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Controlled mesoporosity is successfully introduced into zeolite Y crystals through a surfactant
templating approach. The mesoporous zeolite shows superb hydrothermal stability in the resulting
mesostructure, while retaining strong acidity. Fluid catalytic cracking catalysts made from the
mesostructured Y zeolites demonstrate signiﬁcant improvement in product selectivity as a result
of reduced limitation in reactant and product diﬀusion.

Introduction
Catalysis is probably one of the greatest contributions of
chemistry to both economic growth and environmental
protection.1 While 90% of the current chemical processes
involve at least some catalytic steps,2 the ﬁeld of catalytic
materials still presents some major long-standing challenges,
e.g. diﬀusion limitations of reactants and products within the
porous structures of catalysts.3 Zeolites, the most widely used
catalysts in industry,4 have micropores typically smaller than
1 nm, which limits the diﬀusion of compounds within these
pores and the size of molecules that can be catalyzed.3–7 This
issue has received increasing attention and research eﬀorts
have been devoted towards improving the internal pore
accessibility by reducing the size of zeolite crystals8–13 or by
synthesizing large-pore zeolites.14–18 The former strategy
suﬀered from low yields and diﬃculty in handling nanometersized particles. Synthesis of zeolites with larger pore sizes has also
received signiﬁcant attention, but the high cost of these new
materials has limited their potential applications.
There has also been signiﬁcant activity in the area of mesopore
incorporation into zeolites. Two main approaches have been
employed to impart mesoporosity to zeolites: (1) top-down
techniques that involve the removal of one of the two main
components of zeolites, i.e. silica (e.g. via desilication by treatment
in alkaline solutions)19–23 or alumina (e.g. via dealumination by

