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Abstract: Micro/mesoporous zeolitic composites (MZCs) represent an important class of hierarchical
zeolitic materials that have attracted increasing attention in recent years. By introducing an additional
mesoporous phase interconnected with the microporosity of zeolites, a hierarchical porous system
of MZCs is formed which facilitates molecular transport while preserving the intrinsic catalytic
properties of zeolites. Thus, these materials offer novel perspectives for catalytic applications.
Over the years, numerous synthesis strategies toward the formation of MZCs have been realized and
their catalytic applications have been reported. In this review, the three main synthesis routes, namely
direct synthesis using zeolite precursors, recrystallization of zeolites, and zeolitization of preformed
mesoporous materials are thoroughly discussed, with focus on prior works and the most recent
developments along with prominent examples given from the literature. In addition, the significant
improvement in the catalytic properties of MZCs in a wide range of industrially relevant reactions is
presented through several representative cases. Some perspectives for the future development of
MZCs are also given.

Keywords: zeolite composites; hierarchical zeolites; micro/mesoporous zeolites; mesoporous
materials; catalytic cracking; alkylation of aromatics; hydroconversion; methanol-to-hydrocarbons

1. Introduction

Zeolites are crystalline aluminosilicates that consist of SiO; and AlO, tetrahedra as primary
building units, connected by sharing one oxygen atom between two tetrahedra to form 3D frameworks
with uniform pore sizes of molecular dimensions (typically 0.25-1 nm) [1]. Currently more than
200 zeolite structures have been defined by the International Zeolite Association (IZA) [2].
Among them, about 20 zeolites such as Y (FAU), ZSM-5 (MFI), mordenite (MOR), beta (BEA),
MCM-22 (MWW) etc. have been widely used as heterogeneous catalysts in a good number of
industrial processes, e.g., fluid catalytic cracking (FCC), alkylation, methanol-to-hydrocarbons (MTH),
and hydroconversion processes [3-7]. The success of zeolites in catalysis primarily stems from
their outstanding properties including crystallinity, large inner surface area, superior hydrothermal
stability, tunable acidic properties, and well-defined pore sizes with shape-selectivity. Nevertheless,
zeolite catalysts retain one major drawback. As one side effect of the micropores, they often suffer
from diffusion limitations particularly for large molecules. The restricted access and slow molecular
transport to and from active acid sites confined in the zeolite crystal (known as “configurational”
diffusion) lower the effectiveness of the zeolite catalyst (Figure 1). Furthermore, this limited
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mass-transfer may also cause pore blocking by large molecules or by coke-like deposit formation
which contributes to the catalyst deactivation [8-10].
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Figure 1. (a) Effect of pore sizes on the diffusion of large (red) and small (black) molecules within
macropores (in blue, left), mesopores (in green, middle) and micropores (in yellow, right); (b) Effect of
pore diameter on molecular diffusivity (D, left) and energy of activation (E,, right) in different diffusion
regimes. Reproduced with permission from [8]. Copyright Royal Society of Chemistry, 2016.

On the other hand, the discovery of ordered mesoporous materials (OMMs) such as MCM-41 or
SBA-15 has brought a promising opportunity for moving the zeolite catalysis to the mesoscale [11,12].
With regular mesopores in the range of 2-30 nm, the diffusion regime in OMM: s is typically Knudsen
diffusion, whose diffusivity is several orders of magnitude higher than that of “configurational”
diffusion inside micropores of the zeolite (see Figure 1). Unfortunately, OMMs fail to mimic the key
characteristics of zeolites, i.e., high hydrothermal stability and strong intrinsic acidity owing to the
non-crystalline nature of mesopore walls, which severely hinder their practical applications [13-15].
Hence, it is extremely desirable to design hierarchical zeolitic materials that couple the advantages of
both mesoporous materials and microporous crystalline zeolites.

Over the past decades, a huge amount of hierarchical zeolitic materials have been realized
and they can be broadly classified into two different types of materials: hierarchical zeolites and
zeolite composites. Hierarchical zeolites (HZs) show pure zeolite phases in which a large fraction
of mesoporosity is introduced in combination with genuine microporosity. This can be achieved by
either introducing intracrystalline mesoporosity into zeolite crystals (mesoporous zeolites) or inducing
intercrystalline mesoporosity between the intergrown nano-sized zeolite crystals (nano-zeolites).
Zeolite composites, also known as micro/mesoporous zeolitic composites (MZCs) contain at least an
additional mesoporous material acting as a composite partner for the zeolite phase (Figure 2).
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Figure 2. Categorization of hierarchical zeolitic materials that couple the advantages of both
mesoporous materials and microporous crystalline zeolites. Adapted with permission from [10].
Copyright Royal Society of Chemistry, 2008.

To maximize the benefits of the bimodal porous system in catalyzed reactions, it is vital
that the various domains of porosity should be interconnected to fulfil a distinct function: the
micropores provide a high active surface area, the access to which is enhanced by the newly
introduced mesopores [10,16,17]. Consequently, the design of hierarchical zeolitic materials for catalytic
applications requires the introduction of mesoporosity in harmony with the existing microporous
system. In recent years, there has been a rapid development in synthesis and applications of hierarchical
zeolitic materials. Many excellent reviews highlighting various aspects of the latest progress in this
field have been published [6,8-10,13,14,16-29]. It should be noted that most of them have focused on
hierarchical zeolites (HZs). The topics concerning MZCs have been scarcely reviewed in the literature
though numerous studies have been published on MZCs. In this context, the present review aims at
providing an account of the recent developments of MZCs with emphasis on synthesis strategies and
catalytic applications.

