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Mesostructured zeolites: bridging the gap
between zeolites and MCM-417

Teerawit Prasomsri,” Wengian Jiao,"® Steve Z. Weng® and Javier Garcia Martinez**

Surfactant-templating is one of the most versatile and useful techniques to implement mesoporous
systems into solid materials. Various strategies based on various interactions between surfactants and solid
precursors have been explored to produce new structures. Zeolites are invaluable as size- and shape-
selective solid acid catalysts. Nevertheless, their micropores impose limitations on the mass transport of
bulky feed and/or product molecules. Many studies have attempted to address this by utilizing surfactant-
assisting technology to alleviate the diffusion constraints. However, most efforts have failed due to micro/
mesopore phase separation. Recently, a new technique combining the uses of cationic surfactants and
mild basic solutions was introduced to synthesise mesostructured zeolites. These materials sustain the
unigue characteristics of zeolites (i.e., strong acidity, crystallinity, microporosity, and hydrothermal stability),
including tunable mesopore sizes and degrees of mesoporosity. The mesostructured zeolites are now
commercially available through Rive Technology, and show superior performance in VGO cracking. This
feature article provides an overview of recent explorations in the introduction of mesoporosity into
zeolites using surfactant-templating techniques. Various porous materials, preparation methods, physical
and catalytic properties of mesostructured zeolites will be discussed.
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Introduction

Zeolites are a family of aluminosilicate materials with crystal-
line framework structures constructed by TO, tetrahedral
(T = Si, Al) units. Each TO, tetrahedron covalently bonds with
four neighboring TO, tetrahedrons forming three-dimensional
zeolite frameworks which include cavities and channels of
0.2-1.3 nm in size."™® The tetrahedrons link to one another
in a variety of ways leading to the emerging of diverse zeolite
topological structures. So far, 218 distinct zeolite framework
topologies have been recognized by the Structure Commission
of the International Zeolite Association (IZA-SC).* Due to the
continued development of novel synthesis strategies, the number
of topological structures is increasing rapidly.’

By virtue of the flexible framework structures, controllable
framework compositions and uniform porosities,® zeolites
exhibit unique physical/chemical properties. In comparison
with amorphous materials, they exhibit better ion exchange
abilities, stronger acidities and higher thermal/hydrothermal

“ Rive Technology, Inc., 1 Deer Park Drive, Monmouth Junction, NJ 08852, USA.
E-mail: j.garcia@ua.es

b Shanghai Key Lab of Green Chemistry and Chemical Processes, Department of
Chemistry, East China Normal University, Shanghai, China

¢ Molecular Nanotechnology Lab, Department of Inorganic Chemistry, University of
Alicante, Campus de San Vicente, 03690 Alicante, Spain

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

c4cc10391b

8900 | Chem. Commun., 2015, 51, 8900-8911

stabilities. Based on these characteristics, zeolites have found a
variety of applications in many areas including the kitchen and
space, as well as, industries,”® such as purification, adsorption,
separation, and catalysis in petroleum refining, as well as
petrochemical and fine chemical processing. The intrinsic pore
structures of zeolites, ie., the pore opening dimensions, channel
size, shape and inter-connectivity, may affect their practical appli-
cations as molecules need to enter the channels to either be stored
there or react and transform into other compounds.® The typically
small sized channels (< 0.8 nm) and cavities (< 1.3 nm) of zeolites
can offer size/shape selectivity and play a role as molecular sieves.
On the other hand, they can impose diffusion limitations, which
may hinder the large-sized reactant/product molecules from
approaching/leaving the active sites in the pores, leading to lowered
conversion or further reactions which prompt coke deposition and
catalyst deactivation.”™*

Mass transfer limitations may greatly affect reaction processes in
the industrial use of zeolites.**>*® Thus, much effort has been made
focussing on alleviating the diffusional constraints imposed by
zeolitic microporous structures. One method involves the prepara-
tion of nano-sized zeolite particles to increase the external surface
area and shorten the diffusion path lengths." ' Nevertheless,
zeolite nano-particles with crystal size below 100 nm not only may
cause filtration problems due to their colloidal nature, but also a
decrease of micropore volume and a reduction of thermal/hydro-
thermal stability corresponding to the poor crystalline structures.®
Another procedure usually applied to improve the diffusion of

This journal is © The Royal Society of Chemistry 2015
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large-sized molecules into the host porous materials is the
synthesis of extra-large pore zeolites with channel windows
circumvented by more than 12 T atoms.>?"*® In 1988, Davis
and co-workers reported the first successful synthesis of extra-large
microporous molecular sieves with pore openings consisting of
18 T atoms in the presence of amine structure directing agents.””>°
These molecular sieves, coined VPI-5, exhibited higher adsorption
efficiency of triisopropyl benzene in comparison with conventional
faujasite (FAU) zeolite, which further confirmed the presence of
large-sized pores in the new materials.”” Consequently, some other
extra-large microporous zeolites were also synthesized, such as
Cloverite,*>*" JDF-20** and ULM-5,>* which have phosphate-based
frameworks, as well as UTD-1** and CIT-5,**> which have pure
silica or aluminosilicate frameworks. Due to the modest increase
of the pore size, the extra-large microporous molecular sieves
can, to some extent, circumvent the diffusion limitations and
improve the mass transfer in the reaction processes. However, in
most cases, their complicated synthesis, the need of costly
organic structure directing agents, and their inferior acidity
and thermal/hydrothermal stability caused by the framework
structural features of extra large microporous molecular sieves
exclude their practical industrial use.’®