steaming at high temperatures or by chemical treatments),24–26
and (2) bottom-up procedures that utilize soft4,14,27–35 or
hard13,36–41 templates (e.g. surfactants, inorganic sacriﬁcial
materials, etc.). The ﬁrst is a destructive approach that often
results in loss of zeolitic material. Other drawbacks of this
approach may include: limited applicability due to materials
composition (e.g. Si/Al ratio), poor control of the mesoporosity
(e.g. size, shape, connectivity and location of the mesopores), etc.
The second strategy is a convenient and versatile approach;
however, the high cost of the templates may be a concern
for large-scale applications. In addition, ordered mesoporous
aluminosilicates have recently been prepared by assembling
zeolite nanocrystals around surfactant micelles.42–45 These
materials have much improved hydrothermal stability and acidity
as compared to the amorphous mesoporous materials templated
by the same surfactants. However, they are still inferior to zeolites
in hydrothermal stability and acidity.
A technique that can introduce controlled mesoporosity directly
into crystalline zeolites would be highly desirable and have a great
impact on catalytic processes, such as ﬂuid catalytic cracking
(FCC).46 Herein, we describe a new surfactant-based technique
that allows precisely controlled mesoporosity to be introduced
within a wide range of zeolite crystals (i.e. mesostructuring),
e.g. FAU, MOR and MFI of various Si/Al ratios, while
maintaining the chemical and physical properties of the zeolites
(i.e. microporosity, crystallinity, acidity, etc.).47
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Experimental
Syntheses
In a typical synthesis, 1.00 g of a Y material (Zeolyst CBV720
with Si/Al = 15) in 64 mL of a 0.37 M solution of NH4OH
containing 0.70 g of cetyltrimethyl ammonium bromide
(CTAB) was stirred for 20 min. The mixture was next heated at
150 1C under autogenous pressure for 10 h. The solid was ﬁltered,
washed, and dried. Close to 100% recovery was observed,
Catal. Sci. Technol., 2012, 2, 987–994
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and there was no signiﬁcant leaching of Si or Al species into the
ﬁltrate. Alternatively, other bases such as NaOH, Na2CO3 or
tetrapropylammonium hydroxide (TPAOH) could be used. The
pH of the reaction mixture was maintained at B9–11 to avoid
desilication.
To introduce mesoporosity into zeolite Y that has higher
aluminium content (i.e. lower Si/Al ratio), e.g. Zeolyst
CBV300, an acid wash pre-treatment step is needed. Typically,
the zeolite slurry in water was treated with 1 mmol of citric
acid per gram of zeolite (10% solution) for 1 hour. The acid
treated material is then treated with the CTAB solution in
NH4OH (or other bases such as NaOH, Na2CO3, etc.) to
introduce mesoporosity. In order to remove the occluded
templates, the dried product was heated in a nitrogen
atmosphere from room temperature to 550 1C (at a ramping
rate of B5 1C min 1), and kept at 550 1C for 2 hours. Next,
the atmosphere was switched to air for 2 hours to remove any
residual carbonaceous species. In order to convert the mesostructured NH4-Y (CBV300) sample to a typical USY, the
rived sample (with template inside) was heated instead at
550 1C in 100% steam for 2 hours, followed by heating at
550 1C for another 2 hours in ﬂowing air to remove any
carbonaceous residue.
Characterization
The N2 or Ar adsorption–desorption isotherms were measured on
Quadrasorb-SI surface area/pore size analyzers from Quantachrome Instruments. Samples were activated at 400 1C under
vacuum overnight before measurements. A NLDFT model and a
BJH model were used to obtain pore size distribution from the
adsorption branches of the isotherms. X-Ray diﬀraction patterns
were collected on a PANalytical Cubix Pro (PW3800) industrial
X-ray diﬀractometer with a 1.8 kW Cu-target X-ray tube
following ASTM D3942. Samples were hydrated inside a closed
chamber with saturated CaCl2 aqueous solution overnight
before analysis. Silicon powder was added as an internal
standard. Additionally, temperature programmed ammonium
desorption (TPAD) measurements were done on a TA Instrument Q50 TGA coupled with a Metrohm 857 Titrando automatic titrator. Samples were ammonium exchanged and dried
before measurements.
The microstructure and morphology of the materials were
examined by transmission electron microscopy, TEM (JEM-2010
microscope, JEOL, 200 kV, 0.14 nm resolution) and scanning
electron microscopy, SEM (JSM-840 microscope, JEOL). For
TEM analysis, the as-obtained powder (5–10 mg) was sonicated
in ethanol solution and the resulting suspensions were dispersed on
carbon ﬁlm supported 200 mesh copper grids. The digital analysis
of the TEM micrographs was done using DigitalMicrograph TM
3.6.1 by Gatan. In some cases, samples were ultramicrotomed
using a RMC MTX Ultramicrotome. Samples for SEM analysis
were covered with gold for their observation. The XPS analysis of
a mesostructured USY sample was performed by Anderson
Materials Evaluation, Inc., Columbia, MD, over an elliptical area
irradiated by the low energy (1487 eV) monochromatic aluminium
Ka X-ray with a major axis of 1.2 mm and a minor axis of 0.6 mm
(an area of approximately 0.6 mm2). The depth of the analyzed
volume is about 8 nm, which is determined by the mean free path
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of the emitted photoelectrons. The elemental survey spectra cover
the binding energy range from 0 to 1100 eV, with a step size of
0.5 eV. In order to investigate the chemical composition depth
proﬁle of the powder sample, the sample was sputtered by a
focused ion beam sputter gun operating at 4 KeV with argon ions
to an equivalent SiO2 sputter depth of 250 nm. 27Al MAS NMR
spectra were obtained at Spectral Data Services, Inc., Champaign,
IL, on a Tecmag-based system, operating at a 27Al frequency of
94.669 MHz, corresponding to H-1 frequency of 363.3 MHz. The
FIDs were processed and deconvoluted using NUTS software
(Acorn NMR). The IR spectra were collected at the Chemical
Process Engineering Research Institute (CPERI) in Thessaloniki,
Greece, on a Nicolet 5700 FTIR spectrometer (resolution 4 cm 1)
using a MCT-A detector and a homemade stainless steel, vacuum
cell, with CaF2 windows. Sample preparation consisted of ﬁne selfsupporting wafer formation and pretreatment in situ at 723 K
under high vacuum (10 6 mbar) for 1 hour in order to remove any
moisture and impurities.
Catalytic testing
The FCC catalysts were tested at the Technical Center of
s
W. R. Grace & Company, Columbia, MD, using an ACE unit
from Xytel and Kayser Technologies. The ACE unit was an
automated ﬂuidized bed widely accepted in the FCC industry.
The reactor was ﬂuidized with a stream of nitrogen. In these
studies, the feed is ﬂown over the catalyst at a rate of 3.2 g min 1
over 30 s. Diﬀerent amounts of the catalyst were ﬂuidized and
stabilized at a reaction temperature of 980 1F to achieve a
diﬀerent catalyst/oil ratio. After the reaction, the catalyst was
stripped by nitrogen to remove the adsorbed products. Coke on
the catalyst was determined by a carbon analyzer. Simulated
distillation and on-line gas chromatography were used to determine the liquid and gaseous products, respectively. The feedstock
used for the experiments was a VGO with API 24.7, CCR
0.32 wt%, sulfur 0.35 wt%, IBP 275 1C and FBP 682 1C.

