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Crystalline porous materials are important in the development of cata-

lytic systems with high scientific and industrial impact. Zeolites, ordered
mesoporous silica, and metal-organic frameworks (MOFs) are three types of
porous materials that can be used as heterogeneous catalysts. This review
focuses on a comparison of the catalytic activities of zeolites, mesoporous
silica, and MOFs. In the first part of the review, the distinctive properties of
these porous materials relevant to catalysis are discussed, and the corre-
sponding catalytic reactions are highlighted. In the second part, the catalytic
behaviors of zeolites, mesoporous silica, and MOFs in four types of general
organic reactions (acid, base, oxidation, and hydrogenation) are compared.
The advantages and disadvantages of each porous material for catalytic reac-
tions are summarized. Conclusions and prospects for future development

of these porous materials in this field are provided in the last section. This

catalytic, and environmental technologies.
Several unique features of these materials
are responsible for their success: uniform
channels and cavities, active sites with dif-
ferent strengths, high adsorption capacity,
and advantageous electronic properties.
In general, crystalline porous materials
include zeolites, ordered mesoporous
silica, and metal-organic frameworks
(MOFs). Although their common features
endow these porous materials with many
advantageous properties, their differences
determine the advantages and disadvan-
tages for particular applications, especially
catalysis.

Zeolites represent a revolution of crys-

review aims to highlight recent research advancements in zeolites, ordered
mesoporous silica, and MOFs for heterogeneous catalysis, and inspire further

studies in this rapidly developing field.

1. Introduction

Crystalline porous materials continuously attract scientific
community interest due to their applications in petrochemical,
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talline porous materials.'! They are an
important group of heterogeneous cata-
lysts with large-scale applications in the
petroleum industry and an increasing
application potential in environmental
catalysis.l>® Zeolites are crystalline alumi-
nosilicates with 3D four-connected frameworks built by corner
sharing SiO, and AlO, units and a Si/Al ratio greater than one.
Other atoms with tetrahedral coordination such as Ge, B, and
Ti can also be introduced into the framework and enrich the
zeolite family.!l Two hundred thirty-two types of zeolite frame-
works are officially recognized by the Structure Commission
of the International Zeolite Association (IZA-SC).’! These zeo-
lite frameworks exhibit different size, shape, and connectivity
of channels from 8 to 30 rings, with a maximum pore size of
0.74 nm (12-ring) for industrial applications.®-1% Due to their
exceptional stability and limited pore size, zeolites have been
used as heterogeneous catalysts under harsh conditions since
the 1960s, soon after the first synthesis of these materials.'1:12]
Zeolite Y, ZSM-5, mordenite, beta and ferrierite are popular
zeolites in industry due to their good performance and rela-
tively economical production.l'¥l However, they may be inad-
equate when processing reactants with molecular dimensions
greater than their micropores.

The discovery of MCM-41 in the 1990s, a member of the
M41S family characterized by ordered mesopores, created a
new perspective for heterogeneous catalysis.'*#1%] Later, related
mesoporous silica materials such as MCM-48, MCM-50, FSM-
16, and SBA-15 were reported.[2% These mesoporous materials
have high surface areas (800-1400 m? g!), large pore volumes,
and tunable pore dimensions (2-50 nm), which are of great
interest for adsorption, catalysis and sensing.?1-?”] The relatively
large pores in mesoporous silica facilitate mass transfer, and
the high surface area allows for a high concentration of active
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sites per mass of materials. Mesoporous silica enables catalytic
reactions involving bulky substrates and/or products. Although
mesoporous silica exhibits long-range ordering of regular
mesopores, their surrounding walls are amorphous, in contrast
to the crystallographically defined pore walls of zeolites. The
amorphous nature of mesoporous silica implies that its stability
and catalytic activity is inherently lower than those of zeolites.
To overcome these limitations, innovative strategies were devel-
oped to synthesize micromesoporous crystalline materials made
of an ordered system of mesopores with crystalline microporous
walls.[8-331 The catalytic performance of the materials in several
reactions was promising. For instance, mesostructured zeolites
Y, mordenite, and ZSM-5 had interesting catalytic cracking
results compared with their parent zeolites and MCM-41.134-3¢]

More recently, another class of porous material has gained the
attention of scientists: MOFs. In contrast to the purely inorganic
materials zeolites and mesoporous silica, MOFs are inorganic—
organic materials constructed from inorganic nodes (metal ions
or clusters) coordinated with organic linkers to form 3D coordi-
nation networks.?”3 Nearly all the transition metals and a large
variety of organic linkers have been used in the synthesis of
MOFs, resulting in thousands of frameworks that vary different
in structure and composition.*#*] Among them, the largest sur-
face area observed was up to 10 400 m? g~! and the pores were
from =0.5 to 9.8 nm.***#/] These attractive features give MOFs
great potential for various applications such as heterogeneous
catalysis. Several reviews on MOFs catalysis have been pub-
lished, despite the relatively short time since the first catalytic
application of MOFs was explored.**->% However, it should be
noted that the low thermal and chemical stability of major MOFs
pose problems during catalytic reactions. This may explain why
highly robust MOFs materials, such as MIL-101(Cr), UiO-66(Zr),
PCN-224(Zr), and etc., are favored as catalysts.[60-67]

As discussed above, all three types of porous materials
(zeolites, mesoporous silica, and MOFs) are very attractive for
catalytic applications. In this review, we aim to provide a com-
parison of the catalytic activities of zeolites, mesoporous silica,
and MOFs. We first describe the distinctive structural, physical,
and chemical properties of these porous materials to screen
for suitable reactions from a catalytic perspective. Then, the
catalytic behavior of zeolites, mesoporous silica, and MOFs in
four types of general organic reactions (acid, base, oxidation
and hydrogenation) is discussed. Particular attention is given
to the advantages and disadvantages of these porous materials
for particular catalytic reactions. The final section summarizes
the main conclusions discusses the future development of the
three types of porous materials in heterogeneous catalysis.

2. Comparison of the Structure and Catalytically
Relevant Properties of Zeolites, Mesoporous
Silica, and MOFs

2.1. Structural Relationships of Zeolites, Mesoporous
Silica, and MOFs

Figure 1 shows the typical structural models of zeolites (zeolite
Y, zeolite beta, ZSM-5), mesoporous silica (MCM-41, SBA-15),
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low thermal and hydrothermal stability, due
to the large concentration of silanol groups
on the pore walls.

Second, there is a large difference in
the pore size of these porous materials.
Zeolites rarely have pore sizes larger than
1 nm without a significant loss in stability
whereas mesoporous silica has pore sizes
of 10 nm in some cases. Interestingly,
MOFs may bridge the gap between zeo-
lites and ordered mesoporous silica with
pore dimensions from ultramicropore to
mesopore. Their varying pore sizes make
the three porous materials suitable for dif-
ferent catalytic reactions. For example, the
size constraint of zeolites is advantageous
in terms of shape selectivity although the
diffusion of substrates is slow. In contrast,
the large channels of mesoporous silica
are beneficial for mass transport and could
facilitate catalytic reactions involving bulky
substrates and/or products although con-
finement effects can be difficult to impose
on them. Consequently, the diffusivity of

Typical ili i i
Micropores Mesopores Macropares R area mesoporous silica and MOFs is higher than
L i - ; (m?g) that of zeolites.
H H 300( . .
Loolites g;m:sm'Mﬁgnm - - Third, the higher surface area of
< i : e > silica mesoporous silica and MOFs allows for a
: 10m {10nm 100nm 1500

VOF Pore diameter./nm

S i leolites
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Figure 1. Upper left: Structural models of (top) zeolites (zeolite Y, zeolite beta, and ZSM-5),?
(middle) mesoporous silica (MCM-41 and SBA-15), and (bottom) MOFs materials (ZIF-67,
MOF-5, and HKUST-1).2 2Structures obtained from their single-crystal X-ray diffraction data.
A) Bragg-filtered HR-TEM image of a zeolite. Reproduced with permission.®®l Copyright 2015,
Nature Publishing Group. B) TEM image of SBA-15. Reproduced with permission.%°l Copyright
2017, Elsevier. C) SEM images of a Zn-based MOF. Reproduced with permission.’® Copyright
2015, Wiley-VCH. Scale bar: A) 3 nm, B) 200 nm, C) 2 um and 500 nm (inset in C). D) Sche-
matics of pore diameters (left) and typical surface areas (right) of zeolites, mesoporous silica

and MOFs.

and MOF materials (ZIF-67, MOF-5, HKUST-1). The charac-
teristic structural features and properties of these porous mate-
rials are summarized in Table 1. Although zeolites, mesoporous
silica, and MOFs share a number of catalytically relevant fea-
tures such as large surface area, and uniform pores and voids,
they also differ in several important aspects as discussed below.