Expansion of the pore size
using surfactants
Synthesis of mesoporous materials

Besides the large amount of work dedicated to widening the
channels’ window sizes or reducing the particle sizes of micro-
porous zeolites, sizeable attention has also been directed
toward the synthesis of molecular sieves with even larger pore
sizes on the mesoscale (2 nm < d < 50 nm) to solve the
diffusion problems. In the 90’s, a new family of ordered
mesoporous silica and aluminosilicate materials, M41S’s, was
developed by the Mobil Oil Company in a soft-templating
method using quaternary ammonium surfactant micellar
aggregates, rather than molecular species as templates.>®?”
MCM-41 with its hexagonal arrangement of uniform mesopores
is a typical phase produced. The pore size of the materials can
be adjusted from 1.5 to larger than 10 nm and the specific
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surface area reached 700 m> g~ with pore volumes increased to
0.7 cc g~ ! by hydrocarbon sorption. To illustrate the formation
process of these materials, a liquid crystal templating (LCT)
mechanism was proposed: the surfactant liquid crystal structures
(surfactant micelles) serve as organic templates and the properties
of the surfactant, such as surfactant chain length and solution
chemistry, may greatly affect the materials’ textural and structural
propetties.

In the LCT mechanism (Fig. 1), mesostructured organic-
inorganic hybrids formed either in a “true” liquid-crystal templating
procedure or in a cooperative self-assembly pathway.”***° Either
way, the interactions between organic template molecules and
the inorganic silicon species were immensely important to direct
the occurrence of mesoporous structures. Six different synthesis
pathways, namely ST, ST, S M'T~, "X T", S°I° and N°I°, have
been employed to synthesize mesoporous molecular sieves and
explain the assembling process of the mesostructures, depending
on the utility of different silica sources, the addition of varied
surfactant compounds and tuned synthesis conditions.***! In
the pathways, S represents the surfactants, where S" and S~ are
the cationic and anionic templates, respectively. I represents the
inorganic species, while M" symbolizes mediating cations and
X~ is the mediating anionic species. 1° is hydrated neutral
inorganic oligomer; S° and N° are the neutral amine and the
neutral surfactant, respectively. Many procedures in which
cationic surfactants were used as templates for the preparation
of mesostructured silica materials have been reported. As the
isoelectric point of silica lies at a pH value of ~2,** silicon
species in alkaline solutions are negatively charged which can
be linked and stabilized by cationic surfactants (S*) through
strong electrostatic Coulomb forces in the S'I- pathway,
leading to the formation of ordered mesostructured silica
materials such as M41S,***” FDU-2,**> FDU-11 and FDU-13,*
SBA-2,** SBA-6"® and SBA-8,% etc. Likewise, cationic surfactants
can also be used as templates to prepare silica mesostructures in
strong acidic solutions (pH < 2) where the silicon species are
positively charged. In this case, the cationic surfactant molecules
cannot be directly connected with silicon species due to the
strong repulsion force. Therefore, mesostructured materials can
only be prepared through S'XI' reactions in strong acidic
solutions.*®

MCM-41

— —

calcination

silicate

2

Fig. 1 Schematic illustration for the liquid-crystal templating mechanism: (1) preformation of surfactant micellar rods, and (2) formation of surfactant—
silicate rods on the basis of organic—inorganic interaction. Adapted with permission from ref. 39. Copyright 1992 American Chemical Society.
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Anionic surfactants, due to their highly potent detergency,
low toxicity and low cost of manufacture, are much more
promising as templates for the fabrication of ordered meso-
porous materials.*® However, mesoporous silica materials were
rarely synthesized when anionic surfactants were introduced as
templates, in either the S7I" or the S™X'T~ pathway. Instead
some mesoporous metal oxides, such as Al,O3;, W and Mo oxides,
were successfully prepared.*®*° As an exception, Che and co-workers
once synthesized a family of mesoporous silica materials (AMS-n)
with anionic surfactants as structure directing agents (SDAs).
3-Aminopropyltrimethoxysilane (APS) or N-trimethoxysilylpropyl-
N,N,N-trimethylammonium (TMAPS) was added as a co-structure-
directing agent (CSDA).*>*'>* The APS or TMAPS molecules
interacting with the anionic surfactant molecules can act as a
silicon co-precursor to co-condense with inorganic silica species
throughout the alkoxysilane site (Fig. 2). Therefore, mesostructured
silica materials formed more likely in an S"N"-I" pathway, instead
of an SM'T_ pathway, where N' are cationic amino groups of
organoalkoxysilanes.**°

Besides ionic surfactants, neutral amines and PEO-derived
non-ionic surfactants were also used as templates for the synthesis
of mesoporous silica materials. A series of HMS (hexagonal meso-
porous silica)***> and MSU (Michigan State University)*® silica
molecular sieves were prepared by Pinnavaia and co-workers under
neutral conditions using neutral amine micelles (dodecylamine,
hexadecylamine, N,N-dimethyl dodecylamine, N,N-dimethyl hexa-
dodecylamine, etc., S°) and poly(ethylene oxide) (PEO) surfactants
(N°) as templates, respectively. The amine micelles or poly(ethylene
oxide) surfactants interact with silicate oligomers (I°) derived from