2. Synthesis Strategies of Micro/Mesoporous Zeolitic Composites

In order to form a hierarchical pore system within MZCs, the mesoporous phase has to be
interconnected with the microporous phase. In this sense, the simple mechanical mixture of zeolites
and mesoporous materials is not regarded as a MZC. Today, various synthesis strategies have been
developed for designing MZCs with improved catalytic properties which can be divided into three
main groups: (i) direct synthesis using zeolite precursors; (ii) recrystallization of zeolite crystals;
(iii) zeolitization of preformed mesoporous materials. The sections below give a summary on the
progress of these synthesis strategies. Attention is centered on the pioneering works and the most
recent developments.

2.1. Direct-Synthesis Using Zeolite Precursors

The use of zeolite precursors, also known as zeolite nanoseeds or protozeolitic nanoparticles
for preparation of MZCs in a two-step process perhaps represents the most extensively studied
approach. In this method, zeolite precursors are first prepared by shortening the hydrothermal
treatment time required for the evolution of classical zeolite crystals and subsequent assembly
of these precursors in the presence of surfactants to form mesostructures. This idea was first
realized by Pinnavaia et al. [30] in 2000 by using faujasitic zeolite (FAU) seeds to assemble with
cetyltrimethylammonium bromide (CTAB) template in basic media to form a steam stable hexagonal
MCM-41 analog. It was later extended for the synthesis of different mesostructures including hexagonal
(MSU-S, MSU-S/H, MAS, SAZ), cubic (MCM-48), wormhole (HMS, MSU-X), and foam-like (MCF,
MSU-F) structures from different zeolite seeds such as Y, ZSM-5, Beta etc. under a variety of assembly
conditions [13-15]. The resulting materials in most cases show ordered mesostructures with retained
zeolite building units in the mesopore walls which are thought to be responsible for their improved
hydrothermal stability and acidic properties. As a result, they exhibit higher catalytic activities in the
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conversion of large molecules, e.g., 1,3,5-tri-isopropylbenzene (TIPB) compared to OMMs and zeolites.
Unfortunately, they display lower conversions of smaller molecules, e.g., cumene, which are mainly
cracked in the presence of strong Brensted acid sites of zeolites. The reason is that the preserved zeolite
building units in the mesoporous walls cannot exceed the range of a few unit cells because of the small
size of preformed zeolite precursors required for the self-assembly of a mesostructured matrix [31,32].
In fact, these composite materials were still X-ray amorphous at high angles and contained a negligible
fraction of micropores.

To improve the acidic properties of MZCs prepared from zeolite precursors, various modifications
of the synthesis procedure have been explored in recent years. One promising route is to utilize
zeolite precursors containing intact zeolite crystals for the self-assembly of mesostructures. Herein,
the unreacted precursors, which have not been consumed in the evolution of zeolite crystals in
the first step, can assemble into a mesostructure in the second step by pH adjusting prior to
hydrothermal treatment [33—40]. The obtained MZCs such as ZSM-5/MCM-48 [33], L/MCM-41 [35],
Beta/FDU-12 [36], Beta/SBA-15 [37] etc. comprise a zeolite phase intermixed with a mesophase,
and the distribution of which can be tuned synthetically by the precrystallization conditions,
i.e., initial Si/Al ratios, precrystallization time and temperature. The acidic properties of these
resulting composites are substantially enhanced because of the presence of the zeolite phase. However,
it is noteworthy to mention that most of these syntheses were carried out at mild temperatures in the
second step (typically 100-150 °C) to avoid the decomposition of surfactant templates. This results
in an imperfectly condensed mesoporous phase and thereby unsatisfactory hydrothermal stability.
In this respect, we have recently developed a synthesis procedure for enhanced hydrothermal stability
of MZCs composites by employing high-temperature hydrothermal treatment in mildly acidic media
in the second step [41]. It was successfully applied for the synthesis of nano-ZSM-5/SBA-15 analog
composites. The resulting material, denoted as ZSC, shows nano-ZSM-5 crystals embedded in highly
condensed mesoporous SBA-15 analogs and the content of both phases can be roughly controlled by
the precrystallization time (Figure 3). The micro/mesoporous structure of ZSC composites is well
maintained even after steaming at 800 °C for 24 h while their acidic properties and pore accessibility
are considerably improved as proved by gas phase cracking of cumene and TIPB as model compounds
(Figure 4).

= 100nm = 100nm = 100nm = 100nm

Figure 3. Scanning electron microscopy (SEM) images of nano ZSM-5/SBA-15 analog (ZSC) composites
with various precrystallization times of either 6, 12, 24 or 36 h (from left to right): (a-d) SEM images
with 20 x magnification shown in upper row; (e-h) 100x images in lower row; (e f,g) Insets show FFT
(Fast Fourier Transformation) images of the respective SEM to illustrate presence or (h) absence of
periodically ordered mesoporosity [41]. This figure was published in J. Mater. Sci., Direct synthesis of
nanosized-ZSM-5/SBA-15 analog composites from preformed ZSM-5 precursors for improved catalytic
performance as cracking catalyst, 49, 2014, 5676-5689, Vu, X.H.; Bentrup, U.; Hunger, M.; Kraehnert, R.;
Armbruster, U.; Martin, A. Reproduced with permission of Springer.
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Figure 4. Effect of steaming of the ZSC composite at 800 °C for 24 h on the structural and textural
properties: (a) Small-angle X-ray scattering (SAXS), (b) X-ray diffraction (XRD) and (c) Nj sorption
isotherms [41]. This figure was published in J. Mater. Sci., Direct synthesis of nanosized-ZSM-5/SBA-15
analog composites from preformed ZSM-5 precursors for improved catalytic performance as cracking
catalyst, 49, 2014, 5676-5689, Vu, X.H.; Bentrup, U.; Hunger, M.; Kraehnert, R.; Armbruster, U.; Martin,
A. Reproduced with permission of Springer.