Zeolites and MOFs are crystalline porous materials, whereas
mesoporous silica has amorphous pore walls. The crystallinity
of zeolites and MOFs allow for determination of the exact chem-
ical composition and position of the atoms in space, whereas it
is difficult to determine the fine structure of mesoporous silica.
Due to the amorphous nature of mesoporous silica, the incor-
poration of heteroelements into mesoporous silica leads to a
wide variety of different sites with different local environments
rather than defined sites as in zeolites and MOFs. Consequently,
the acidity of mesoporous silica is substantially weaker than
that of zeolites. The amorphous nature of mesoporous silica
also has important consequences on their properties, such as
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higher concentration of active sites per mass
of material. One difference is that the distri-
bution of active sites in mesoporous silica is
normally inhomogeneous due to the amor-
phous walls whereas the periodicity and
regularity of active sites in MOFs make them
“single-site catalysts.” This is different from
the homogeneous but random distribution
of active sites in zeolites. The advantage of
“single-site catalysts” is that all the active sites
have the same environment and exhibit iden-
tical performance to achieve the maximum
possible activity. Thus, MOFs provide a great
opportunity to rationally design the active site and the microen-
vironment with an unprecedented degree of precision.!]
Fourth, due to the large pore size and pore volume,
mesoporous silica and MOFs can serve as supporting mate-
rials for active homogeneous catalysts, metal, or metal oxide
nanoparticles, and organometallic complexes. Several metal-
doped mesoporous silica complexes as heterogeneous cata-
lysts have been reported, including Cr-MCM-41, CeO,-silica,
Ti-MCM-41, Ce-Fe-SBA-15, and silica-supported Pt and Rh
nanoparticles.”>”7°l MOFs (typically MOF-5, HKUST-1, MIL,
UiO, PCN, and zeolitic imidazole framework (ZIF)) that incor-
porate similar metal and metal oxide nanoparticles were also
reported, which were typically used as catalysts for C—C cou-
plings, oxidation, hydrogenation, cyanosilylation, and other
reactions.”®77-8% When evaluating the catalytic behavior of the
these types of porous materials, two competing effects should
be considered: the activity is proportional to the number of
active sites, but an increase of the active functions may result
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Table 1. Structural, physical, and chemical properties of zeolites, mesoporous silica, and MOFs. Some properties may vary from case to case.

Properties Zeolites Mesoporous silica MOFs
Crystalline Yes Amorphous pore wall Yes

Pore size <1 nm 2-50 nm 0.5-9.8 nm
Surface area <700 m? g”! <2000 m? g~! <10400 m? g
Pore volume 0.1-0.5 cm® <lcm? >1cm?
Diffusivity Low High Low to high
Thermal stability High Medium Low to medium
Chemical stability High Limited Limited
Chemical versatility Low Medium to low High
Metal site density Low Variable High
Lewis acidity High Low Low to medium

Bronsted acidity Bridging Si(OH) /Al hydroxyl

groups

Basicity Arise from the oxygen
framework

Chirality Difficult to achieve

Introduced by functional groups
in the pore wall

Introduced by functional groups in
the pore wall

Easily obtained

Introduced by postsynthetic modifications or
functional groups in the ligands

Introduced by post-synthetic modifications or
functional groups in the ligands

Easily obtained

in increasing diffusional limitations. Although zeolites can act
as hosts for small metal particles (Pt, Pd, Rh, etc.) and perform
shape-selective hydrogenation and redox reactions, the number
of guest species that can be introduced is limited by the small
pore volume, which consequently restricts the strength of active
sites formed on zeolites.

Stability (thermal and chemical) is one of the most
important parameters in heterogeneous catalysis because
it establishes what type of application the material is suit-
able for. Zeolites are known for their pronounced thermal
and hydrothermal stability. Although the stability of zeolites
varies by material depending on the Si/Al ratio and the ionic
potential (Z/r),,, the high-silica zeolites are usually stable
up to 800 °C or greater.®!l Mesoporous silica exhibits good
thermal stability and it is well established that increasing
the wall thickness would effectively improve its thermal sta-
bility. However, the hydrothermal stability of mesoporous
silica, however, is much lower than that of zeolites due to
the high concentration of silanols on the wall and the lack of
crystallinity. For example, mesoporous MCM-41 structure is
completely lost upon exposure to air for three months even
at room temperature.®2l Compared with inorganic porous
solids, the thermal and chemical stability of MOFs is rather
low and it is mostly dependent on metal-ligand interactions.
Most MOFs decompose below 300 °C, and some frameworks
may even decompose with air, moisture, and solvents. In the
case of MOEF-5, a slight exposure of the activated form to air
results in rapid deprivation of the crystallinity.3#4 Recently,
it was observed that the use of hard metal ions (high val-
ance metals such as Cr3*, Fe**, and Zr*") with hard bases
containing donor atoms (O or N) generates thermally and
chemically stable MOFs.[! For example, a series of Zr-based
MOFs, including UiO-66, UiO-67, Nu-1000, PCN-221, PCN-
222, PCN-223, PCN-224, etc. were found to be stable up to
350 °C and were stable in the presence of water and many
organic solvents.[61-67:80]
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2.2. Zeolites, Mesoporous Silica, and MOFs
as Heterogeneous Catalysts

Because of their unique structural, thermal, and chemical sta-
bility, zeolites are ideal heterogeneous catalysts for gas-phase
reactions that are typically conducted at temperatures greater
than 300 °C.[111287.88] Under harsh conditions, diffusion limi-
tations are generally less important. Thus, gas-phase reac-
tions are suited for volatile simple hydrocarbons, and zeolites
are perfect candidates for these processes. Most of the current
large-scale commercial processes in the petroleum refining and
petrochemical industries use zeolite-based catalysts.® Appli-
cations primarily involve epoxidation, condensation, acylation,
and amination processes. After several catalytic cycles, hetero-
geneous catalysts may become deactivated due to the adsorp-
tion of products or byproducts or the formation of coke or
heavier residual products. However, zeolites can easily be reac-
tivated by combustion, pyrolysis or thermal treatments.
Compared with robust zeolites, mesoporous silica and MOFs
with lower stability and unlimited pore size are more suited for
liquid-phase reactions. In contrast with gas-phase reactions,
liquid-phase reactions are typically performed at temperatures
less than 200 °C, and the catalytic activity is controlled by the
substrate and product diffusion inside the pore systems. These
conditions are typically employed for the production of fine
chemicals characterized by more complex, diverse low-vola-
tility molecules with high added value.**7l Thus, mesoporous
silica and MOFs are optimal catalysts for the production of
fine chemicals.®®%! The use of these two porous materials
for liquid-phase catalysis is under intense investigation, with
an aim of developing real industrial processes based on these
materials. Recently, the advent of Zr/Hf-based MOFs with high
thermal and chemical stability has enabled gas-phase reactions
over MOFs or MOF-supported species.[19-192 Although several
Zr-MOFs have been investigated for the gas-phase catalysis
such as the oxidation of CO to CO, under harsh conditions,
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these investigations are in early stages and more improvements
are needed.