[ S*F

Fig. 2 Schematic illustration of the different types of silica—surfactant
interfaces. Reprinted with permission from ref. 9. Copyright 2002 American
Chemical Society.
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tetraethyl orthosilicate (TEOS) through hydrogen bonding
interactions to direct the assembling of the organic-inorganic
composites. Thus, the N°I° and S°1° pathways were proposed to
illustrate the material formation processes. The silicate oligomers
(1°) formed in neutral solutions (pH > 2) were negatively charged.
Therefore, the neutral templates were assumed to be partially
protonated or positively charged to neutralize the negative charges
of silicon species and form organic-inorganic hybrids. Stucky
and co-workers in Santa Barbara®”*® spread the applications of
non-ionic surfactants (S°) in preparations of mesoporous silica
materials in strong acidic solutions. Well-ordered hexagonal
mesoporous silica structures (SBA-15) with uniform pore sizes
of up to approximately 30 nm were prepared by using amphi-
philic triblock copolymers as templates. The obtained materials
exhibited high hydrothermal stability thanks to the large silica
wall thickness. Meanwhile, Ryoo and co-workers®>™®" from the
Korea Advanced Institute of Science and Technology also used
non-ionic triblock copolymers as templates to synthesize a series
of mesoporous silica (KIT-n) materials in aqueous HCI solutions
with pore sizes ranging from 3-12 nm. The structures of the
KIT-n materials can be facilely tuned from disordered wormlike
channels to cubic Ia3d or cubic Fm3m symmetry by varying the
synthesis recipe or by adding or removing additional salts or
organic additives. The mesopore diameters and apertures of the
KIT-n materials can also be tailored in the range of 4-12 nm by
changing the hydrothermal treatment temperatures. In order to
understand the assembly process of the organic-inorganic com-
posites occurring in the acidic environment, a new pathway,
S°H'X 17, was proposed based on the electrostatic Coulomb
force and double layer hydrogen interactions.*®3°

A soft-templating method has been one of the most successful
and versatile strategies to produce mesoporous solids to date.
A huge number of mesostructured silica or aluminosilicate
materials have been produced and used in adsorption, separa-
tion and catalysis processes due to their large pore size and
high specific surface areas.'”®>"®> Nevertheless, the nature of
amorphous frameworks and thin pore walls of this sort of
materials may result in poorer hydrothermal stabilities and
weaker acidities than that of zeolites, which would inhibit their
large-scale manufactures or industrial applications.*®®

Several additional techniques have been applied to improve
aluminosilicate mesostructures. It has been reported that the
assembly of nanoclustered microporous zeolite precursors
(seeds) within hexagonal aluminosilicate mesostructures (Al-MSU)
imparts improved hydrothermal stability and acidity.”°® The XRD
low angle data suggest that the composite remains amorphous (see
Fig. 3). Though the XRD patterns suggest a lack of crystallinity, the
Al NMR spectra imply the presence of zeolite-like connectivities in
AI-MSU. The mesostructure of materials prepared using the seeding
technique can be maintained after steaming (800 °C, 5 h).
The inclusion of zeolite seeds within the MSU mesopores
(i.e., 10%Al-MSU) shows improved retention of the catalytic
capability, over even that of an ultrastable form of 14%Al-MCM-41
prepared using the grafting technique. In addition, there have been
efforts to alleviate the diffusion limitations through a synthesis of
extra-large-pore molecular sieves (e.g., ITQ-21, ITQ-37 and ITQ-40)

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 XRD patterns of mesoporous aluminosilicate materials before and
after steaming: (A) hexagonal 10%Al-MSU prepared from zeolite Y seeds;
(B) “ultrastable” hexagonal 14%Al-MCM-41 prepared by grafting; (C) disordered
10%Al-MCM-41 prepared by direct synthesis. Reprinted with permission from
ref. 67. Copyright 2000 American Chemical Society.

using organic structure directing agents (SDAs).”**>"® Corma
et al. exhibited that the synthesized materials can contain large
pore openings (i.e., up to 16-member rings) or large cavities
(i.e., 1.8 nm-wide). The results from catalytic cracking of a
vacuum gas oil show that the activity of ITQ-21 is higher than
that of the USY zeolite, but it produces a lower gasoline yield.>*

Creating mesopores in zeolite crystals increases the external
surface area thereby improving micropore accessibility. The
aforementioned properties can be attained through a break-
through zeolite synthesis pioneered by Ryoo and co-workers.”"”*
By using diquaternary ammonium surfactants, having a long
aliphatic chain and two quaternary ammonium groups spaced
by a short alkyl linkage, or gemini-type polyquaternary ammonium
surfactants, phase segregation was avoided and zeolite nanosheets
were obtained.”"”* The use of multiammonium surfactants
inhibits Ostwald ripening, a thermodynamic process that minimizes
the surface free energy of crystals and results in the aggregation of
smaller crystals into larger crystals. The long aliphatic chain induces
the formation of mesoscale spacing, while the multiammonium
group serves as a structure-directing agent for nano-thick zeolites
(see Fig. 4). The concentration of Na* ions affects the synthesis
of the multilamellar or unilamellar nanosheets. The mesoporosity is
created by (i) the retention of mesostructure due to the intergrown
crystals preventing the complete collapse, and (ii) the slight crystal
orientation deviation which prevented the complete condensation of
the nanosheet layers. It is remarkable that the nanosheet thickness
and framework topology (i.e., MFI-like or Beta zeolite) can be
manipulated by varying gemini like head groups, and the size
of the mesopores can be adjusted according to the hydrophobic
tail length. The evolution of framework transformation during