An alternative route is to add well-defined zeolite crystals to the synthesis mixture of the
mesoporous material which provides more precise control of zeolite phase and mesoporous
phase distribution [31,42—49]. By this way, a variety of composites such as Beta/TUD-1 [31],
MCM-22/MCM-41 [42], Silicalite-1@SBA-15 [43], Y/MCM-48 [47] have been synthesized under
different synthesis conditions. The resulting materials in many cases show core—shell structured
composites by overgrowth of the mesophase on the surface of pre-added zeolite crystals. Excellent
examples are the core—shell structured zeolite@SBA-15 composites with controllable shell thickness
developed by Qian et al. [43] by addition of zeolite crystals, i.e., Silicalite-1 or ZSM-5, to an ultra-dilute
synthesis mixture of SBA-15. The micro/mesoporous core—shell structure consists of zeolite cores
directly connected with the large mesopores of SBA-15 shells, forming a highly opened junction
between microporous and mesoporous frameworks (Figure 5).
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b pinacoid

Figure 5. Transmission electron microscopy (TEM) images of a core-shell structured composite
Silicalite-1@SBA-15 with a well-defined mesostructured shell: (a) Uniform core-shell particles without
separated SBA-15; (b) a core-shell particle with shell thickness of ca.100 nm on b pinacoid and of
ca. 45 nm on dome face; (c) a core-shell particle with shell thickness of ca.45 nm on a pinacoid;
(d) strip-like mesopores and (e) hexagonal mesopores closely connected with Silicalite-1;
(f) cross-section High-Resolution Transmission Electron Microscopy (HRTEM) image of the core-shell
composite revealing the highly interconnected micropores and mesopores. Inset in (a) is the geometric
model of a Silicalite-1 single-crystal. Reproduced with permission from [43]. Copyright Royal Society
of Chemistry, 2011.

2.2. Recrystallization of Zeolite Crystals

Recrystallization of zeolite crystals has been shown to be a versatile and effective route
for preparation of MZCs with superior catalytic properties. In a first step, zeolite crystals are
submitted to alkaline media for partial or complete dissolution. The subsequent step converts the
dissolved zeolite species to mesostructures which are deposited back onto the zeolite crystal surface.
Goto et al. [50] first realized this concept in 2002 by partial dissolution of ZSM-5 and mordenite zeolites
in alkaline media (0.75-3 M NaOH) followed by reassembly of these species into a mesostructure by
hydrothermal treatment in the presence of hexadecyltrimetylammonium chloride (HDTMACI) as the
mesostructural template. The obtained solids, denoted as ZMC, comprise zeolite crystals embedded
in the mesoporous matrix which results in close contact between the microphase and mesophase.
The ZMC composites possess strong acidity comparable to their parent zeolites. Furthermore,
the cracking activity of ZMC is higher than that of parent ZSM-5 in the cracking of n-hexane,
which is attributable to the improved molecular transport provided by the bimodal pore system
of ZMC catalysts. Inspired by these findings, a large number of studies have been reported on
the recrystallization of zeolite crystals to create MZC materials [28,51-72]. Various zeolites such as
ZSM-5, beta, mordenite, Y, MCM-22 etc. have been submitted to alkaline treatment and subsequent
self-assembly, in most cases in the presence of long-chain alkylammonium surfactants such as CTAB.
The alkaline treatment was later found to generate intracrystalline mesopores in zeolite crystals along
with dissolved zeolite fragments as building blocks for self-assembly of mesostructured materials,
mainly MCM-41 analogs.

The detailed mechanism has been recently proposed by Ivanova et al. [58,67] who made intense
efforts on the recrystallization of mordenite (Figure 6). At the first step of the process, zeolite desilication
and ion exchange of protons with Na* proceed very fast which generate both intracrystalline and
intercrystalline mesopores. The formation of negatively charged sites during desilication attracts
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cationic surfactants to diffuse into the intercrystalline space and the zeolite intracrystalline voids.
This gives rise to micelle formation and therefore nucleation of the mesoporous phase inside the
intracrystalline mesopores and on the external surface of the zeolite crystals. In the final step,
the condensation of extracted species around the micelles under hydrothermal treatment results
in the formation of core-shell structured composites consisting of zeolite crystals with ingrown and
overgrown mesophase.
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Figure 6. Schematic illustration of the major steps of mordenite recrystallization mechanism. Adapted
with permission from [67]. Copyright Royal Society of Chemistry, 2014.

The relative amount of zeolite phase and mesoporous phase, thus ruling the physicochemical
properties of the resulting composites, is mainly governed by the degree of recrystallization via
alkaline treatment [28]. When the zeolite is treated in mild alkaline media, only small fractions of
dissolved zeolite species are generated and the self-assembly of these species brings about a thin
layer of mesoporous phase covering the treated zeolite crystals (Figure 7a,d). In contrast, complete
dissolution of zeolite crystals by strong alkaline treatment leads to the formation of pure mesoporous
materials with zeolite building units in the mesoporous walls (Figure 7c,f). In between, the composite
materials comprise zeolite crystals with ingrown and overgrown mesophase, inducing core-shell
structures with an interconnected bimodal pore system (Figure 7b,e).
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Figure 7. TEM images of mordenite/MCM-41 composites (a—c) and SEM images of MFI/MCM-41
composites (d—f) obtained at various degrees of recrystallization of mordenite and ZSM-5 respectively.

Reproduced with permission from [28]. Copyright Royal Society of Chemistry, 2013.