Results and discussions
The mesoporous zeolites thus prepared from CBV720 have
high mesopore volumes and narrow mesopore size distributions (Fig. 1). N2 adsorption analysis showed that the
mesostructured Y has a micropore volume (0–20 Å) of
0.21 cc g 1 and a mesopore volume (mainly in the 20–300 Å
range) of 0.50 cc g 1, compared to 0.30 cc g 1 and 0.16 cc g 1
for the starting CBV720, respectively. The starting CBV720
has a BET surface area of 893 m2 g 1, of which 168 m2 g 1 is
contributed by ‘‘external’’ surface area from t-plot analysis,
i.e. surface areas from the true crystal external surfaces and
from internal voids larger than micropores. The mesostructured
Y exhibits a BET surface area of 1101 m2 g 1, B200 m2 g 1
higher than that of the starting material. More remarkably,
704 m2 g 1 is from the ‘‘external’’ surface for the mesostructured
Y, about four times higher than that of the starting CBV720.
This is believed to be directly related to the increased mesopore
volume (0.50 cc g 1 vs. 0.16 cc g 1) and the much more uniform
size distribution of the mesopores around 40 Å in the
mesostructured Y (Fig. 1). The size of these mesopores can be
nicely controlled by using surfactant molecules of diﬀerent
lengths zconﬁrming the surfactant-templating mechanism
This journal is
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Fig. 1 Nitrogen adsorption–desorption isotherms at 77 K for
CBV720 (black circle) and the mesostructured CBV720 (blue square).
The corresponding BJH pore size distribution of mesostructured
CBV720 is shown in the inset.

proposed (ESIw, Fig. S2) as well as the mesopore architecture
which can be controlled by adjusting the synthesis conditions to
produce hexagonal ordering (ESIw, Fig. S3) at a higher degree of
mesostructuring, or non-ordered mesoporosity (ESIw, Fig. S4) at
a lower degree of mesostructuring. SEM and TEM images
(Fig. 2 and ESIw, Fig. S1) revealed that the morphology of the
zeolite crystals was maintained, and there was no sign of
formation of separate amorphous mesoporous particles.
Characteristic crystal lattice fringes and intracrystalline mesoporosity (holes) were clearly observed within the same crystal.