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 SEM image of MFI nanosheets synthesized in a flake-like morphology
(left), and TEM image of the cross-section of the flake (right). Adapted with
permission from ref. 71. Copyright 2009 Macmillan Publishers Limited.

hydrothermal syntheses of the mesostructured zeolites over time
scales was comprehensively investigated using NMR, XRD and TEM
analyses.”” As shown in Fig. 5, surfactant-directed mesoporous
material with an amorphous framework was initially formed after
1 day. Over the period of one week, it gradually transformed into
intermediate nanolayers that eventually crystallized into full MFI
nanosheets after 12 days. These materials possess numerous
characteristics which are beneficial to catalytic conversion,
namely minimizing diffusion path lengths resulting in reduced
coke deposition and more available acidic sites at the external
surface. It has been demonstrated that the catalytic conversion
of bulky molecules by the zeolite nanosheets was higher than that
of a conventional zeolite.”"”? In addition, the MFI nanosheets
showed an increased catalyst lifetime in methanol-to-gasoline
conversion, and exhibited not only less coke deposition, but also
that most of the coke formation occurred at the external surface.”*

In addition, Che and co-workers reported a similar approach
for the synthesis of single-crystalline mesostructured zeolite
nanosheets using a single quaternary ammonium template
with strong ordered self-assembling ability through the n-n
interaction of aromatic groups in the amphiphilic molecules.”
Generally, the aggregation of surfactants with one-head qua-
ternary ammonium groups is less energetically favourable than
that of multiple quaternary head molecules, and therefore the
formation of a laminar structure directed from one-head
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Fig. 5 (a) Powder XRD patterns, (b) solid-state 2°Si CP-MAS NMR spectra,
and (c) TEM images of mesostructured zeolite MFI nanosheets obtained
during hydrothermal synthesis. Reprinted with permission from ref. 73.
Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Fig. 6 HRTEM images of as-made (a, b) and calcined (c, d) single-
crystalline mesostructured zeolite nanosheets. The scale bars in a, b, c, d
represent 200 nm, 10 nm, 50 nm and 10 nm, respectively. Reprinted with
permission from ref. 74. Copyright 2014 Macmillan Publishers Limited.

quaternary molecules is unlikely to occur. However, introducing at
least two benzene rings (e.g., biphenyl and naphthyl) into the
hydrophobic alkyl tails of one-head quaternary ammonium surfac-
tants leads to the formation of more stable bilayer assemblies, as
confirmed by a molecular dynamic simulation study, and makes
the synthesis of mesostructured zeolite nanosheets plausible. The
special configuration of molecules and the strong stacking give rise
to a new type of mesoporous zeolite nanosheet joined with a 90°
rotational boundary (see Fig. 6).

Preparations of micro-mesoporous composites

Many studies have been devoted to expand the use of surfactants to
introduce mesoporosity in zeolites as to combine the advantages of
crystalline microporous zeolites with amorphous mesoporous
materials. Through creative use of multiple surfactants, several
research groups have attempted to induce mesoporosity into
microporous zeolites. The “bottom-up” approach uses surfactants
and templates at the same time (i.e., the so-called dual-templating)
to create micro- and meso-porous structures simultaneously. Beck
et al.” investigated the ability of alkyltrimethylammonium surfac-
tants with various chain lengths (i.e., C,;Hy,+1(CH;3);NBr, n =6, 8, 10,
12, 14, and 16) to form micro- and meso-porous molecular sieve
structures under various synthesis conditions, and exhibited the
tunability of MFI-MCM-41 composite compositions. It was found
that the reaction temperatures play an important role during
synthesis. The aggregation of the cationic surfactants to form
micelles is more likely at lower temperatures, giving rise to the
formation of the amorphous mesostructures. While at higher
temperatures, the micelle structures are destabilized yielding
single molecule templating, leading to the formation of zeolitic
materials. It is clear that the variation of the alkyl chain length
of surfactants can be either mesopore (20-500 Angstrom)
or micropore (<20 Angstrom) promoting. In the 100-200 °C

8904 | Chem. Commun., 2015, 51, 8900-8911
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synthesis temperature range, the shortest chain length (n = 6),
with medium to high temperatures, gives rise to primarily
microporous materials, while the longer chains (z = 8 to 12)
are both mesopore and micropore directing. The longest chains
(n =14 and 16) promote the formation of MCM-41 at lower and
intermediate synthesis temperatures.