2.3. Zeolitization of Preformed Mesoporous Materials

In contrast to the recrystallization of zeolite crystals, this approach uses preformed mesoporous
materials as starting materials for partial transformation into zeolite phase. Generally, this is a two-step
process in which mesoporous materials are first prepared, followed by zeolitization of their amorphous
mesoporous walls under zeolite synthesis conditions to obtain MZCs. The first attempt was reported
by Kloetstra et al. [73] in 1997. The authors performed the recrystallization of mesoporous walls of
MCM-41 and HMS by ion-exchanged tetrapropylammonium template and subsequent hydrothermal
treatment in glycerol. The resulting materials, coded as PNA-1 and PNA-2 corresponding to the parent
MCM-41 and HMS respectively, exhibit disordered mesoporous materials with embryonal ZSM-5 in the
mesoporous walls. Later, Verhoef et al. [74] demonstrated the formation of small particles containing
ZSM-5 structure of approximately 3 nm during the partial transformation of mesoporous walls of
MCM-41 under hydrothermal treatment. Attempts to create well-defined ZSM-5 nanocrystals by
partial recrystallization of MCM-41 type materials often lead to the collapse of the MCM-41 framework
and the formation of segregated zeolite crystals [75,76]. The main reason is that mesoporous walls of
MCM-41 type materials are too thin (less than 2 nm) to accommodate the highly developed zeolitic
nanoparticles. In this connection, SBA-15 type materials with walls thicker than 3 nm would be better
suited as starting materials. However, the hydrothermal treatment of SBA-15 type materials still
induced the formation of segregated zeolite crystals at the expense of mesoporous walls (Figure 8).
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Figure 8. SEM images of zeolitization of SBA-15 into ZSM-5 for different crystallization time: (a) 24 h,
(b) 48 h, (c) 60 h, and (d) 72 h. The white arrows show the segregated ZSM-5 crystals [77]. This figure
was published in Microporous Mesoporous Mater., Vol. 95, Campos, A.A.; Dimitrov, L.; da Silva, C.R;;
Wallau, M.; Urquieta-Gonzélez, E.A., Recrystallisation of mesoporous SBA-15 into microporous ZSM-5,
92-103, Copyright Elsevier (2006).

To avoid the phase separation and the destruction of mesoporous walls during the zeolite
crystallization, the steam assisted crystallization (SAC) method was employed [78-84]. In this
process, parent mesoporous materials in the form of dried gel precursors are brought into contact
only with water vapor and/or additional microporous template molecules are transported to the
mesoporous material by steam. Thus, the mass transfer during the crystallization process was
substantially suppressed due to the absence of a liquid phase. This greatly contributes to the
preservation of mesoporous walls during the SAC process. Based on this method, various composite
materials such UL-ZSM-5 [78], TUD [79,80], MCM-22/SBA-15 [82] etc. have been successfully
developed. The resulting composites display nanosized zeolite crystals embedded in the interconnected
mesoporous matrix, forming semicrystalline walls while retaining the mesoporous structure.
The distribution of zeolite crystals and mesoporous phase can be adjusted by varying the crystallization
conditions. It has been reported that the pore wall thickness, the slow conversion into zeolitic crystalline
aluminosilicate, as well as mesostructured supports such as carbon inside the mesopores are favorable
for the preservation of the mesostructure during the SAC process (Figure 9) [78-82].

Crystallization
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Figure 9. Schematic representation of the strategy for retaining the mesostructure of parent mesoporous
materials in the steam assisted crystallization (SAC) process for preparation of MZCs [82]. Parts of this
figure were published in Catal. Today, Vol. 168, Ogura, M.; Inoue, K.; Yamaguchi, T., A mechanistic
study on the synthesis of MCM-22 from SBA-15 by dry gel conversion to form a micro- and mesoporous
composite, pp. 118-123, Copyright Elsevier (2011).
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3. Catalytic Applications of Micro/Mesoporous Zeolitic Composites

Catalytic applications of MZCs have been extensively investigated in recent years. The superior
catalytic performance of MZC catalysts compared to conventional zeolites, OMMs and mechanical
mixtures thereof has been demonstrated in both traditional and emerging catalytic applications
of industrial relevance such as catalytic cracking, alkylation, methanol-to-hydrocarbons reactions,
and hydroconversions. In this section, we highlight some typical examples that have been recently
published on the catalytic applications of MZC materials.

3.1. Catalytic Cracking

Zeolites, particularly Y and ZSM-5 are widely used as industrial cracking catalysts. Despite the
great success of zeolites in the application for fluid catalytic cracking (FCC), the diffusion limitations
have been recognized as a major problem that needs to be solved, especially when processing low
quality feedstocks such as heavy oils or biogenic resources. In this area, MZC materials not only help to
alleviate the diffusion limitations and to increase the accessibility of acid sites but also help to pre-crack
bulky molecules into intermediates that could then enter the pores of zeolites and react on strong acid
sites [13,14,31,39,41,50,54,62,64,85-90].

Vu et al. [41] showed that greatly improved pore accessibility can be achieved over
nano-ZSM-5/SBA-5 analog composite (denoted as ZSC-24) prepared by dispersion of nano-ZSM-5 in
highly condensed mesoporous SBA-15 analogs via the direct synthesis route. This was clearly proved
in the gas phase cracking of cumene and TIPB as model compounds. In relation to commercial ZSM-5
which shows the highest conversion of cumene (ca. 94%), the ZSC-24 catalyst displays comparable
conversion (ca. 80%) despite its much lower density of acid sites. On the other hand, ZSC-24 shows
a much higher conversion of cumene than Al-SBA-15 (ca. 13%) with a similar Si/Al ratio of 30.
For the cracking of TIPB, the ZSC-24 catalyst reveals a TIPB conversion of ca. 80% being as high
as that of AI-SBA-15 (ca. 85%) while commercial ZSM-5 reaches only about 62%. Furthermore, the
performance of the ZSC-24 composite with respect to commercial ZSM-5 and Al-SBA-15 has been
evaluated in the cracking of biogenic feedstock, i.e., waste cooking oil under FCC conditions [85].
It was found that the ZSC-24 catalysts are superior, producing the remarkably higher selectivity toward
Cy—C4 olefins than commercial ZSM-5 and Al-SBA-15 (Table 1). The improved molecular transport
provided by the mesopores of SBA-15 analogs and the shorter diffusion path length inside nano-ZSM-5
coupled to medium acidity is likely to be responsible for the superior catalytic performance of the
ZSC catalyst.

Table 1. Hydrocarbon gas compositions obtained in the catalytic cracking of waste cooking oil over
ZSC-24 material relative to HZSM-5 and Al-SBA-15 catalysts. Adapted from [85].