Fig. 2 TEM images of (a) zeolite CBV720 and (b) mesostructured
zeolite Y. The higher magniﬁcation micrographs of various mesostructured zeolite Y crystals clearly show intracrystalline mesoporosity
and crystal lattices.
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This observation was recently conﬁrmed in a diﬀerent group by
reproducing the same preparation described in our patent.48 It is
also notable that most of the channels (of irregular shape and
size) in the starting high Si/Al CBV720 zeolite (Fig. 2a, right),
which have been generated due to the steaming dealumination
process, disappeared after the treatment to introduce mesoporosity (Fig. 2b), which is corroborated by the reduction of
the N2 uptake at high relative pressures (P/P0 4 0.9) after the
material was treated by a solution of CTAB in NH4OH (Fig. 1).
The observations described above suggest that the introduction
of controlled mesoporosity into crystalline zeolites proceeds
possibly through a surfactant-assisted crystal rearrangement
mechanism. Fig. 3 illustrates a plausible scheme of the critical
steps in this process. Under the basic reaction conditions
(pH E 10.5), some of the Si–O–Si bonds are broken to oﬀer
some ﬂexibility in the crystalline structure, and yield negatively
charged sites in the zeolite framework that attract cationic
surfactants. Electrostatic interactions between these negatively
charged sites and the positively charged surfactants, and selfassembly of surfactant cations to form micelles within the zeolite
crystals (so as to minimize the interaction of hydrophobic
surfactant tails with the aqueous solution) cause the crystal
structure to rearrange to form mesopores around the micelles.
The whole process could be very dynamic and follow a
mechanism similar to the cooperative formation of surfactanttemplated mesoporous silicates4 except that in our materials the
mesopores are formed in between crystalline pore walls.
There was no obvious change in the Si/Al ratio (the unit cell
size, a0, stayed the same at B24.33 Å after the treatment)
observed after the incorporation of mesoporosity, which
suggested that no desilication occured under the mild basic
conditions used. When CBV720 was treated under the same
conditions but without base, no mesoporosity was generated,
which suggested that it was the combination of cationic
surfactant and mild basic conditions that allowed the structure
rearrangement that was necessary in the formation of mesoporosity. This treatment has a product yield close to 100%,
which was a signiﬁcant advantage over destructive methods
such as desilication. The role of the cationic surfactant was
therefore critical because it protected the zeolite from desilication
(as conﬁrmed by control experiments with no surfactant),
and allowed us to obtain much higher ‘‘hierarchy factors’’22
and ‘‘desilication eﬃciency’’ (deﬁned as external surface area
developed per percent weight loss49), due to a more eﬃcient
preservation of microporosity. Moreover, the precise control over
pore volume and size as well as pore architecture, thanks to the

Fig. 3 Schematic of the speculated zeolite mesopore formation
process: (a) original zeolite Y, (b) Si–O–Si bond opening/reconstruction
in basic media, (c) crystal rearrangement to accommodate the surfactant
micelles, and (d) removal of the template to expose the mesoporosity
introduced.
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surfactant-assisted mesopore formation, was a clear advantage
and a unique feature of mesostructured zeolites over hierarchical
zeolites, a broader classiﬁcation of zeolites with bimodal
porosity.22
This discovery was made in 2004 and it was the ﬁrst
surfactant-templated mesoporous zeolite reported.50 However, this approach only worked for high silica content zeolites
such as CBV720 (Si/Al = B15). Recently, signiﬁcant progress
has been made to extend this technique to zeolites with much
higher alumina content (e.g. Na-Y, NH4-Y and USY of Si/Al
ratio of 2.5–3), which are more relevant to oil cracking
applications, speciﬁcally in FCC catalysis.51–53 Since Si–O–Al
bonds are not as labile as the Si–O–Si under basic conditions,
zeolites with higher aluminium content cannot undergo the
proposed structure rearrangement to incorporate mesoporosity
as in CBV720. An additional pre-treatment step of acid wash was
introduced to the process to ‘‘loosen up’’ the crystalline structure
of these zeolites with high aluminium contents.51 Careful
pre-treatment of the zeolites with a dilute acid opened some of
the Si–O–Al bonds with only minor dealumination of the zeolites
(and thus slight increase in the bulk Si/Al ratio), without collapsing
the crystalline structure. This was critical to extend the mesostructuring process to zeolites with high aluminium contents
(with Si/Al as low as 2.5), which was deemed infeasible by other
processes.54 X-ray diﬀraction of the acid-treated zeolite showed
typical diﬀraction peaks for a Y zeolite with reduced peak intensity
and broadened peak width (Fig. 4), suggesting the breakage of
some of the O–Al bonds and formation of some defective sites
(hydroxyl nests). There were slight shifts to higher angles for the
peaks at B 541 and B 581 after the acid treatment. From the peak
shifts, it was calculated that the unit cell size (a0) was reduced from
24.70 Å to 24.61 Å, suggesting slight dealumination by the citric
acid (and consequently, formation of hydroxyl nests). The average
FWHM (full width half max) of the two peaks also doubled from
0.161 to 0.321, suggesting the introduction of defective sites by the
acid treatment. The severity of this pre-treatment (e.g. amount of
acid, time, temperature, etc.) could be ﬁne-tuned to control the
degree of dealumination and the amount of the mesoporosity that
could be introduced in the subsequent treatment by surfactants in
a basic media.