Karlsson et al. demonstrated the formation of the micro-
and mesoporous composites of MFI-type/MCM-41 using a dual-
templating syntheses gel system (i.e., mixtures of C¢H,3(CH;);NBr
and C,4H,o(CH;);NBr).”® The compositions of the final products
were tailored by adjusting the ratio of the template surfactants and
the synthesis temperatures. As shown in Fig. 7, the sample derived
from the C,;, surfactant templating alone shows the sharp
diffraction peaks corresponding to the amorphous MCM-41
structure (i.e., low angle region peaks). Upon the addition of
the C¢ surfactant co-templates, the low angle diffraction peaks
representing the mesostructures became less pronounced, sug-
gesting a higher yield of the microporous MFI-type structure in
the final products. The presence of the mesostructures is con-
firmed by the N, adsorption isotherms of the zeolite samples
with varying ratios of C¢ and C,, cationic surfactants, which
reveal a sharp uptake in the curve at P/P, = ca. 0.33 due to pore
condensation typical for a mesoporous sample (see Fig. 8). The
synthesis temperatures have a direct effect on the composition
of the MFI-MCM-41 composite. At a fixed Cs and C,, ratio, the
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Fig. 7 XRD patterns representing mesoporous (left) and microporous
(right) structures of the composite samples obtained using various com-
binations of Cg and C34 ammonium cations at a synthesis temperature of
150 °C. Reprinted with permission from ref. 76. Copyright 1999 Elsevier
Science B.V.

This journal is © The Royal Society of Chemistry 2015
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proportion of the MFI-type phase significantly increases when a
higher synthesis temperature was used. This behavior can be
explained by the micelle destabilization effect proposed by Beck
and co-workers.”> Some of the additional structures exhibit
partial MFI- or MCM-41 morphologies. This would suggest that
the templates worked independently and were competing. Due
to the seemingly amorphous nature of MCM-41 when analyzed
with XRD, the characterization of these additional structures
remains elusive.

Kloetstra et al. added mesoporosity to faujasite (FAU) through
the deposition of MCM-41, resulting in MCM-41-FAU composite
materials.”” The use of cetyltrimethylammonium bromide
(CTAB) as a template led to a separated MCM-41 phase as well
as an outgrowth of MCM-41 on the FAU-type zeolite. While the
surfactant was expected to bind perpendicularly to the crystal,
the MCM-41 self-assembled independently, suggesting a lack of
nucleation at the surfactant-Y zeolite surface. The use of steamed
ultrastable H-Y (USY) led to an overgrowth of MCM-41 after pH
adjustment due to the inherent rough crystal surface of USY. When
tested in the cracking of vacuum gasoil, the MCM-41 coated USY
showed a 10% lower conversion, as compared to the original USY.
However, the selectivities toward the valuable products were
improved (i.e., comparing at the same conversion level, 3% higher
gasoline, 1.5% higher light cycle oil, 1.5% lower bottoms, and 2%
lower coke).

Zeolitic recrystallization is another technique to introduce
mesoporosity into zeolite crystals. The process is considered as
a “top-down” approach consisting of two steps: (i) the partial
dissolution of a zeolite with a basic solution, followed by (ii) a
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Fig. 8 Nj-adsorption isotherms of the composite samples obtained using
various combinations of Cg and Cy4 ammonium cations at a synthesis
temperature of 150 °C. Reprinted with permission from ref. 76. Copyright
1999 Elsevier Science B.V.
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hydrothermal treatment with CTAB. Ivanova et al., reported the
synthesis of composite micro/mesoporous mordenite zeolite
(MOR) using the “2-step” process.”® They found that the
addition of more severe caustic treatments led to a decrease
in the tetrahedral coordinated Al species while conversely an
increase in the octahedral Al species.""”®®° In contrast, the
second step in the presence of CTAB led to the reduction of
tetrahedrally coordinated Al species, while the appearance
of the octahedral Al species gradually increased with the degree
of recrystallization.®® The presence of octahedral aluminum is
indicative of the presence of amorphous mesoporous materials.
The ‘2-step” recrystallization approach for making meso-
porous molecular sieve MCM-41 materials with zeolitic pore
walls can be achieved using dissolved MOR®" or Beta®* gels and
CTAB in alkaline solutions. It has been proposed that the good
catalytic activity of these composite materials came from zeolite
building units in the mesopore walls. In addition, zeolitic pore
walls in amorphous mesoporous materials can be obtained
through the partial recrystallization of MCM-41 in the presence
of a tetrapropylammonium template for the ZSM-5 phase.®*

Surfactant-templated zeolites

It has long been a goal of researchers to develop a hierarchically
structured zeolite, where the mesopore walls are composed of a
crystalline zeolitic framework. In 2005, Garcia-Martinez et al.>**®
introduced a unique post-synthesis technique to make fully
crystalline zeolites (i.e., Y, MOR, and ZSM-5) with well controlled
mesoporosity using surfactants. The sizes of the introduced
mesopores are directed by the sizes of the surfactants used,
and have very narrow pore-size distributions compared to the
ones obtained from a conventional desilication process. This
approach involves a ‘‘single-step” treatment based on the utiliza-
tion of cationic surfactants (such as cetyltrimethylammonium
bromide (CTAB) and chloride (CTAC)) in dilute basic solutions
(such as NaOH, NH;OH, Na,CO; or tetrapropylammonium
hydroxide). The templates are removed through calcination or
extraction to expose the introduced mesoporosity. The meso-
structuring treatment leads to a significant improvement of
physical properties, while maintaining the key properties of
the zeolite such as crystallinity, acidity, and hydrothermal stabi-
lity.®*"®® For example, in the case of using CBV720 as a starting
material with a C,¢ surfactant, the mesopore volume (i.e., pore
diameter 20-300 A) increases from 0.16 cc g * to 0.5 cc g~ *. This
corresponds to the increase of the “external” surface area by
ca. 530 m”? g, as compared to the starting material.*® However
this increase in mesopore volume does not sacrifice acidity.
Temperature programmed ammonium desorption (TPAD) mea-
surements revealed that the acidity of the mesostructured and
conventional USY (CBV500) was comparable (i.e., 1.18 vs.
1.25 mmolH" g~ *).%° This feature is crucial in the development
of a successful catalyst.