Compound ZSC-24 HZSM-5 Al-SBA-15
Methane 1.7 0.9 51
Ethane 2.3 1.7 6.0
Ethene 6.5 16.9 9.0
Propane 2.4 14.2 53
Propene 419 32.9 30.4
i-Butane 0.6 4.8 0.5
n-Butane 1.5 5.6 41
t-2-Butene 10.9 5.6 11.0
1-Butene 8.7 44 8.9
i-Butene 15.9 8.9 11.6
c-2-Butene 7.9 4.1 8.2
Selectivity to Cp—Cy olefins (%) 2 93.2 735 83.3

2 fraction of C,—Cy olefins per total C,—C4 hydrocarbons.
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Diao et al. [62] developed core-shell structured composites by the treatment of HZSM-5
with tetramethyl- and tetraethyl-ammonium hydroxide (TMAOH and TEAOH, respectively)
and subsequent recrystallization with CTAB. The resulting core-shell meso-HZSM-5@Al-MCM-41
composites exhibit the meso-HZSM-5 core overgrown by AI-MCM-41 shell with thicknesses of 58 nm
and 27 nm, respectively. Catalytic cracking of supercritical n-dodecane (500 °C, 4 MPa) over the
zeolite composites revealed that the pre-cracking of n-dodecane over the AI-MCM-41 shell and
the enhanced diffusion in the meso-HZSM-5 core led to excellent catalytic performance of the
meso-HZSM-5@AI-MCM-41 with an improvement in catalytic activity up to 31% and the lowest
deactivation rate (only one fourth) compared with the parent HZSM-5 (Figure 10).
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Figure 10. Desilication of the HZSM-5 (HZ-P) with tetramethyl-ammonium hydroxide (TMAOH)
and tetraethyl-ammonium hydroxide (TEAOH) (denoted as HZ-MT and HZ-ET respectively) and
subsequent recrystallization (denoted as HZ-MR and HZ-ER respectively): (a) Schematic illustration of
the catalytic cracking of n-dodecane over HZs and (b) Conversion of n-dodecane over HZCs catalysts
prepared by deposition of HZs onto the inner surface of the stainless steel tubular reactor. Adapted
with permission from [7]. Copyright Royal Society of Chemistry, 2015.

Similar observations were reported by Liu et al. [54] who carried out the cracking of vacuum gas
oil (VGO) over Y/MCM-41 composite under FCC conditions. The core-shell structured Y/MCM-41
composites were prepared by recrystallization of zeolite NaY using alkaline treatment. It was found
that the mesopores of the shell can promote the pre-cracking of bulky molecules and then increase the
conversion of heavy oil. As a result, the Y/MCM-41 composite of well-organized core-shell structure
produces a higher conversion of VGO and total liquid products than zeolite Y and the Y/MCM-41
with randomly orientated stacks.
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3.2. Alkylation of Aromatics

Zeolites are important industrial catalysts for benzene alkylation to produce important monomers
for the petrochemical industry. MZC catalysts offer an enhanced efficiency compared to zeolite
catalysts by lowering the diffusion limitation of the reactant and product, respectively, while
retaining the shape-selectivity linked to the intrinsic microporosity of the zeolite [28,45,51,52,91-93].
Ivanova et al. [28,51,52] studied the alkylation of benzene with dodec-1-ene and naphthalene with
cyclohexene over MOR/MCM-41 composite catalysts (denoted as RMOR) obtained by recrystallization
of mordenite (MOR) with CTAB. In the former reaction (Figure 11a), the increase in the reactant
conversion and selectivity to the desired products, i.e., dodecylbenzenes, is obtained by the mild
recrystallization of mordenite (RMOR-1). This is assigned to the shorter diffusion path length and
enhanced accessibility of acid sites provided by the intracrystalline mesopores of RMOR-1. Moreover,
the comparable high selectivity to linear dodecylbenzenes (84%) of RMOR-1 and parent MOR evidences
the preservation of shape-selectivity of the parent MOR. Increasing the degree of recrystallization
(RMOR-2, RMOR-3) lowers the alkylation activity because of the significant reduction of acidity. Similar
observations are found in the latter reaction with bulkier molecules (Figure 11b). Mild recrystallization
of parent MOR (RMOR-1, RMOR-2) enhances the conversion of both naphthalene and cyclohexene
and the selectivity toward the target product, i.e., cyclohexylnaphthalenes (CHN). However, severe
treatment of MOR (RMOR-3) reduces the yield of CHN due to the secondary transformation of CHN
to dicyclohexylnaphthalenes (DCHN).

linear dodecylbenzenes
@ + /\/\/\A/\/A.Enon-linear dodecylbenzenes <I> — @
Other products CHN DC "\( 6

Initial rates, umolg's™ [J yield of CHN, mol.%

58
[Jall products M yield of DCHN, mol.% 48
W dodecylbenzenes 32 37
18 [L 22
b
(a) (b) ‘

MOR RMOR-1 RMOR-2 RMOR-3
MOR RMOR-1 RMOR-Z RMOR 3

Figure 11. Catalytic performance of parent mordenite (MOR) and recrystallized MOR/MCM-41
composites (RMOR) in (a) alkylation of benzene with dodec-1-ene and (b) alkylation of naphthalene
with cyclohexene. Adapted with permission from [28]. Copyright Royal Society of Chemistry, 2013.