In the next sections, we focus on comparison of the cata-
lytic behavior of zeolites, mesoporous silica, and MOFs for sev-
eral gas-phase and liquid-organic reactions, organized in four
main sections (acid, base, oxidation, and reduction) based on
the nature of the sites that promote the reactions. Cooperative
catalysts that originate from incorporation of additional acid
or metal functionalities into these porous materials are also
involved.

3. Application of Zeolites, Mesoporous Silica,
and MOFs in Typical Organic Reactions

3.1. Acid-Catalyzed Reactions

Several industrial processes are based on solid acid catalysts.
The Lewis and Brensted acidities are provided by different
active centers. For zeolites and mesoporous silica, the Lewis
acidity is related to the bi- or trivalent cations in the frame-
work. For MOFs, it originates from the coordination positions
without compromising with framework. The Brensted acidity is
provided by bridging the Si(OH)AI hydroxyl groups in zeolites
and by functional groups (—COOH, —SO;H, —NR;*) present
in mesoporous silica and MOFs. Generally, the number and
strength of acid sites determine the catalytic activity of mate-
rials and the selectivity of the organic transformations.

The acidity of porous materials is generally characterized
with Fourier transform infrared spectroscopy (FTIR) or ther-
mogravimetry using various probe molecules such as pyridine
and ammonia. When pyridine is used as the probe molecule,
the presence of Lewis and Brgnsted acid sites and their relative
amount can be determined from the FTIR spectra. The number
of Lewis acid sites can be evaluated from the integral intensity
of the absorption band at 1450 cm™' and the Brensted acid sites
are related to the absorption band at 1545 cm™. Based on the
desorption temperature, the strength of these acid sites can
also be determined. The higher the desorption temperature is,
the higher is the strength of interaction between acid sites and
probe molecules. These characterization techniques work well
in zeolites and mesoporous silica. However, they are not appro-
priate for MOFs due to the limited thermal stability of MOFs
and intense IR bonds of the organic ligand at approximately
1545 and 1450 cm ™. Thus, the use of test reactions such as the
rearrangement of ethylene acetal of 2-bromopropiophenone is
an optional method for characterizing Brensted and hard/soft
Lewis acids in MOFs.[103:104]

More than 100 industrial processes in oil refining and pet-
rochemistry have been developed using solid acid catalysts.[%]
In this section, we describe some examples that illustrate the
catalytic behavior of zeolites, mesoporous silica, and MOFs in
these reactions.

3.1.1. Alkylation Reactions
Ethylbenzene, generally synthesized from the alkylation

of benzene with ethylene, has a large-scale application for
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the production of styrene monomer. Its worldwide capacity
amounts to 20 million tons per year. The alkylation reaction was
formerly carried out primarily in the presence of homogeneous
Lewis acid catalysts such as AICl;, supported phosphoric acid,
and HF. Since the 1970s, the discovery of shape-selective
acidic ZSM-5 zeolite for gas-phase alkylation of benzene and
ethylene has been the basis for breakthrough technology in
the field of aromatic alkylation reactions using solid acid cata-
lysts.[1% This process accounts for 90% of all new ethylbenzene
processes installed since 1980.1'%! Another zeolite, MCM-22,
was also found to be selective for the monoalkylated product.
It decreases the benzene-to-ethylene ratio from 5 molar to
3 molar, reducing benzene recycle.'%! The liquid-phase ethyl-
benzene process was introduced in the early 1990s based on a
modified Y zeolite catalyst, which greatly minimizes the pro-
duction of oligomers and xylenes and maximizes ethylbenzene
formation.[195-107]

Cumene is also produced from the alkylation of benzene with
propylene. It is an intermediate for phenol and acetone produc-
tion, and the worldwide capacity of this process is =8 million
tons per year. The production of cumene by liquid-phase pro-
cess from benzene and propylene is based on similarly zeolitic
catalysts to those in the ethylbenzene process.1%-111] Zeolites
with large pores are preferred because they present no diffu-
sional restrictions for cumene through the 12-ring pores. In
principle, the zeolite catalysts should be active for the alkyla-
tion and transalkylation, inactive for propylene oligomeriza-
tion, and stable to allow for a long operating cycle before the
regeneration.[1%]

Mesoporous silica was also tested in the alkylation reactions
as acid catalysts. For example, MCM-41 showed good cata-
lytic activity in the alkylation of benzene to ethylbenzene but
produced higher amount of polyalkylates than ZSM-5.112l In
the alkylation of toluene with propylene to isopropyltoluenes
(cymenes), MCM-41 also exhibited good catalytic activity, sim-
ilar to that of zeolite beta, but gave lower cymene selectivity as
a consequence of polyalkylate formation.3 This outcome may
be due to the lack of shape selectivity of mesoporous silica and
low transalkylation activity. These results indicate that the use
of mesoporous silica shows no significant advantages over zeo-
lites for reactions that require strong acid sites and shape selec-
tive properties.

3.1.2. Fluid Catalytic Cracking

Fluid catalytic cracking (FCC) is one of the most important pro-
cesses in oil refining (Figure 2A). In FCC processes, heavy oil
fractions are transformed into the desired products (gasoline
and diesel) that can further react by cracking (i.e., propylene
and butene) or polycondensation (i.e., coke).'' This is a vapor-
phase reaction that occurs via a carbonium ion mechanism. In
1962, zeolite Y brought a revolution in FCC because it can sub-
stantially increase the gasoline production.'">1"l Zeolite Y was
further improved because its acid site density (Si/Al ratio) can
be finely tuned and its stability against steam dealumination
can be increased by introducing rare-earth ions (Figure 2B).
These improvements make zeolite Y exceptionally adaptable to
the FCC process. Recently, new zeolites have been proposed for
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Figure 2. Fluid catalytic cracking. A) An example of FCC. B) Schematic of
development strategies for zeolite Y for FCC catalysis.

FCC. ZSM-20 and ITQ-21, with a similar pore size as zeolite
Y but with more open structure, produce higher amounts of
diesel under FCC conditions.2-123] ITQ-33, with a 3D extra-
large 18 x 10 x 10-ring channels, can increase the yields of pro-
pylene and diesel.'?l Unfortunately, the application of these
new zeolites is limited in practice due to their lower hydro-
thermal stability and high cost of synthesis. No other materials
have been able to displace or have come close to displacing zeo-
lite Y in the FCC process.