One of the benefits of the surfactant-directing approach is
that the mesopore diameter can be simply manipulated by
using different cationic surfactants with various chain lengths.
Fig. 9 shows the corresponding results derived from a series
of mesostructured NH,-Y zeolites that were prepared using
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Fig. 9 (a) Cumulative pore volumes, (b) nonlocal density functional theory
(NLDFT) pore size distribution curves calculated from Ar (87 K) isotherms,
and (c) a relationship between the surfactant carbon chain lengths and the
modal mesopore diameters. Adapted with permission from ref. 86 and 87.
Copyright 2012 and 2014 Royal Society of Chemistry, respectively.

alkyltrimethylammonium bromide surfactants with various
chain lengths (i.e., C,Hy,+1(CH;3);NBr, n = 8-18) in NaOH
aqueous solutions. The uniform size distribution of mesopores
in the mesostructured Y-zeolite increased from ca. 15 A to 45 A
as the surfactant alkyl chain lengths increased from Cg to Cyg. It
is noteworthy that a linear correlation was found between the
modal mesopore diameters and the carbon chain lengths.
The proposed mechanism of the surfactant-assisted crystal
rearrangement is depicted in Fig. 10. The crystalline Si-O-Si
bonds of the original zeolite frameworks are open and conse-
quently yield negatively charged Si-O~ species. The diffusion of
the cationic surfactants into the zeolite crystals is driven by the
electrostatic interaction between the negatively charged sites
and the positively charged surfactants. When the local concentration
of the surfactant is high enough, it spontaneously assembles to form
micelles within the zeolite crystals. As a result, the crystal structure
rearranging to form mesopores around the micelles is driven
by (i) the electrostatic interaction, and (ii) the hydrophobic
effect responsible for the micelle formation, causing the crystal
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Fig. 10 Proposed mechanism of the surfactant-templated mesostructur-
ing process in zeolites: (a) pristine Y-zeolite; (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
introduced mesoporosity. Reprinted with permission from ref. 86. Copy-
right 2012 Royal Society of Chemistry.

expansion as has been determined by SEM analysis (see Fig. S1,
ESIT). Nevertheless, the true synthesis mechanism at the mole-
cular level is still unclear.

For the zeolite Y containing a higher aluminum content (i.e.,
Si/Al ratio < 3), an additional acid wash pre-treatment is
required prior to the surfactant/base solution treatment.®>*°
The Si-O-Al bonds are not as labile as the Si-O-Si bonds under
basic conditions. Therefore, the zeolites containing higher
framework aluminum contents are not able to restructure to
generate the micelle-directed mesoporosity. The process of
pretreating the zeolite with a dilute acid weakens the crystalline
structure. The pretreatment partially breaks the Si-O-Al bonds
without collapsing the zeolite structure. The cleavage of the
framework O-Al bonds and the formation of the ‘“hydroxyl
nest” defect sites are evident in the peak broadening and
shifting from the X-ray diffraction (see Fig. 11).5¢

Moreover, the evidence of the hydroxyl nests was also
observed from FT-IR analysis. In Y-zeolites, the vibrational
frequencies of strong Brensted acid O-H bonds and silanol
O-H bonds are typically assigned at ca. 3640 cm™ " and 3740 cm™ %,
respectively. Fig. 12 shows the evolution of the O-H stretch signals
of Y-zeolite samples along the treatment process. A significant
increase in the intensity of the peak at 3740 cm ™" was observed

AN_N A

52 54 56 58 60

Counts (a.u.)

| T Acid-treated
MU o oo A A

\Y

Pristine

12 17 22 27 32 37 42 47 52 57 62
Wavenumber (cm?)

Fig. 11 X-ray diffraction patterns of pristine (bottom) and acid-treated
(top) Y zeolites. Adapted with permission from ref. 86. Copyright 2012
Royal Society of Chemistry.
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Fig. 12 The FT-IR (O—H stretch region) of various Y zeolite samples along
the synthesis process. 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. Reprinted with
permission from ref. 86. Copyright 2012 Royal Society of Chemistry.

after the acid treatment while the intensity of the peak at
3640 cm ™' decreased. This behaviour suggests that the frame-
work Al representing the Brensted acid sites was abstracted
during the acid treatment and the terminal silanol groups (i.e.,
hydroxyl nests) were subsequently formed. The significant
decrease of the peak at 3640 cm ' after the CTAB/NaOH
treatment is due to the ion exchange between H' and Na®,
however the intensity corresponding to the Brensted acid sites
was recovered after the calcination and NH," exchange.