Very recently, Lee et al. [92] reported remarkably improved catalytic performance of recrystallized
MOR (Recry-MOR) in the alkylation of naphthalene with isopropyl alcohol for the production of
2,6-naphthalenedicarboxylate, the monomer of polyethylene naphthalate (PEN) plastic. The desired
product is 2,6-diisopropylnaphthalene (DIPN) and the ultimate goal of the catalyst development for this
process is to achieve high activity and high 2,6-DIPN/2,7-DIPN ratio. By mild recrystallization of MOR
with CTAB, the resulting composite shows much higher conversions of naphthalene as well as catalytic
stability (Figure 12a). This indicates that the formation of an inter-connected micro/mesoporous system
in the Recry-MOR catalyst facilitated the facial diffusion of bulky molecules to and from active catalytic
sites located in the pores of MOR, thereby allowing the higher conversion of naphthalene. Moreover,
a comparable 2,6-DIPN/2,7-DIPN ratio between the parent MOR and Recry-MOR confirms that the
intrinsic high shape-selectivity of MOR for 2,6-diisopropylnaphthalene is maintained (Figure 12b).
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Figure 12. Catalytic performance of parent mordenite (MOR) and recrystallized MOR/MCM-41
composites (Recry-MOR) in the alkylation of naphthalene with isopropyl alcohol: (a) conversion of
naphthalene and (b) 2,6-diisopropylnaphthalene (DIPN)/2,7-DIPN ratio with time-on-stream [92].
Lee, YH.; Kim, W.Y,; Park, H.; Choi, Y.H.; Lee, J.S. Highly active and coke-tolerant hierarchical
mordenite catalysts synthesized by recrystallization for the isopropylation of naphthalene.
ChemCatChem 2016, 8, 2996-3001. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.

Another advantage of MZC catalysts in alkylation was reported by Xue et al. [42]. The authors
developed H-MCM-22/MCM-41 composites by overgrowing of MCM-41 over the external surface of
H-MCM-22 via direct synthesis and tested the resulting catalysts in alkylation of toluene with dimethyl
carbonate to p-xylene. Interestingly, by decreasing the H-MCM-22/MCM-41 weight ratio from 7:1 to
1:1, the selectivity for p-xylene increases substantially while the conversion of toluene is maintained.
This is attributed to the formation of a MCM-41 layer covering the Brensted acid sites on the external
surface of H-MCM-22. Hence, the nonselective alkylation on the external acid sites of the zeolite is
effectively inhibited.

3.3. Methanol-to-Hydrocarbons

Methanol-to-hydrocarbons (MTH) reactions have emerged as an attractive alternative to produce
a wide range of hydrocarbons such as gasoline and light olefins. Methanol can be produced from coal,
natural gas or biomass. The conversion of methanol to gasoline range hydrocarbons (via the MTG
process) was originally discovered by Mobil Oil using ZSM-5 zeolite. However, the ZSM-5 catalyst
often produces gasoline with a high content of aromatics which is not desired from the environmental
point of view. In this respect, Di et al. [38] developed a novel ZSM-5/MCM-48 composite by direct
synthesis to reduce the formation of aromatics in the MTG reaction. The obtained composite consists
of the ZSM-5 phase interconnected with the mesoporous MCM-48 phase, giving high activity and
stability in the MTG reaction. In particular, the content of aromatics in the liquid fraction ranges
from 35 to 46 wt %, which is significantly lower than that (ca. 65-84 wt %) observed with commercial
HZSM-5 catalysts. The catalytic superiority is attributable to the reduced diffusion limitations caused
by the widened pore size distribution and lowered pore surface acidity of the composite catalyst.

Similar effects of acidity and porosity were also reported in the conversion of methanol to lower
olefins (via MTO process) over a core-shell composite catalyst (Figure 13). Qian et al. [43] evaluated the
catalytic performance of such a composite containing 70 wt % HZSM-5 core and 30 wt % mesoporous
SBA-15 shell (HZ@S15) relative to pristine HZSM-5 (100 wt %) and a mechanical mixture containing
70 wt % of HZSM-5 and 30 wt % of SBA-15 (HZSM-5&S15) in the MTO reaction. It was found
that HZ@S15 catalysts display excellent catalytic performance with high conversion (98%) and high
selectivity to propene (39%). Especially, the propene to ethene (P/E) ratio for the core-shell catalyst
is higher than that of pristine HZSM-5. The mesoporous silica shell with large surface area and pore
channels facilitates molecular diffusion, enhancing the accessibility of acid sites of ZSM-5. This leads
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to high methanol conversion and propene selectivity even though the content of active HZSM-5
(70 wt %) is less than in pristine HZSM-5. Furthermore, the mesoporous shell also partially covers
the surface acidity of the zeolite, reducing the selectivity to ethene and thus establishing a higher P/E
ratio over the core-shell composite with respect to pristine HZSM-5. Compared to the mechanical
mixture HZSM-5&515, the core-shell catalyst exhibits an obvious enhancement in catalytic activity
which further stresses the importance of the interconnected micro/mesoporous system in catalysis.
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Figure 13. The catalytic performance of pristine HZSM-5 (red color), the mechanical mixture
HZSM-5@S15 (blue color) and HZ@15 composite (black color): (a) methanol conversion (square),
selectivity of ethylene (circle) and propylene (triangle); (b) the propylene to ethylene (P/E) ratio.
Adapted with permission from [43]. Copyright Royal Society of Chemistry, 2011.

3.4. Hydroconversion

Unlike the previous catalytic reactions which are mainly catalyzed by acid catalysts,
hydroconversion processes such as hydrodesulfurization, hydrocracking, and hydroisomerization
require bifunctional catalysts containing acidic and metal sites. The balance of these functions plays
a crucial role in the design of novel hydroconversion catalysts. In this context, MZC materials
have recently gained extensive attention because they offer appropriate acidic properties, improved
molecular transport capabilities, and high metal distribution with respect to conventional zeolites
and OMMs.