The cracking activity of mesoporous MCM-41 was investi-
gated in cracking reactions performed on n-heptane, n-hexade-
cane, and 1,3,5-tri-isopropylbenzene (1,3,5-TIPB) in comparison
with USY (zeolite Y in its ultrastabilized form).'?>126] When
cracking smaller n-heptane molecules, the catalytic activity of
MCM-41 is much lower than that of USY due to fewer Bronsted
acid sites with weaker strength in MCM-41. However, when
the cracking reaction is performed on bulky molecules (n-hexa-
decane, 1,3,5-TIPB, and real FCC feedstock), MCM-41 shows
higher conversion (95%) than H-Y (80%). This is predictable
because zeolites have diffusion limitations for bulky molecules.
Moreover, when using real FCC feedstock, MCM-41 is more
selective than USY in the diesel formation, producing less gaso-
line but more coke. Thus, instead of aiming at replacing zeo-
lite Y, the authors propose that MCM-41 be used as an active
component of the matrix to pre-crack the bulky molecules,
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enhancing the role of the zeolite as an FCC catalyst. This con-
clusion was further confirmed by Da et al. from Sinopec. They
found that MCM-41-containing FCC catalyst (5 wt% MCM-41
and 30 wt% of REH-USY) is capable of cracking heavy oil feed-
stock, in which the yield of the diesel and lighter oil increased
1.85 and 3.47% respectively, and the yield of coke decreased
0.29%.117]

3.1.3. Oligomerization Processes

Oligomerization of alkenes to various homologues with a finite
degree of polymerization plays a critical role in the oil refining
industry, as it presents a synthetic route for producing useful oli-
gomers such as liquid paraffin, plasticizers, and fuels. HZSM-5
zeolite has been extensively investigated for the oligomeriza-
tion of light olefins including ethylene and propene.[28-130 The
catalytic behaviors of the zeolites for oligomerization greatly
depend on the the amount and type of their acid sites.'3!] At
the outer edges of the catalysts, there are many Brensted acid
sites in the external edges of the zeolites, where the forma-
tion of highly branched oligomers are preferred, whereas the
formation of linear oligomers is favored inside the zeolites. As
a result, when the acid sites at the external walls of HZSM-5
were inactivated by amines, linear oligomers were primarily
produced in the case of propene oligomerization.'32134 The
same holds for zeolites with medium pores such as HZSM-22
and HZSM-35.113138] Severe inactivation during the oligomeri-
zation process is a serious problem for most zeolites, mainly
because the heavy compounds formed on the strong acid sites
can block the micropores of the zeolites.'"] In this regard, it
is desirable that the zeolite catalysts possess larger pores and
weaker acid sites and the oligomerization should be operated
under mild conditions.

Due to its unique pore structure and acidity, mesoporous
silica offers great opportunities for oligomerization of large ole-
fins. Mesoporous silica exhibits prominent catalytic activities
and selectivity toward gasoline or hydrocarbon. For example,
in the presence of mesoporous silica alumina catalyst, the oli-
gomerization of propylene mainly led to primarily gasoline
and hydrocarbon with large molecular weights, and aromatics
were not formed.'*) The oligomerization reaction tempera-
ture required for mesoporous silica is normally much lower
than that for zeolites due to the ordered open channels without
much geometric limitation of mesoporous silica. The catalytic
activity of mesoporous MTS-type aluminosilicates and acid zeo-
lites (HBeta and HZSM-5) was compared in the oligomeriza-
tion of butane at 150 °C and 14.7-19.6 atm.["*!] The acid zeo-
lites were found to be inactive due to fast deactivation and low
selectivity. In contrast, under the same conditions, the MTS cat-
alyst was active and can selectively catalyze the oligomerization
of butenes to various branched dimers. The catalytic activity of
MTS catalyst can be ascribed to the small amount of the acid
sites on the surface and the open channels that facilitate trans-
port of the products.

Recently, MOF-based solid acid catalysts were also evaluated
in the gas-phase oligomerization processes. One example is the
oligomerization of propene catalyzed by Ni-MOF-74, in which
the active sites are coordinatively unsaturated Ni ions present
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on the nodes.*?) Ni-MOF-74 shows similar activity for propene
oligomerization to that of Ni-exchanged MCM-41 at 180 °C and
4.9 atm propene and has enhanced selectivity for the linear
product. When the much higher content of acid sites per gram
in Ni-MOF-74 is taken into account, Ni-exchanged MCM-41 is
more active per acid site. Although the use of MOFs for gas-
phase catalysis is in an early phase, the versatility of the pore
structure and chemistry of MOFs provide great opportunities for
designing new MOFs for catalysis of oligomerization of alkenes.

Although MOFs and mesoporous silica cannot compete with
robust zeolite in gas-phase reactions, these materials are better
suited for liquid-phase reactions conducted at moderate tem-
peratures. These reaction conditions are typically employed for
the production of fine chemicals with high added value that are
characterized by more complex and diverse molecules of low
volatility. In the following sections, we illustrate some hetero-
geneous reactions carried out in the liquid phase.

3.1.4. Friedel-Crafts Acylation

Friedel-Crafts acylation is a reaction to attach substituents onto
aromatic rings and is one of the most important reactions in
fine chemistry. This liquid-phase reaction is usually catalyzed
by Lewis acidic centers and can be considered a model reac-
tion that requires the presence of relatively strong acid sites
in catalysts.*3-14 Due to their tuned acidity, shape selectivity,
and high stability, zeolite beta, and Y have been employed as
acylation catalysts with substrates including xylenes (Table 2A),
2-methoxynaphthalene, anisole (methoxybenzene, Table 2B),
and eratrole (1,2-dimethoxybenzene).'*6-151 The channel size
and concentration of acid sites both influence of the conver-
sion. The application of zeolite beta and Y in acylation of
anisole and veratrole with acetic and anhydride was commer-
cialized by the Rhodia company, showing the success of zeo-
lites for acylation reactions.['>2 However, generalization of the
process still requires improvements, particularly regarding
rapid deactivation.

The MOFs Cus(BTC),, MIL-100(Fe), and MIL-100(Cr) were
tested as catalysts in p-xylene acylation with benzoyl chloride
and their catalytic behavior was compared with those of zeolite

www.advmat.de

beta and Y (Table 2).'%1 Under similar reaction conditions,
whereas zeolite beta and Y exhibited a similar conversion rate
of 31% after 300 min reaction time at 130 °C, MIL-100(Cr)
showed lower conversion rate of 20% and Cus(BTC), gave
slightly higher conversion of 37%. Surprisingly, MIL-100(Fe)
exhibited the highest conversion of 100% within approxi-
mately 15 min of the reaction. The excellent performance of
MIL-100(Fe) is assigned to the large amount of unsaturated
Lewis acid sites connected with Fe, the wide pore windows
(2.5-2.9 nm), and the optimal acid strength to interact with
active substrates and to desorb the product. The selectivity to
the target 2,5-dimethylbenzophenone was almost 100% for all
tested zeolites and MOFs. Due to the mild reaction conditions,
MIL-100(Fe) appears to be a more favorable acylation catalyst
than conventional zeolites. However, the stability and reusa-
bility of MIL-100(Fe) after several catalytic cycles should also be
determined because it is crucial for the evaluation of catalysts.

A mesoporous gallosilicate, GaSBA-15, also showed prom-
ising results in the acylation of anisole with benzoyl chloride
when compared to zeolite BEA (Table 2).154 At 140 °C, a 98%
conversion of benzoyl chloride was reached using GaSBA-15
after 24 h of reaction time with a selectivity of 92% toward the
desired paramethoxybenzophenone. The GaSBA-15 catalyst
was stable as a function of the cycling test because no deacti-
vation was observed after each test due to its large pore size
and moderate acidic character. In contrast, although zeolite
BEA exhibited higher activity during the first test, a large deac-
tivation was observed in the following tests. Thus, mesoporous
SBA-15 doped with gallium can be efficiently employed as a
catalyst in the Friedel-Crafts reaction with higher stability. The
mesoporous gallosilicate GaSBA-15 was later coated on mac-
roscopic host structures, e.g., carbon nanofiber composite, for
directly testing in slurry bed reactions.l">®] However, for prac-
tical applications, special attention should be paid to the sta-
bility of active species after catalytic recycles.

3.1.5. Cycloaddition of CO, into Epoxides

Cycloaddition of CO, into epoxides (Figure 3A) is an important
reaction for synthesizing value-added five-membered cyclic

Table 2. Friedel-Crafts acylation of (A) xylene and (B) anisole by benzoyl chloride catalyzed by different catalysts.