Recently, the modification of Si and Al species during the
surfactant-assisted crystal rearrangement process was investi-
gated through solid *°Si and *’Al MAS NMR and reported by
Jiao and co-workers (see Fig. 13).°" It is notable that after the
acid (i.e., lactic acid) treatment, the peaks of Si(nAl, n = 2-4)
species decrease along with the increase of the Si(nAl, n = 0
and 1) peaks, suggesting the occurrence of dealumination in
the Al-rich framework of the zeolite. The extracted Al ions are
more likely to form aluminum lactate species which dissolve
into the solution instead of remaining as extra-framework Al
species in the zeolite structures. As a result, the >’Al NMR peak
with a chemical shift of ca. 60 ppm was observed, as well as a
trace amount of extra-framework Al species (i.e., a chemical
shift of 0 ppm). After the treatment with CTAB in NH,OH or
NaOH solutions, the corresponding *°Si NMR spectrum reveals
a different pattern. The changes in the intensities of the Si(nAl,
n =1 and 3) peaks result from the partial desilication which is
more severe in NaOH solution. The lack of chemical shift at
0 ppm indicates no extra-framework Al was present in the sample.
There may have been no extra-framework Al formed upon the
treatment in aqueous NaOH solutions.*® On the other hand, the
silicon dissolution could have given rise to the creation of extra-
framework Al species remained in the zeolite structures after the
NH,OH treatment, as shown in Fig. 13II-c. However, when a NaOH
solution was used, the created extra-framework Al species were
removed, leading to the disappearance of the >’Al NMR peak with a
chemical shift of ca. 0 ppm (see Fig. 1311-d).”*

This journal is © The Royal Society of Chemistry 2015
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Fig. 13 2°Si and /Al MAS-NMR of various Y zeolite samples along the
synthesis process. From bottom to top, (a) the starting NaY, (b) after lactic
acid pre-treatment, (c) after treatment with CTAB in NH,OH solution, and

(d) after treatment with CTAB in NaOH solution. Reprinted with permission
from ref. 91. Copyright 2014 Royal Society of Chemistry.

The “single-step” treatment creates intracrystalline meso-
pores connected to micropores. The Si/Al ratio of the treated
zeolites remains unchanged and the product recovery yield
close to 100%, suggesting that no significant desilication took
place during the synthesis process when the dilute basic
solution was used. The use of cationic surfactants and mild
basic conditions allowed for the structural rearrangement that
was necessary for the formation of mesoporosity without severe
desilication. The co-existence of intracrystalline mesostructures
within the zeolite crystal can be exhibited by TEM (Fig. 14) and
SEM analyses (Fig. 15). The TEM in Fig. 14 reveals that the
uniformly sized and distributed smaller mesopores were created to
replace the larger channel-like mesopores in the starting commercial
zeolite Y (CBV720) while maintaining the original crystal shapes
after the mesostructuring treatment. This evidence supports the
previously described crystal rearrangement mechanism for the
mesopore formation.®®

In addition, the 3-dimentional distribution and connectivity
of the intracrystallinemesopores were studied using advanced
gas sorption, electron tomography (ET), and rotation electron
diffraction (RED) techniques.®” Fig. 16 clearly shows that the
mesopores generated by the “single-step” treatment method
are well-connected and form a network of mesopore-channels
distributed throughout the crystal. With evidence reported by
Chal et al., the pseudomorphic transformation zeolite crystals
lead to interconnected micro- and mesopores, and have a
minimal effect on the zeolite coherence domain (crystallite)
° In addition, the analysis of power X-ray diffraction
patterns suggested that an intense peak at low angle corre-
sponds to a pore-pore correlation distance of 45.8 A, ascribing
to a vermicular mesopore structure.

As previously mentioned, another surfactant-templated post-
synthetic method involves a “two-step” process: (1) partial or full
dissolution of zeolites (i.e., ZSM-5 and MOR) in basic solution,
followed by (2) hydrothermal treatment in the presence of the
cationic surfactant (i.e., CTAB)."""®%" Unlike the “single-step”

size.
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Fig. 14 TEM images of (a) the starting zeolite Y (CBV720), (b—d) meso-
structured Y zeolites demonstrating the co-existence of the intrameso-
pores and the crystal lattice fringe lines. Reprinted with permission from
ref. 87. Copyright 2014 Royal Society of Chemistry.

Fig. 15 FE-SEM images of the untreated NaY zeolite (top) and the
mesostructured Y-zeolite crystals (bottom). Reprinted with permission
from ref. 86. Copyright 2014 Royal Society of Chemistry.

process, the NaOH solution was added before the CTAB in the
“two-step” process, and the obtained materials can be significantly
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Fig. 16 The tomogram of the mesostructured Y-zeolite crystal prepared
using Cyg surfactants. Reprinted with permission from ref. 87. Copyright
2014 Royal Society of Chemistry.

different as depicted in Fig. 17. During the NaOH treatment in
the first step, some mesoporosity was generated within the
zeolite crystals by the typical desilication process. At the same
time, partial dissolution of the crystals also took place. Upon the
addition of the surfactants in the second step, the dissolved zeolite
species from the dissolution in the first step are re-assembled
around the micelle surface to form the second mesoporous silica
phase and eventually deposited back onto the external surface of
zeolite crystals. The material generated is considered a composite
as its compositions of zeolite/mesoporous materials can be varied
depending on the severity of the zeolite dissolution in the first step.
The two types of the mesoporous structures can be observed
through the adsorption isotherm at two different nitrogen uptakes
at P/P, ca. 0.35 and 0.95, corresponding to the well-controlled
mesopores covering the crystal (ie, ca. 4 nm mesopores of the
surfactant-templated amorphous mesoporous material) and the
broader mesopores (i.e., created by desilication) residing inside
the zeolite crystals, respectively.”® From the TEM images shown in
Fig. 17, it is clearly seen that the mesoporosity (lighter colored
spots) created from the “single-step” and the “two-step”
approaches is significantly different. For the single-phase meso-
structured materials derived from the ‘“‘single-step” approach,
evenly distributed non-order mesopores were observed through-
out the crystal (as confirmed in ultramicrotomed samples).*® In
contrast, two-phase materials (i.e., well-ordered mesochannel
MCM-41-microporous zeolite composites) were observed in the
samples prepared using the “two-step” approach.’®