Hydrodesulfurization (HDS) is currently one of the most widely used techniques in refineries to
reduce the sulfur content in gasoline. However, it is generally accompanied by a decreased gasoline
octane number due to olefin saturation in the hydrogenation process. Thus, the development of novel
catalysts which not only show improved desulfurization but also preservation of the octane number is
of crucial importance for hydro-upgrading technology. This has been realized by using MZC materials
such as L/MCM-41 [35], Beta/SBA-15 [37], ZSM-5/KIT6 [94], and Beta/KIT6 [95] as advanced supports
for the preparation of HDS catalysts. Especially, Du et al. [36] recently developed excellent HDS
catalysts by using micro/mesoporous composite Beta/FDU-12 (BF) as a support additive mixed with
v-AlLO3 (BFA). The BF composites prepared by the direct synthesis route exhibit a Fm3m cubic ordered
mesoporous structure similar to the pure silica material FDU-12 and its framework contains the
microporous structure of Beta zeolite [36]. The combination use of BF and y-Al,O3 as support catalysts
yielded an appropriate distribution of Brensted and Lewis acid sites with moderate acid strength; thus,
a good balance among the HDS, hydroisomerization and aromatization reactions can be achieved.
The large surface area and pore structure of BF enhance the dispersion and accessibility of
active metal sites. The obtained catalyst CoMo/BFA displays a superior catalytic performance
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compared to the reference catalysts, e.g., CoMo/v-Al,O3, CoMo/FA, and CoMo/ZFA in the
hydro-upgrading of full range FCC gasoline. Moreover, the authors emphasized that post-treatment
with ethylenediaminetetraacetic acid (EDTA) improves the dispersion of the active metals, thus
the resulting catalyst CoMoE/BFA shows the best hydro-upgrading performance for FCC gasoline
(Figure 14).

96
- 90.4
90| memHDS%
~~RON
£ 88 [ 90
9 s
g 4
84 - 89.6
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| 89.2

CoMoly-Al,0; CoMo/FA CoMo/ZFA CoMo/BFA CoMoE/BFA

Figure 14. Catalytic performance of the CoMo/BFA and CoMoE/BFA catalysts in relation to the
reference catalysts CoMo/y-Al,O3, CoMo/FA and CoMo/ZFA in the hydrodesulfurization (HDS)
of full range fluid catalytic cracking (FCC) gasoline; FA—FDU-12 mixed with y-Al,O3; ZFA—Zr
incorporated FDU-12 mixed with y-Al,O3, BFA—Beta/FDU-12 mixed with y-Al;O3. Adapted with
permission from [36]. Copyright Royal Society of Chemistry, 2016.

The effects of morphology on the physicochemical properties and consequent catalytic
performance of MZCs in the FCC gasoline hydro-upgrading were reported by Gao et al. [37].
They synthesized Beta/SBA-15 (BS) composites with different morphologies including short-rods
(BS-SR), long-rods (BS-LR), platelets (BS-PL), and spheres (BS-SP). Characterization results show that
BS composites with different morphologies reveal Bronsted and Lewis acid sites with different strength
and number as well as pore size induced by the different synthesis conditions. The platelet BS-PL
exhibits short and large mesopores which facilitate molecular transport and increase the number of the
brim active sites of MoS; slabs. As a result, the HDS catalyst based on BS-PL gives the highest HDS
conversion (97%). The sphere BS-SP owns more mesopore cavities and appropriate acidity which are
favorable for hydroisomerization and aromatization. Consequently, the HDS catalyst based on BS-SP
yields superior research octane number (RON) preservation ability. In contrast, the short and long rod
BS-LR and BS-SR solids display less mesoporosity and longer mesopores, leading to poor catalytic
performance in the HDS reaction.

Another hydroconversion reaction which has been investigated over MZC based catalysts is
hydrocracking, which contributes as an important process in the manufacture of middle distillates,
e.g., diesel or jet fuels. The use of MZC materials for fabrication of hydrocracking catalysts induces
an improved hydrocracking performance with high selectivity to target products [68,71,96-99].
Wang et al. [68] developed very promising hydrocracking catalysts based on core-shell-structured
composites synthesized by recrystallization of ZSM-5 crystals involving controlled desilication and
subsequent Pluronic P-123 assisted self-assembly (Figure 15). The resulting composites, denoted
as MZ@MSA consist of microporous/mesoporous ZSM-5 as core and mesoporous aluminosilicate
as shell, resulting in a highly interconnected porous system from the exterior mesoporous shell
to the inner micro/mesoporous core. The incorporation of Pt nanoparticles into the mesoporous
shells induced a high dispersion of Pt nanoparticles with an average particle size of about 5 nm.
In contrast, the Pt nanoparticles supported on the bare ZSM-5 crystals aggregated easily to form larger
particles with less uniformity (Figure 16a). The catalytic performance of the Pt/MZ®MSA composite



Catalysts 2016, 6, 183

with respect to conventional Pt/ZSM-5 was evaluated in the hydrocracking of n-hexadecane as a
probe molecule. As expected, the bifunctional catalyst Pt/MZ®MSA revealed a higher conversion
and a higher selectivity of C5—Cy; liquid products compared to Pt/ZSM-5 catalyst (Figure 16b,c).
The improvement is presumed to be the contribution of the hierarchical pore system of the composite
which on the one hand enhances the accessibility of n-hexadecane to zeolite acid sites, thus
leading to higher conversion and on the other hand inhibiting the over-cracking of the intermediate
Cs5—C11 hydrocarbons by the shortened diffusion path length, finally allowing higher selectivity to

middle distillates.
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Figure 15. Schematic illustration of the synthesis of a novel HDS catalyst with PIMZ@MSA. Reproduced
with permission from [68]. Copyright Royal Society of Chemistry, 2014.
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Figure 16. (a) HRTEM images of Pt/ZSM-5 and Pt/MZ@MSA catalysts; the insets depict the size
distribution of Pt nanoparticles (NPs); (b) The conversion of n-hexadecane with time-on-stream
and (c) the selectivity to C5—Cjg hydrocarbons as a function of the conversion in the hydrocracking
of n-hexadecane over Pt/ZSM-5 and Pt/MZ@MSA catalysts. Adapted with permission from [68].