Fig. 4 X-ray diﬀraction patterns of NH4-Y before (bottom) and after
(top) acid pre-treatment. Inset: blow-up of the 52–601 range of the two
diﬀraction patterns.
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Additional experimental evidence of the formation of hydroxyl
nest defective sties during the acid pre-treatment step comes from
the FT-IR analysis (Fig. 5). The analysis of the region between
3800–3500 cm 1 allows for the study of silanol terminal
groups.55–57 In Y zeolites, the O–H stretch of silanol groups is
typically observed at B3740 cm 1 and the O–H stretch of the
strong Brønsted acid sites, i.e. Si–O(–H)–Al, is typically observed
at B3640 cm 1. As one would expect, the initial material
NH4-Y, after ammonia evacuation in situ at 723 K under high
vacuum (10 6 mbar), shows a very intense peak at 3640 cm 1
due to strong Brønsted acidity with a negligible peak at
3740 cm 1 indicating a low concentration of silanol terminal
groups at the external surface of the crystals. The IR spectrum
changes signiﬁcantly after the zeolite was washed with acid. Part
of the Brønsted acidity was lost as the presence of silanol
terminal groups increased; this was shown by the decrease in
the intensity of the peak at 3640 cm 1 while the peak at
3740 cm 1 developed. This is consistent with the extraction of
Al from the framework and the consequential formation of
hydroxyl nests. More of these silanol terminal groups were
formed when mesoporosity was introduced into the zeolite by
caustic treatment in the presence of surfactant. The disappearance of Brønsted acid site O–H stretch at 3640 cm 1 was due to
the treatment of the zeolite with NaOH that caused ion exchange
of H+ with Na+. After NH4+ ion exchange, the peak reappeared (Fig. 5). The remaining peak at 3740 cm 1 corresponded
to the terminal silanol groups on the mesopore surface.
SEM and TEM (Fig. 6) analyses proved the formation of
intracrystalline mesostructure similar to that shown in Fig. 2 and
Fig. S1 (ESIw) for mesostructured CBV720. The TEM image of
an ultramicrotomed sample (Fig. 6d) suggests that the mesopores
penetrate deep into the crystals. From 27Al MAS-NMR analyses,

Fig. 5 O–H stretch region of the FT-IR of, from bottom to top, the
starting NH4-Y (CBV300), after citric acid pre-treatment, after
treatment with CTAB in NaOH solution, after removal of template
by calcination and NH4+ exchange.
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Fig. 6 (a) SEM and (b–f) TEM images of the mesostructured Y
zeolites. (c) A mesostructured zeolite single crystal showing crystalline
lattice fringes and mesoporosity (holes). (d) An ultramicrotomed
mesostructured zeolite crystal showing both crystallinity and mesoporosity. (e–f) Two TEM images of the same area of a mesostructured
zeolite obtained at two diﬀerent foci to better visualize the two features
of this material: crystallinity and mesoporosity. The white scale bars
represent 20 nm.