A 0 o B OCH; o OCH; ©O
sEacE 00
+ . .
xylenes benzoyl chioride anisole benzoyl chioride

Catalysts Substrate Temperature Time Conversion Selectivity Refs.

[°q th] [%] [%]
BEA a 130 5 31 100 [153]
usy a 130 5 46 100 [153]
Cu3(BTC), a 130 5 37 100 [153]
MIL-100(Fe) a 130 0.25 100 100 [153]
MIL-100(Cr) a 130 5 20 100 [153]
GaSBA-15 b 140 24 98 92 [154]
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Figure 3. Cycloaddition of CO, to epoxides. A) Cycloaddition of CO, to epoxides. B) Proposed reaction mechanism using a catalyst with acid-base
pairs (A, acid; B, base). C) Cycloaddition of epoxides and CO, over [C;gH3;Me;N*(CH,)¢N*Pr;|Br, in lamellar MFI zeolites. Reproduced with permis-
sion.['®] Copyright 2014, Royal Society of Chemistry. D) Ligand of MOF Cu,[(Cs;H3,N;5) (COO)s]. E) Coordination of clicked octcarboxylate ligand and
unsaturated paddlewheel Cu, units. F) Lamellar framework with regularly located Cu, sites connected by isophthalate moieties. G) CO, adsorption
isotherms of MOF Cuy[(Cs;H3;Nq;) (COO)g] at 0 and 25 °C, respectively. H) Yields of various cyclic carbonates prepared from the cycloaddition of CO,
with related epoxides catalyzed by MOF Cuy,[(Cs;H3,N;;) (COO)g] (black) and HKUST-1 (gray). The reaction was conducted in a Schlenk tube using
epoxide (20 mmol) with CO, purged at T atm under a solvent-free environment at room temperature, catalyzed by 0.2 mol% per copper paddlewheel
unit of MOF with a cocatalyst of tetra-n-tertbutylammonium bromide (0.65 g, 10 mol%) for 48 h. Reproduced with permission.['®l Copyright 2016,

American Chemical Society.

carbonates, which are widely used in pharmaceuticals, polymer
industry, and biomedical fine chemical synthesis.l'>%l It is also
expected to be an effective method for reducing CO, emis-
sion.[’>” Both Lewis acid and base sites are necessaty in the pro-
cess: CO, is activated on the basic sites, forming a carbamate,
that reacts with epoxides that are adsorbed on the acidic sites
(Figure 3B).'%%-162] Although zeolites have a preponderance of
acid sites, few base sites limit their application in the reaction
of epoxide and CO, to produce cyclic carbonates. Among the
few cases, it was observed that the catalytic activity of alkali-
metal-modified zeolites increases as the basicity of these mate-
rials increases.'%3] Quaternary ammonium salts located in the
channels of zeolites as templates can also facilitate the catalytic
process, such as [C;;H3,Me,N"(CH,);N'Pr;|Br; in lamellar MFI
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zeolites (Figure 3C).'®¥ Table 3 lists examples of several typical
catalysts and references from the literature.

MOFs have been widely explored as catalysts in the cycload-
dition of CO, to epoxides. Approximately 20 MOFs and their
derivatives have been reported to catalyze this type of reaction.
ZIF-8 was the first ZIF used as a catalyst for CO, cycloaddition
to epichlorohydrin. Due to the Lewis acidic Zn center and the
N basic moieties, ZIF-8 produced chloropropylene carbonate
with a 44% yield at 80 °C and 6.86 atm of CO, and the selec-
tivity to cyclic carbonate was 52%.11%%] The functionalized ZIF-8
with ethylene diamine improved the yield and the selectivity
of the carbonate (73% and 73%) under similar conditions.!'%]
This improvement is attributed to the high affinity of ethylene
diamine for CO,.
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Table 3. Conditions for CO, insertion into epoxides leading to OCs for several typical catalysts.

Catalysts Substrate Temperature Pressure Time Yield Refs.
L fatm] th) %]
NaX - 150 100 3 1.4 [163]
KX - 150 100 3 209 [163]
CsX - 150 100 3 26.6 [163]
MFI R=Cl—CH,— 140 19.6 4 85.6 [164]
ZIF-8 R=C|—CH,— 80 6.86 4 44 [165]
NRy-ZIF-8 R=C|—CH,— 80 6.86 4 73 [165]
Cuy[(Cs7H3;Ny5) (COO)4] R=Cl—CH,— 25 1 43 35 [166]
Cr-MIL-101 R=Ph— 25 7.84 48 95 [168,169]
Fe-MIL-101 R=Ph— 25 7.84 48 93 [168,169]
Ti-SBA-15 R=Cl—CH,— 120 6.67 4 93.9 [170]

Similar results were found in our recently reported MOF
Cuy[(Cs7H;3,Nyp,) (COO)g], which incorporates clicked octacarbox-
ylate ligand and Cu(II) ions.['! Due to exposed Lewis-acid Cu(II)
sites and accessible N-rich triazole groups, this MOF shows a
CO, uptake of up to 160.8 cm? g at 0 °C and 1 atm. As a result,
the MOF acts as an efficient catalyst for CO, cycloaddition with
small epoxides, with a yield of 96% for 2-methyloxirane, 83% for
2-ethyloxirane, 85% for 2-(chloromethyl)oxirane, and 88% for
2-(bromomethyl)oxirane under 1 atm CO, pressure and at room
temperature for 48 h (Figure 3D-H). In contrast, the pore size
excludes the entrance of large substrates such as 1,2-epoxyoctane,
1,2-epoxydodecane, and 2-ethylhexylglycidyl ether. For MOFs
that lack basic sites, quaternary ammonium salts that act as co-
catalysts are required for the cycloaddition of CO, to epoxides.
For example, the addition of n-Pr,NBr or n-Bu,NBr into MOF-5
exerts a synergetic effect in promoting the cycloaddition of CO,
into propylene oxide.'”] n-Bu,NBr also works well with Cr-MIL-
101 and Fe-MIL-101 in the catalytic reaction.l'%%1%%] Although sev-
eral MOFs are effective heterogeneous catalysts for the reaction
of epoxides with CO, under mild conditions, the catalytic activity
of most of these MOFs tends to decrease after several cycles on
account of structural loss or blockage of the pores.

A R_Ph PhHN B Zeotites Rep .
+ —Al_ @ High Al content
OH % ". 0
NH: " ,“ | @ High surface area
A II |
R / l!ll e
\+ R=Ph  OCHs 9 & i ot shes (S Ti)
CH:OH —>» OH
Ph

Ring opening of epoxides

Weakly acidic Si—OH bonds in mesoporous silica hinder
its application as a catalyst in cycloaddition reactions. How-
ever, this is not true if Lewis-acid sites (Ti) are used. Srivastava
et al. investigated the catalytic activity of organic amine (pro-
pylamine and adenine)-immobilized SBA-15 and Ti-SBA-15 for
CO, cycloaddition under solvent-free conditions.'’” They sug-
gested that, whereas the CO, molecule is activated on the basic
nitrogen groups of adenine, epoxide is active on Lewis acidic
Ti*" ions. Thus, the increase in Ti content and surface concen-
tration of the activated CO, species could lead to high catalytic
activity. A recycling test indicates that some heavy carbona-
ceous products accumulate on the catalyst surface and result
in the deactivation. However, initial activity could be restored
after washing the deactivated catalyst with organic solvents.

