine adsorbed on the proto-
nated (a) B-MAS-1, (b) B-MAS-2, (c) B-MAS-3,
(d) B-MAS-4, and (e) B-MAS-5 at (A) 200°C
and (B) 350°C, respectively.

nanoclusters contribute more Lewis acid sites than Bronsted

acid sites and more weak acid sites than strong acid sites.
DTG Results. The DTG analysis results of the five B-

MAS and Al-SBA-15 samples are shown in Figure 9. Obvi-

Table 3. Acidic Properties of the B-MAS Samples
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Figure 9. DTG curves of the B-MAS-1 (a), B-MAS-2 (b),
B-MAS-3 (c), B-MAS-4 (d), B-MAS-5 (e), and
AI-SBA-15 (f) samples.

ously, the peak at 284°C on the DTG curve of the Al-SBA-
15 sample (curve f) is assigned to the desorption and decom-
position of the copolymer template. However, the DTG
curves of the B-MAS samples are quite different from that
of the AI-SBA-15 sample. The decomposition peaks of the
template for the B-MAS samples appear at lower temperature
region (180-206°C), which is ascribed to the weaker interac-
tion between the template and the mesopore walls that con-
tain zeolitic nanoclusters.*! Along with this line, the easier
and easier thermal desorption and decomposition of the co-
polymer template in the samples from B-MAS-1 to B-MAS-
5 can be interpreted by the more incorporation of zeolitic
nanoclusters with higher matureness, because the incorpo-
rated nanoclusters can weaken the adhesion of the template
on the walls.*! This result is also in good agreement with the
above N, adsorption and pyridine adsorption results.
Catalytic Cracking Results. To explore the -catalytic
potentials of the B-MASs, three B-MAS samples, i.e., B-
MAS-1, B-MAS-4, and B-MAS-5, were selected and tested
using heavy oil catalytic cracking as a model reaction sys-
tem. The results are shown in Table 4, in which the data of
the Al-SBA-15 and zeolite Y are also included for compari-
son purpose. It can be seen that the yields of the light frac-
tion (gasoline + diesel) of the catalysts derived from the
three B-MASs are 37.2, 49.3, and 53.4 wt %, respectively,
much higher than that (26.7 wt %) of the AlI-SBA-15 derived

Table 4. Heavy Crude Oil Catalytic Cracking Results

Py-IR acidity (umol/g)

Bronsted Lewis

Samples Weak Strong Weak Strong Total B/L W/S

B-MAS-1 83.1 373 213.1 1940 527.5 030 1.28
B-MAS-2 76.3  39.0 256.0 208.3 579.6 025 1.34
B-MAS-3 79.7 322 3369 267.9 716.7 0.19 1.39
B-MAS-4 1034 627 682.1 263.1
B-MAS-5 116.9 729 807.1 265.5

1111.3 0.18 2.41
1262.4 0.18 2.73

AIChE Journal July 2008 Vol. 54, No. 7

Dry Light oil Heavy

gas Liquefied  fraction* cycle Coke
Samples (wt %) gas (Wt %)  (wt %)  oil (wt %) (Wt %)
B-MAS-1 1.2 222 37.2 28.6 10.8
B-MAS-4 1.6 18.5 49.3 18.1 12.5
B-MAS-5 1.9 16.3 534 14.7 13.7
Al-SBA-15 1.0 12.1 26.7 53.3 6.9
Zeolite Y 2.4 23.1 40.3 16.4 17.8

*Light oil fractions includes gasoline and diesel.
Published on behalf of the AIChE DOI 10.1002/aic 1857