it is noteworthy that only tetrahedrally coordinated Al with a
chemical shift of ca. 60 ppm58–62 was observed in all the
materials produced along the synthesis of mesostructured
zeolite Y (Fig. 7). Octahedrally coordinated Al will typically
give a peak at B0 ppm, which was not observed in any of these
samples. The introduction of mesoporosity by basic treatment
in the presence of CTAB caused slight broadening of the
tetrahedral Al peak at 60 ppm, possibly due to the presence
of distorted tetracoordinated Al (similar to those observed in
the micro-mesoporous ZSM-5 prepared by carbon black
templating63). The careful calcination of this sample in ﬂowing
N2 and then air to remove the surfactant produced a narrowing
of the peak indicating that the heat treatment was enough to
remove any distortions in the tetrahedral coordination of Al in
the framework.
As to the mechanism of the formation of intracrystalline
mesoporosity in zeolite Y with low Si/Al ratio, the experimental evidences described above are generally consistent with
the mechanism described earlier for the high Si/Al Y zeolite
such as CBV720. The acid pre-treatment extracts Al from the
zeolite framework and introduces defects/hydroxyl nests that
weaken the framework. In the subsequent basic reaction
media, the silanol groups dissociate to form negatively charged
SiO sites that attract cationic surfactants. The surfactant
molecules self-assemble to form micelles. It is speculated that
the zeolite framework rearranges to accommodate these
templates and thus forms the intracrystalline mesostructure.
This journal is
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Fig. 7 27Al MAS-NMR of, from bottom to top, the starting NH4-Y
(CBV300), after citric acid pre-treatment, after treatment with CTAB
in NaOH solution, after removal of template by calcination and NH4+
exchange.

However, how exactly the rearrangement happens at the
molecular level remains unclear.
It should be noted that the calcination condition used here is
quite diﬀerent from that used in the ultrastabilization
described below. By carefully excluding any eﬀect of water
by ﬂowing N2 through the samples when they were gradually
heated to 550 1C, there was no extraframework Al species
formed as evidenced by the NMR results. However, when the
mesostructured NH4-Y was converted to a typical USY, water
vapor was intentionally introduced in order to impart higher
hydrothermal stability to the resulted material. This is a
typical practice in Y zeolite manufacturing for FCC catalysis.
It is well known that under such hydrothermal conditions, Y
zeolite framework undergoes dramatic changes: framework Al
species are expelled from tetrahedral positions to form extraframework Al species at the outer surface of the crystals, ﬁlling
of some hydroxyl nests by Si atoms that leads to stabilization
of the framework, migration and agglomeration of the other
hydroxyl nests to form larger ‘‘holes’’ (which may appear in
N2 or Ar adsorption analysis as meso-size ‘‘pores’’), etc. XPS
analysis of an ultrastabilized mesostructured NH4-Y (Table S2
in ESIw) revealed that the Si/Al ratio at the surface is lower
than that at B250 nm equivalent SiO2 sputter depth, 3.0 vs.
3.4, suggesting that there was also formation and enrichment
of extraframework Al species at the outer surface of the
mesostructured Y zeolite. It is believed that these changes will
cause interconnection and/or agglomeration of neighboring
‘‘rived’’ mesopores and lead to the broadening of the pore size
distributions.
Fig. 8 shows the Ar adsorption isotherms and BJH pore size
distributions of NH4-Y (Zeolyst CBV300, Si/Al = 2.55) as
received and after being treated under similar conditions as
described in the Experimental section, except that there was an
acid wash pre-treatment, and that the NH4OH was replaced by
Catal. Sci. Technol., 2012, 2, 987–994

991

Published on 11 January 2012. Downloaded on 18/02/2014 16:01:44.