3.1.6. Ring Opening of Epoxides

Ring opening of epoxides with nucleophilic reagents such as
amines and alcohols is one of the most useful reactions in
the chemical industry for producing bifunctional molecules
(Figure 4).71 This reaction can be catalyzed by Lewis or

MOFs

# Unsaturated metal sites
As Lewis acid

H+

& Acid group functionalization
As Breonsted acid

Figure 4. Ring opening of epoxides. A) Ring opening of epoxides with aniline or methanol. B-D) Schematic of development strategies of zeolites,

MOFs and mesoporous silica for ring opening of epoxide catalysis.
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Figure 5. Ring opening of epoxides. A) Schematic representation of the incorporation of tetrahedrally coordinated Sn(IV) species into dealuminated
zeolite beta. Reproduced with permission.['74 Copyright 2014, American Chemical Society. B) Schematic illustration of the two types of cages in MIL-
101-SO3H with —SO;H groups as Brgnsted acid sites and open metal sites as Brgnsted and Lewis acid sites, respectively. C) Proposed mechanism
for the ring opening of styrene oxide in MeOH catalyzed by the Bronsted acid sites in MIL-101-SO;H. Reproduced with permission.['””l Copyright
2014, Wiley-VCH. D) Functionalization of triflic acid into KIT-5 mesoporous materials. Reproduced with permission.l'32 Copyright 2016, Wiley-VCH.

Brensted acids in the presence or absence of solvents. For this
process to be of synthetic use, the epoxide ring opening should
be performed under mild conditions with high regioselectivity
towards the desired products.

Several zeolites, zeolite 4A, zeolite 5A, zeolite X, Na-beta,
NaY, Na mordenite, and ZSM-5, were tested as catalysts for ring
opening of epoxides (styrene and propene) with aniline under
solvent-free conditions.l'’? It was observed that the catalytic
activity correlates with the Lewis acidity (aluminum content)
and surface area. Among the zeolites tested, zeolite NaY, with
high aluminum content and surface area, is most active for the
reaction. An excellent yield of 92% and regioselectivity of 100%
toward fB-amino alcohol were achieved in 6-10 h reaction time
at room temperature. In contrast, zeolite Na mordenite, with

Adv. Mater. 2017, 1701139
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low surface and low aluminum content, was found to be a poor
catalyst."”?] Tt was noted that, under microwave irradiation, an
excellent yield of B-amino alcohol up to 94% can be achieved in
2.5 min with NaY as the catalyst (80 times faster than the reac-
tion conducted at room temperature).l'”3l Incorporating metal
ions (Sn**, Zr*, and Ti*') in the BEA framework is an effec-
tive method to improve its catalytic activity in epoxide hydra-
tion (Figure 5A). The catalytic activity correlates with the Lewis
acid strength of the metal-containing zeolites in the sequence
of Sn-beta > Zrbeta > Ti-beta.l'’”¥ The stronger is the Lewis
acid employed, the more efficiently the substrate molecules
are activated on the acid sites and the higher is the catalytic
activity that can be achieved. Sn-beta exhibits a distinctly high
conversion (90.2%) and high 1,2-diol selectivity (92.7%) in ring
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opening of cyclohexene oxide at near-ambient and solvent-free
conditions in 6 h.

For ring opening of epoxides with alcohols, acid zeolites are
generally not good catalysts because they are prone to adsorb
methanol rather than the substrates and alcohols will neu-
tralize the acid sites of the acid zeolites, reducing their acid
strength. Several MOFs have been investigated as catalysts
in ring opening of epoxides with alcohols. Fe(BTC), with one
coordination position of Fe** occupied by a solvent molecule,
behaves as a strong Lewis acid and was reported to be an effi-
cient heterogeneous catalyst for regioselective ring opening of
styrene oxide with methanol.l'””! The conversion and selectivity
toward the formation of 2-methoxy-2-phenylethanol are 99%
and 94%, respectively. A recycling test confirmed that Fe(BTC)
can be reused three times before deactivation, making it a true
heterogeneous catalyst. The analogous compound Cus(BTC),
was also found to be effective, although with somewhat lower
activity than Fe(BTC).['””! The much lower activity of Al,(BDC);
than Fe(BTC) and Cu;(BTC), is due to its fully coordinated Al**
ion by BDC linkers, which cannot act as a Lewis acid.'’>l A
recently reported MOF Eu(Hpmd)(H,0) was also employed in
the methanolysis of styrene oxide at 55 °C.7% Tt was observed
that the crystal size plays a determinant role in the catalytic
process. Whereas microcrystalline MOF does not possess sig-
nificant catalytic activity, its nanosized counterpart exhibits
relatively high catalytic activity and excellent selectivity towards
2-methoxy-2-phenylethanol (100% yield within 48 h). A sulfonic
acid group-functionalized MOF, MIL-101-SO3;H, was the first
MOF material to catalyze ring opening of epoxides with Bren-
sted acid sites (Figure 5B,C).l'””] Under ambient conditions,
~100% conversion and 100% selectivity can be achieved in ring
opening of styrene oxides with methanol in 30 min. Notably,
the catalytic performance of MIL-101-SO;H far exceeds all pre-
viously reported Lewis acid-type MOF catalysts for ring opening
of styrene oxide in methanol. Asymmetric ring opening reac-
tions of epoxides are also realizable in the presence of chiral
MOFs catalysts. For example, Shiro and co-workers successfully
synthesized a Cu-based chiral MOF using chiral 2,2’-dihydroxy-
1,1"-binaphthalene-5,5"-dicarboxylic acid as a ligand, which can
enantioselectively catalyze the ring opening of a broad range
of epoxides with various amines into B-amino alcohols with
optical activity without the use of solvent.['”8!

Different metal ion complex or acid incorporated mesoporous
silica has also been reported for ring opening of epoxides.!'79-182]
Among these, a triflic acid-functionalized mesoporous silica
KIT-5 (denoted as KITS-FTA, Figure 5D) with a 3D cage-like
framework was reported to complete ring opening of styrene
oxides with methanol in 20 min at room temperature due to
higher acidity of the catalyst.'®? Under similar conditions, the
catalytic activity of Al-incorporated KIT5-FTA is higher than
those of SBA-15 and MCM-41. This is attributed to the higher
total acidities of Al-incorporated KIT5-FTA (0.50 mmol g!) than
those of SBA-15 and MCM-41 (0.44 and 0.36 mmol g™!) and
its unique 3D cage-like framework that can incorporate more
Al species.l'8-18] When other alcohols were tested, KIT5-FTA
also provided high yields of 95%, 94% and 90% for primary,
secondary, and tertiary butyl alcohols, respectively. The slightly
decreased yield from primary to secondary to tertiary alcohols is
mainly due to the increase in steric hindrance.
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3.2. Base-Catalyzed Reactions

The basicity in a matrix is always related to its acidity. In zeo-
lites, because the protons and the exchangeable cations are the
acid sites, the oxygens of the framework are the basic sites. In
the same manner, —NH,, —NMe,, and —COO™ groups account
for the Lewis and Brensted basicity in mesoporous silica. The
basicity in MOFs is introduced by postsynthetic modifications
or functional groups such as —NH,, pyridyl, and amide groups
in organic linkers. The characterization of the basic properties
is different among these porous materials. For zeolites and
mesoporous silica, acid probe molecules such as pyrrole, CO,,
methanol, methyl iodide, and N,O, are adsorbed on the mate-
rials and spectral changes are recorded to gain insight into the
surface basicity, especially the nature and strength of basic sites.
For pyrrole adsorption on alkaline zeolites, the frequency shift
of IR NH-stretching vibration is employed to monitor the basic
strength of the framework oxygen. The smaller of the frequency
shift, the weaker the basic strength. The band intensity further
suggests the relative density of basic sites in alkaline zeolites.
However, test reactions such as Knoevenagel condensation
are needed to characterize the basicity of MOFs. Knoevenagel
condensation of aldehydes with active methylene compounds
having two electron withdrawing groups is one of the most
important C—C bond forming reactions (Figure 6).1'8187] This
reaction is a convenient approach to obtain o,f-conjugated
esters and nitriles. In addition to the target products, some by-
products caused by side reactions such as like self-condensation
and oligomerization may result. On account of the amenable
reaction conditions and analysis, Knoevenagel condensation is
a preferred model reaction to evaluate the basicity of solid cata-
lysts. The catalytic activities in Knoevenagel condensation over
several porous materials are listed in Table 4.