Y-zeolites have been extensively used as catalysts for hydro-
carbon processing in refineries. It is the key active component
of fluid catalytic cracking (FCC) catalysts due to several unique
properties including strong Bregnsted acidity, high surface area,
and high hydrothermal stability. However, the relatively large
micropores (ca. 7.4 A in diameter) of the Y-zeolite are sterically
limited when performing catalytic cracking of heavy feeds such
as vacuum gas oils (VGO). The introduction of mesoporosity
into the zeolites could alleviate the diffusion limitation appearing
in the conventional materials and, therefore, enhance the catalytic

This journal is © The Royal Society of Chemistry 2015
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Fig. 17 Schematic diagram illustrating the “single-step” and the “two-
step” approaches, and examples of micrographs of the corresponding
materials obtained from the processes. Reprinted with permission from
ref. 80. Copyright 2014 Royal Society of Chemistry.

performance (i.e., maximize activity and desirable product
selectivity). Minimizing the diffusion limitation of the Y-zeolite
in FCC catalysts would help reduce bottoms by improving
accessibility of larger hydrocarbons in the feed to active sites
and therefore cracking into smaller products. At the same time,
the selectivity of valuable products such as gasoline, LCO and
LPG can be enhanced by allowing them to diffuse out before they
over-crack into undesirable coke and dry gases.”®

The catalyst evaluations of pure steam-deactivated meso-
structured derived from the ‘“‘single-step” process and conven-
tional zeolite samples were performed in a Micro Activity Test
unit (MAT) and an Advanced Catalyst Evaluation (ACE) test unit.
The abovementioned VGO cracking benefits were exhibited in
Fig. 18. The mesostructured materials showed outstanding hydro-
thermal stability as confirmed both at the lab scale (at 788 °C and
100% for 4 h) and the refinery scale. Since 2013, a FCC catalyst
containing mesoporous zeolite Y prepared by surfactant-templated
post-synthetic modification (ie., “single-step” approach) has been
commercially supplied by Rive Technology. The result from a
commercial trial suggests the estimated economic uplift over

This journal is © The Royal Society of Chemistry 2015
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Fig. 18 The MAT test results of (red) mesostructured zeolite USY and
(blue) conventional zeolite USY. The zeolites were ultrastabilized, and then
deactivated at 788 °C in 100% steam for 4 h before being tested. The
curves were fitted by a kinetic lump model. Reprinted with permission
from ref. 86. Copyright 2012 Royal Society of Chemistry.

$2.50 per bbl of the FCC feed when the refinery replaced the
incumbent catalyst with the FCC catalyst containing the meso-
structured zeolite.”* Unlike the materials obtained from the
“single-step” process, the composite materials containing a
non-zeolitic mesoporous component have exhibited inferior
hydrothermal stability and catalytic activity, and caused them
to fail as suitable FCC catalysts.

Conclusions

A novel area of research emerging from the relatively mature
field of zeolite focuses on incorporating mesoporosity into
microporous zeolites. Surfactant-templating is a useful and
versatile technique to implement mesopore systems. The major
goals are to enable the processing of bulky molecules and, at
the same time, improve the diffusion into and away from the
catalytic active sites in order to enhance the catalytic activity and
avoid undesirable side reactions. Various surfactant-templating
strategies have been explored and studied to produce new
materials. The synthesis using the “dual-templating” approach
can create micro- and mesoporous structures simultaneously;
however, the materials prepared by this method mainly consist
of a composite of amorphous and zeolite particles (i.e., MCM-41-
zeolite composites). The presence of the amorphous phase
results in poorer hydrothermal stabilities and weaker acidities
than that of crystalline zeolites, which would hinder their
catalytic performance. Recently, post-synthetic modification
approaches combining the uses of cationic surfactants and mild
basic solutions were introduced to synthesis mesostructured
zeolites. It should be noted that this mesostructuring process
undergoes structural re-arrangement which allows the formation
of one phase materials containing mesoporosity within zeolite
crystals while the microporous structures are well preserved. In
contrast, the “two-step” process creates the two phases (ie.,
MCM-41-zeolite composites) through the dissolution-precipitation
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mechanism. By contrast, surfactant-templated zeolites are one
phase mesoporous zeolites, while maintaining key properties
such as crystallinity, acidity and hydrothermal stability. Steam-
deactivated mesostructured Y zeolites have been extensively
tested in ACE (Advanced Catalytic Evaluation) units and several
refinery trials, exhibiting superior performance in heavy oil
(VGO) processing (i.e., lower bottoms, coke, and dry gases, and
higher gasoline, LCO and LPG). They represent the bridge
between zeolites and surfactant-templated materials and the
successful commercial realization of the promising mesoporous
materials in those processes where zeolites are diffusion limited.
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