View Article Online

Fig. 8 Ar adsorption isotherm of NH4-Y (black circle), mesostructured
Y (blue square), and mesostructured USY before (green triangle) and
after (red diamond) deactivation at 788 1C in 100% steam for 4 hours.
The corresponding BJH pore size distributions of these samples are
shown in the inset.

NaOH. Signiﬁcant mesoporosity (0.16 cc g 1; Table S1 in ESIw)
was evidenced by the relatively sharp gas uptake at ca. 0.5 P/P0,
which corresponded nicely to a mesopore size of ca. 40 Å, in
accordance with the size of the surfactant micelles (CTAB). After
converting to mesostructured USY by a typical ultrastabilization
calcination, there was obvious broadening of the mesopore size
distribution. Further broadening of the mesopore size distribution was noted upon treatment at 788 1C in pure steam for 4 h
(this treatment is to simulate the typical deactivation of a Y zeolite
inside an FCC unit). The inevitable (and to some degree,
advantageous) change of pore size distribution is accompanied
by reduction of mesopore surface area (ESIw, Table S1); however,
it is notable that the mesopore volumes were maintained at B0.16
cc g 1 throughout these steps, conﬁrming the excellent hydrothermal stability of the mesostructured zeolites.
The evolution of this sample was also monitored by X-ray
diﬀraction (XRD) (Fig. 9 and Table S1, ESIw). After the
incorporation of mesoporosity in the starting NH4-Y zeolite,
the micropore volume was largely maintained (97%). After
conversion to mesostructured zeolite USY by an ultrastabilization step, there was a decrease in micropore volume of
B26%, which was comparable to that observed in conventional zeolite Y when ultrastabilized under the same conditions. Mesostructured USY did not show XRD peaks at low
angles (2y = 1–51) as in the case of a highly mesostructured
CBV720 (Fig. S3, ESIw), indicating that the mesopores were
not ordered (Fig. S4, ESIw). After steaming at 788 1C for 4 h in
100% steam, the sample still showed very good retention of
micropore volume (B63% of that for the starting zeolite Y).
The changes in the micropore volume of the mesostructured
zeolite Y during the severe hydrothermal treatment steps
described herein were similar in trend as those for conventional zeolite Y. The exceptional thermal and hydrothermal
stabilities of the mesostructured zeolites prepared by the new
technique were superior to those of the mesoporous silicates
prepared by surfactant-templating methods.4,42–45,64 This
could be attributed to the presence of intracrystalline mesoporosity, instead of X-ray amorphous mesoporosity.
992
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Fig. 9 XRD patterns of, from bottom to top, the starting NH4-Y
(CBV300), mesostructured Y, and mesostructured USY, and after
deactivation at 788 1C in 100% steam for 4 h. The intensities of the last
three samples were corrected using a 1.45 empirical factor to account
for the radiation absorption by the rare earth oxides (5 wt%) in these
materials.