Copyright Royal Society of Chemistry, 2014.
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Hydroisomerization of linear alkanes is widely employed to transform light naphtha fractions,
i.e., C5—Cg cuts into high octane gasoline components. However, when going to longer chain
alkanes, the application of zeolites is hindered because of severe diffusion limitations. In this respect,
the metal supported MZC catalysts are among the most perspective catalysts for hydroisomerization
of n-alkanes with more than six carbon atoms due to their ability to improve the metal distribution
and alleviate the diffusion constraints [28,40,59,72,100-102]. An excellent example was given by
Konnov et al. [72] who studied the hydroisomerization of n-alkanes with different chain lengths over
composite supported Pt catalysts (Pt/RMOR) (Figure 17).
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Figure 17. The yields for iso-alkanes in the hydroisomerization of n-hexanes (Cg), n-octanes (Cg)
and n-hexadecanes (Cy4) over the Pt/recrystallized composite (RMOR-2) relative to the parent MOR.
Adapted with permission from [28]. Copyright Royal Society of Chemistry, 2013.

The composite supports comprising mordenite (MOR) crystals coated by MCM-41 phase were
prepared by recrystallization of MOR using NaOH treatment and subsequent self-assembly with
assistance of the CTAB template. The catalytic tests show that the hydroisomerization of n-hexane
occurs without significant diffusion limitations; thus the Pt/RMOR gives a lower yield of iso-hexanes
than Pt/MOR. For n-octane with a medium long hydrocarbon chain, a remarkably higher yield of
iso-octanes is observed over Pt/RMOR in relation to Pt/MOR. The enhancement can be assigned
to improved molecular transport and accessibility of acid sites, and the optimized Pt particle size
induced by the hierarchical porous system of the composite support RMOR. On the other hand,
when transforming larger alkanes such as n-hexadecane, a slight increase in the yield of
iso-hexadecanes was obtained over Pt/RMO with respect to Pt/MOR. This is attributed to the increased
selectivity regulated by Pt particle sizes since n-hexadecanes cannot enter the pores of zeolites and are
mainly converted on the external surface.

4. Conclusions and Outlook

Micro/mesoporous zeolitic composites (MZCs) have emerged as an important class of catalytic
materials. In MZCs, zeolite domains hold the major fraction of active sites, and their accessibility
is enhanced by the mesoporous phase serving as a composite partner. Thus, the advantages of
mesoporous materials and zeolites can be combined to create superior MZC materials. The present
review discussed the recent advances on MZC materials with special focus on the synthesis methods
and catalytic applications. To illustrate state-of-the-art achievement in the field, we showed prominent
examples of the different routes available to prepare MZCs. Among the three main synthesis
approaches, the direct synthesis using zeolite precursors and the recrystallization of zeolites have been
extensively investigated over a wide range of zeolites and mesoporous materials; thus providing a
versatile tool for the preparation of MZCs. Although several studies have focused on zeolitization
of preformed mesoporous materials, the application of this third method is rather limited due
to the complicated synthesis procedure and destruction of parent mesostructures. Nevertheless,
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it should be stressed that each method has its own advantages and disadvantages and the selection of
a particular method for preparation of MZCs should be based on the structural, textural and functional
requirements of the targeted catalytic reactions.

Catalytic applications of MZCs have been tested in different industrially relevant reactions namely
catalytic cracking, alkylation of aromatics, methanol-to-hydrocarbon reactions, and hydroconversions.
In most cases, MZC catalysts display superior catalytic activity, selectivity, and life time with respect
to conventional zeolites and mesoporous materials and the mixture thereof. The improved catalytic
performance of MZC catalysts is generally attributed to enhanced molecular transport and accessibility
of active sites provided by the inter-connected porous system while retaining the intrinsic catalytic
properties of zeolites. Furthermore, the loading of active metals in MZCs results in excellent
bifunctional catalysts for hydroconversion processes as evidenced by studies on hydrodesulfurization,
hydroisomerization and hydrocracking. With the larger surface areas and confined effect of the
mesoporous part, MZCs allow a better metal distribution than pristine zeolites. Thus, the combination
of the advantages of the intrinsic properties of zeolites, the improved molecular transport inside
mesoporous materials, and the additional function of metal active sites generates superior catalytic
performance of MZC catalysts in hydroconversion reactions.

Despite notable progress in the synthesis and catalytic applications of MZCs, significant challenges
are still ahead. The overall one is the development of synthesis methods that are easy to perform,
capable of tuning the distribution of microporous zeolites and mesoporous materials, and offering
the possibility to scale-up in a cost-effective way. In the design of MZCs, a suitable balance between
microporous and mesoporous phases is of vital importance. Thus, future efforts should focus on more
precise control over this ratio while ensuring the interconnection of the microporous framework with
the mesostructure to maximize benefits of the hierarchical bimodal porous system. In this respect,
the systematical investigation of the impact of the synthesis conditions on product properties is
required. A better understanding of the formation mechanism of MZCs during synthesis would be
also beneficial. Additionally, the development of tailored descriptors for MZCs might be helpful in
characterizing and correlating the structural property and materials performance of MZCs. More
credit should be paid to the interaction between the microporous and mesoporous phases and their
role in the catalyzed reactions. Such knowledge about the interaction between two phases would help
to improve the synthesis and catalytic performance of MZCs. Hence, future works should be devoted
to the profound analysis of the structure, chemical composition, location, and nature of acid sites of the
microporous and mesoporous phases in MZCs. Although the improved catalytic performance of MZCs
is generally attributed to the enhanced molecular transport, most of the time no direct evidence of
diffusion characteristics is given. Accordingly, depth diffusion studies on MZCs should be conducted
to evidence the advantages of the hierarchical porous system of MZCs. Since large scale synthesis
of MZCs desires the use of low cost mesostructured templates that should preferably be sustainable
or readily recyclable, and here bio-polymers seem to be an attractive option. In addition, scale-up
demonstration clearly requires more effort for transition from laboratory synthesis scale to plant scale.
Finally, from the catalytic application point of view, there is still ample room for MZC materials,
both in existing zeolite catalyzed processes and emerging catalytic applications.
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