In zeolites, negative framework oxygens generate base
strength between that of MgO and NaOH. Thus, zeolites are
able to catalyze reactions that require weak and medium basic
strength. Zeolites X and Y exchanged with alkali metal cations
are active and selective catalysts for Knoevenagel condensation
of benzaldehyde with ethyl cyanoacetate.'3%] Because the cata-
lytic activity increases with the framework Al content and with
the radius of the counter cation, CsX zeolite acts as the most
active basic catalyst and exhibits the maximum basic strength.
Other metal exchanged zeolites such as Zn exchanged beta zeo-
lite, also exhibit higher yield (73%) than its H forms (65%) due
to good coordination with aldehyde and active methylene com-
pounds at 140 °C under solvent-free conditions.!3¥ In sharp
contrast with acidic zeolites, basic zeolite catalysts have seldom
been applied in industrial applications. One important hand-
icap is that inexpensive KOH and NaOH are their competing
catalysts. The low cost and easy processing of the formed resi-
dues reduce the possibility of zeolite application to cases in
which special selectivity is needed.

Mesoporous silica seldom shows any basic properties and
the introduction of basic compounds (amines, ion liquids, and
alkali earth metal oxides) is required. Amines are frequently
chosen to be covalently bonded to the silica surface to increase
the base strength. Aminopropyl-functionalized SBA-15 exhibits
a yield of 99% for Knoevenagel condensation of ethyl cyanoac-
etate and benzaldehyde at 82 °C in 1 h.'®] An acid-base
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Figure 6. Knoevenagel condensation. A) Knoevenagel condensation of ben-
zaldehyde and ethyl cyanoacetate. B-D) Schematic of development strate-
gies of zeolites, mesoporous silica and MOFs for Knoevenagel condensation.

bifunctionalized mesoporous silica NH,-SO;H-MCM-41 cata-
lyst shows high activity in the one-pot deacetalization Kno-
evenagel reaction to produce benzylidene ethylcyanoacetate

Table 4. Catalytic activities in Knoevenagel condensation over several
typical catalysts.

Catalysts Temperature Time Solvents Yield Refs.
L th] [%]
CsX 140 2 Solvent free 67 [186]
Zn-beta 140 6 Solvent free 73 [188]
H-beta 140 6 Solvent free 65 [188]
NH,-SBA-15 82 1 Solvent free 99 [189]
ED-MIL-101(Cr) 30 19 Cyclohexane 98 [193]
NH,-IRMOF-3 40 2 DMSO 99 [194]
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from ethylcyanoacetate with Dbenzaldehyde dimethylacetate
(Figure 7A,B)."%) Basic ionic liquid and inorganic species can
also be introduced to mesoporous silica to increase the base
strength. Tonic liquid immobilized mesoporous silica has better
reusability than amino-functionalized mesoporous silica. For
instance, in Knoevenagel condensation of benzaldehyde with
malononitrile, ionic liquid immobilized MCM-41 shows a high
yield of 85% even after reusing it ten times. In contrast, the
yield of benzylidene malononitrile by amino-functionalized
MCM-41 declined from 97% to 74% after six recycles. This is
ascribed to the lower leaching level of ionic liquid immobi-
lized MCM-41 (5%) than that of amino-functionalized MCM-41
(16%-18%).111 MgO-incorporated MCM-41, MgO/MCM-41,
shows a yield of 93.3% in condensation of benzaldehyde and
malononitrile at 80 °C after reaction for 4 h.[1%2

Regarding MOFs, the metal nodes and organic linkers
should be modified by functional groups to introduce the
basicity. For example, ethylenediamine grafted on the coordi-
natively unsaturated metal sites of MIL-101(Cr) leads to better
catalytic performance (98% conversion and 99% selectivity
towards ethyl trans-o-cyanocinnamate) than that of dehydrated
MIL-101(Cr) (32% conversion) for condensation of benzalde-
hyde with ethyl cyanoacetate at 80 °C.'%} Another amino-func-
tionalized IRMOF-3 exhibits a yield of 99% and selectivity of
100% to the condensation product in Knoevenagel condensa-
tion of benzaldehyde with ethyl cyanoacetate in DMSO.!"*¥ The
authors claimed that IRMOF-3 is more active than other basic
catalysts, including zeolite and functionalized mesoporous
silica. Other factors (e.g., solvent, catalyst dosage, and tempera-
ture) may also play roles in the catalytic activity, which should
be considered when comparing different catalysts. An acid—
base bifunctionalized MOF, PCN-124, similar to the abovemen-
tioned mesoporous silica NH,-SO3;H-MCM-41, also shows high
catalytic activity in deacetalization-Knoevenagel condensation
of benzaldehyde with malononitrile (Figure 7C-F).1%] Whereas
the basicity originates from amide groups in PCN-124, weakly
Lewis acidity comes from open Cu paddlewheel motifs. Thus,
in contrast to zeolites, mesoporous silica and MOFs offer high
potential for embedding various active sites, implementing
multifunctional catalysis and enabling development of tandem
reactions. However, no basic sites stronger than amines (such
as nucleophilic organocatalysts and alkali earth metal oxides)
have been introduced into MOFs, probably due to structural
collapse under basic conditions. The low basicity confines the
applications of amine-modified MOFs in Knoevenagel conden-
sation reactions.

3.3. Oxidation Reactions

The redox property of porous materials is always endowed by
transition metals (e.g., Ti*", V¥, Sn*", Zr*, Fe**, Co*", Mn*,
and Cu?') in the frameworks. Compared with MOFs having a
high content of transition metals as convenient oxidation sites,
zeolites and mesoporous silica are devoid of activity for oxida-
tion reactions and transition metals are grafted on the frame-
work to introduce the redox property. Transition metals can
be introduced to occupy the framework or extra-framework
positions in zeolites and mesoporous silica. Hence, the metal
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tion of hydrocarbons. After the success of

o TS-1 as a liquid-phase oxidation catalyst,
- efforts have been devoted to the synthesis of
CO,Et other Ti-containing zeolites, such as TS-2,

Ti-beta, Ti-MOR, and Ti-MWW.201-207] Their
catalytic behavior was also studied under
° similar conditions as those of TS-1. Notably,

B / & rCJo ~  one-pot x Ti-MWW exhibits superior catalytic perfor-
OCHjz s . .. % mance over TS-1, with 99% selectivity and
§ : deacetalization s 99% conversation of ketone under optimized
OCH3 Acid cat. \O :. Knoevenagel 4 COHditiOnS.
T * condensation s Although Ti-containing zeolites are active

., reaction .~

C open Cu?* site

Figure 7. One-pot deacetalization Knoevenagel condensation reaction. A) Acid-base bifunc-
tionalized mesoporous silica. B) Deacetalization-Knoevenagel reaction. C) Coordination
environment of the dinuclear Cu paddlewheel motifs and ligands in PCN-124. D) Linker of
PCN-124. E) A single cubic framework of PCN-124 constructed by ligand skeletons bridging
molecular building block cages (Cu atoms are shown in cyan, O atoms in red, N atoms in blue,
C atoms in green). F) Self-interpenetrated structure of PCN-124. Reproduced with permis-

sion.l'%] Copyright 2012, Royal Society of Chemistry.