The preservation of zeolite crystallinity in the mesostructured
zeolites enabled a high degree of hydrothermal stability, high
micropore volume and strong acidity to be maintained in these
new materials. Temperature programmed ammonium
desorption (TPAD) measurements (Fig. S5, ESIw) revealed
that the total acidity of the mesostructured USY is 1.18
milliequivalent H (meq. H) g 1, almost identical to that of
conventional USY (CBV500, 1.25 meq. H g 1). These attractive
characteristics are essential in the development of a successful
catalyst for FCC applications.
Extensive catalytic testing of pure steam-deactivated samples
for the catalytic cracking of a vacuum gas oil (VGO) was
conducted in a microactivity unit (MAT). Fig. S6 (ESIw) shows
the representative eﬀect of the intracrystalline mesoporosity on
the catalytic selectivity. Signiﬁcant increase in the yields of
gasoline and diesel (transportation fuels) and reduction in the
yields of coke and dry gases were achieved with the steamdeactivated mesostructured USY zeolite as compared to
conventional zeolites. The scalability of surfactant-assisted
processes has been a question of wide interest.54 Preparation
of mesostructured USY zeolites at multi kilogram (and even
higher) quantity has been achieved using industrial equipment.
The zeolites were also formulated in a wide variety of matrix
compositions, including commercial silica and alumina sol
matrices, into FCC microspheres (of B70 micron in size) using
production-scale spray driers. The catalysts, after being properly deactivated (e.g. at 788 1C under 100% steam for 4 h) were
tested on a ﬁxed ﬂuidized bed ACE testing unit with diﬀerent
feedstocks. Control catalysts were made with the same formulation using untreated zeolite USY and deactivated and tested
following the same protocols. A typical comparison of the
product selectivity is shown in Fig. 10 and Table S3 (ESIw).
The catalysts made from mesostructured USY zeolites produced
signiﬁcantly more gasoline and light cycle oil (LCO), and less
bottoms and coke. The much improved product selectivity could
be attributed to the mesostructure introduced into the zeolites
that eased the diﬀusion limitation in the conventional zeolites.65
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The mesopores would allow larger molecules in the feedstock
to access the acidic catalytic sites within the zeolite crystals,
promoting the primary reactions to yield more gasoline and
LCO. At the same time, the mesopores would also facilitate
transport of the feed and the products into and out of the zeolite
crystals more easily, thereby reducing the undesirable secondary
reactions, i.e. over-cracking of the valuable gasoline and LCO to
the low-value coke and dry gases. In addition, hydrogen transfer
reaction, another secondary reaction, was also reduced, which
explains the higher C3 and C4 oleﬁn yields achieved with the new
catalysts containing mesostructured zeolites.
Cost of the surfactant templates has been a concern for
large-scale applications of the mesoporous materials prepared
by this approach. Our estimates show that by proper recovery
and recycle of the surfactants, the cost to the production of the
mesoporous zeolite is incremental and well manageable. In a
more recent development,66 we have also identiﬁed a new
process that introduces similarly controlled mesoporosity into
faujasite crystals without the use of surfactant templates.
In-depth investigation is underway to better understand the
material properties and catalytic performance, as well as
details of the mechanism.

Conclusions
In summary, zeolite Y with well-controlled intracrystalline
mesoporosity has been prepared via a surfactant-assisted
synthesis. It is the ﬁrst time that well-controlled mesoporosity
is introduced into Y zeolites with low Si/Al ratios, which are
relevant to catalytic cracking. The mesostructured zeolite Y
also demonstrated excellent hydrothermal stability critical to
such applications. Testing of FCC catalysts made from
mesostructured zeolite Y showed signiﬁcantly improved selectivity in product yields (more transportation fuels, i.e. gasoline
and LCO, and less coke, dry gases and uncracked bottoms).
Mesostructured zeolites are not only superior FCC catalysts,
but also ideal materials for a wide variety of other applications
whereby slow diﬀusion presents a limiting factor in the
reaction process, e.g. hydrocracking. Other potential applications
of mesostructured zeolites include catalytic pyrolysis of biomass,
catalytic upgrading of bio-oil, transesteriﬁcation of vegetable oil,
methanol conversion to hydrocarbons, water treatment, and less
energy-intensive adsorptive separations.
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16 A. Corma, M. J. Dı́az-Cabañas, J. Martı́nez-Triguero, F. Rey and
J. Rius, Nature, 2002, 418, 514–517.
17 J. Sun, C. Bonneau, C. Cantı́n, A. Corma, M. J. Dı́az-Cabaña,
M. Moliner, D. Zhang, M. Li and X. Zou, Nature, 2009, 458,
1154–1158.
18 A. Corma, M. J. Dı́az-Cabañas, J. Jiang, M. Afeworki,
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