catalyst. This is because the incorporated zeolite nanoclusters
in the B-MASs have zeolitic acidity and micoporosity,*'
while having the almost identical surface areas and mesopore
sizes as the AI-SBA-15 has (Table 2). For this reason, the
three B-MAS sample derived catalysts have their heavy cycle
oil (HCO) yields at 28.6, 18.1, and 14.7 wt %, respectively,
much lower than that (53.3 wt %) of the AI-SBA-15 derived
catalyst. This is consistent with the fact that the B-MASs
possess much more acid sites than Al-SBA-15 (365.3 pumol/
g, obtained by the Py-IR technique), which also accounts for
the higher dry gas and coke yields of the three B-MAS
derived catalysts than those of the Al-SBA-15 derived cata-
lyst. Moreover, the dry gas and coke yields of the three B-
MAS sample derived catalysts are much lower than those of
the zeolite Y derived catalyst (Table 4). This is ascribed, at
least partly, to the mesopores in the B-MASs that can pro-
mote the outward diffusion of the product molecules and
thus greatly reduce the secondary cracking and condensation
polymerization reactions, in addition to their relatively lower
acidity than zeolite Y (1745.6 umol/g, obtained by the Py-IR
technique). As dry gas and coke come mainly from the sec-
ondary cracking and condensation polymerization reactions
of product molecules, the much shorter micropore channels
in the B-MASs also account for the less yields of dry gas
and coke, because the time for the product molecules to dif-
fuse outward through the micropore channels is significantly
shortened, i.e., the chance for the product molecules to
undergo unwanted secondary cracking and condensation po-
lymerization reaction is greatly depressed. Such an interpreta-
tion is perfectly in line with the concept of pore continuum:
since the diffusion coefficient of involved molecules in meso-
pores is several orders of magnitudes larger than that in
micropores,15 the bimodal pore system consisting of intercon-
nected shorter micropores and ordered mesopores in the B-
MASs would cause much more rapid transfer of the product
molecules than the single micropore structure of bulky zeo-
lite Y crystals.*> Surprisingly, the B-MAS-4 and B-MAS-5
derived catalysts have their yields of light oil fraction at 49.3
and 53.4 wt %, much higher than that (40.3 wt %) of the
zeolite Y derived catalyst, despite that the latter has much
more acid sites than the former two. Because the accessibil-
ity of catalytically active sites often plays a critical role in
diffusion-limited reactions,9 the enhanced accessibility induced
by the mesopores of bimodal pore system in the B-MASs
can compensate the relatively lower acidity of their derived
catalysts and thus improve the catalytic performance.*

For the catalysts derived from the B-MAS samples with
the increasing microporosity from B-MAS-1 to B-MAS-5,
the decrease in HCO yeild (from 28.6 to 14.7 wt %) and the
increase in light fraction (from 37.2 to 53.4 wt %) were
observed, mainly due to the increased acidity as the Py-IR
analyses have shown. However, the increased microporosity
and thereby the increased acidity also result in the increased
yields of dry gas and coke from the B-MAS-1 derived cata-
lyst to the B-MAS-5 derived one (Table 4).

In summary, the advantageous pore structure and moderate
acidity of the B-MASs make difference. The moderate acid-
ity and zeolitic microporosity of the B-MASs that stand
between those of the AI-SBA-15 and zeolite Y result in the
higher light oil fraction yields of their derived catalysts than
that of the Al-SBA-15 derived catalyst, and the bimodal pore
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structure of the B-MASs increases the conversion of the
heavy feedstock by enhancing the accessibility of catalyti-
cally active sites residing in micropores and improve the
product selectivity by lessening the unwanted by-reactions.

Conclusions

Bimodal micro-mesoporous aluminosilicates (B-MASs)
with high hydrothermal stability and moderate acidity were
successfully synthesized by assembling preformed zeolite Y
nanoclusters with a triblock polymer as template in an acidic
medium. The characterization results showed that the B-
MASSs contain the nanoclusters of zeolite Y. Significantly,
we found that the microporosity of the B-MASs can be suit-
ably tuned by controlling the aging conditions of zeolite
nanoclusters, and the B-MAS samples with higher micro-
porosity showed increased hydrothermal stability. It was sug-
gested that the microporosity in the B-MASs is inherited
from the incorporated zeolite nanoclusters and the increase
of microporosity is due to the more incorporation of zeolitic
nanoclusters with higher matureness. The incorporated zeo-
litic nanoclusters showed the characteristics similar to those
of bulky zeolite Y and contributed moderate acidity. When
used for cracking heavy crude oil, the B-MAS derived cata-
lysts showed much better catalytic performance than the Al-
SBA-15 and zeolite Y derived catalysts because of the ad-
vantageous pore structure and moderate acidity. This work
demonstrated that the porosity of the bimodal porous materi-
als obtained by nano-assembly can be suitably tuned, which
sheds a light for fabricating hierarchical porous materials that
have wide applications in separation and catalysis.
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