content is lower in transition metal-containing zeolites and
mesoporous silica ( <2 wt%) than that in MOFs (=20%).
Titanosilicate zeolites have shown excellent catalytic perfor-
mance in oxidation reactions over other metallosilicate. TS-1
(Ti-silicate, Figure 8A) is proven to be an efficient catalyst for
liquid-phase oxidation of various organic compounds using
H,0, as an oxidant, and several industrial processes (e.g.,
ammoximation of cyclohexanone, propylene epoxidation, and
hydroxylation of phenol) are operated using TS-1.1% The
ammoximation of cyclohexanone to cyclohexanone oxime, cata-
lyzed by TS-1, is conducted in liquid phase in the presence of
ammonia and H,0, (Figure 8D).171%] This is an important
route to produce e-caprolactam, an intermediate for the produc-
tion of Nylon-6. Almost complete conversion of cyclohexanone
and up to 99% selectivity to oxime were reported at 80 °C with
t-butanol as the solvents.'® Good results were also reported in
co-solvent free condition.?% A key feature of TS-1 catalysts is
their relatively high hydrophobicity, leading to favorable adsorp-
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in the reaction of small substrates, they are
not as efficient when large hydrocarbons

I are employed as substrates with tert-butyl-
CN hydroperoxide (IBHP) as the oxidant due to

l relatively small pores with a diffusion issue.
H This problem could be solved using Ti-con-

taining mesoporous silica materials such as
Ti-containing MCM-41, SBA-15, and MTS-9.
For example, in oxidation of crterpineol
using TBHP as an oxidant, Ti-MCM-41
shows higher alkene conversion (62.2%)
and epoxide selectivity (30.2%) than Ti-beta
zeolite (32.7% and 12.8%, respectively).l2%8]
In another case, the mesoporous titanosili-
cate MTS-9, synthesized by assembly of pre-
formed TS-1 nanoclusters into an ordered
mesoporous  structure, shows activity and
selectivity similar to those of TS-1 in styrene
epoxidation (Figure 8B,C,E). In 2,3,6-trimeth-
ylphenol (which has a large diameter and is
inaccessible to the small micropores of TS-1)
hydroxylation, MTS-9 exhibits a higher con-
versation of 18.8% and selectivity of 66.7%
toward trimethylhydroquinone at 80 °C after
4 h than TS-1 and Ti-MCM-41.2%] The higher
catalytic activity of MTS-9 is due to its large
pore diameter and its TS-1-like environment
of Ti. Silanized Ti-MCM-41 in combination
with TBHP is a good catalyst for epoxidation
of propene.?'% Silanization is to expel water from the interior
of mesoporous silica, to reduce the hydrophilicity of MCM-41,
and to increase the selectivity towards epoxide. Notably, although
these reported mesoporous titanosilicates have advantages for
oxidation of bulky alkenes, none are intrinsically more active
than TS-1 in reaction of small substrates in which the pore diffu-
sion is not a problem.

Different from zeolites, mesoporous silica is advantageous
in working as host matrix to support transition metal nanopar-
ticles with high dispersion. This further facilitates their use as
catalysts in oxidation reactions. For example, in vapor-phase
epoxidation of propylene using H, and O, over Au-supported
Ti-MCM-41 (Figure 9A), a maximum propylene conversion of
3.2% and propylene oxide selectivity of 93.5% were achieved at
100 °C.211 In gas-phase oxidation of cyclohexanol to cyclohex-
anone, mesoporous silica EP-FDU-12-supported Au nano-
particles exhibited good catalytic activity and high selectivity
(>99.5%) at temperatures between 180 and 250 °C. The Au
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Figure 8. Oxidation reaction. A) Structural model of TS-1. D) Ammoximation of cyclohexanone catalyzed by TS-1 in the presence of H,0, and NH,OH.
B) TEM images of MTS-9. C) TEM image of MTS-9 with high magnification from selected region in (B). Areas of ordered micropore arrays are cir-
cled. Reproduced with permission.2%’l Copyright 2002, American Chemical Society. E) Catalytic activities in oxidation reactions by H,O, over MTS-9,
Ti-MCM-41, and TS-1 samples. In styrene epoxidation, with acetone as a solvent, T =45 °C, styrene/H,0, = 3/1 (molar ratio), t =5 h, catalyst/phenol
=5% (weight ratio). In the 2,3,6-trimethylphenol hydroxylation, acetonitrile as a solvent, T =80 °C, trimethylphenol/H,0, = 3/1 (molar ratio), t =4 h,
catalyst/phenol = 5% (weight ratio).

A Au/Ti-MCM-41
Xt Ho+ 0 ———— /<J + H,0 @ Cu(Hbtec)(bpy) CD
TBHP

TEM-dark field image

Ti K ————100 nm

Figure 9. Oxidation reaction. A) Epoxidation of propylene over Au-supported Ti-MCM-41 in the presence of H, and O,. B) Partial cyclohexane oxidation
with O, as the oxidant. C) TEM dark field image and EDX elemental mappings of SBA-15 with grafted Ti and Fe,O; nanoparticles. Reproduced with
permission.2'l Copyright 2016, Royal Society of Chemistry. D) Oxidation of cyclohexene over [Cu(H,btec) (bipy)]. E) Schematic illustration showing
the singlet oxygen-engaged selective oxidation of alcohols over Pt/PCN-224 (M) using molecular oxygen under visible-light irradiation. F) TEM and
enlarged TEM images of Pt/PCN-224(Zn). Reproduced with permission.[2'® Copyright 2017, American Chemical Society.
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nanoparticles encapsulated in the extra-large spherical cages of
EP-FDU-12 afforded a long lifetime (>500 h) without poisonous
coke formation and obvious mass-specific activity loss.?!? Sev-
eral Pt, Pd, Rh, and Au nanoparticles on mesoporous silica
CMI-1 supports were tested as catalysts for n-butanol oxida-
tion. The results showed that the Pt-based catalyst exhibited the
highest catalytic activity, which was influenced by the particle
size and surface area of the support. The activity of Pt/CMI-1
was followed by the Pd/CMI-1, Rh/CMI-1, and Au/CMI-1 cata-
lysts.[213] Recently, a mesoporous silica SBA-15 with grafted Ti
and Fe,0; nanoparticles was reported to exhibit a high yield (up
to submmol) and selectivity (=100%) for partial cyclohexane oxi-
dation with O, as the oxidant under solar light (Figure 9B,C).l?!4
The high catalytic activity is due to the lengthened lifetime of
the tetrahedrally coordinated Ti by electron delocalization in
Ti—O—Fe bonds and the visible light-induced activity given
by Fe,0; nanoparticles coupled to the Ti. This showcases the
capacity of mesoporous silica to work on photocatalytic fine
chemical synthesis.

In principle, because MOFs contain a high percentage of tran-
sition metals with various possible oxidation states, they appear
to be as suitable solid catalysts for oxidations. MOFs have been
widely tested as catalysts for epoxidation of cyclohexene in the
presence of hydrogen peroxide or TBHP as oxidants. The oxi-
dation of cyclohexene over [Cu(H,btec)(bipy)].. results in 64.5%
conversion and 73.1% selectivity toward cyclohexene oxide at
75 °C in 24 h (Figure 9D).21] A 27.5% conversion was achieved
over Co,O(bdpb); after 22 h using TBHP as the oxidant.[2!¢l
Vanadium containing MOF V-MIL-47 also presents catalytic
activity in the cyclohexene oxidation in the liquid phase using
TBHP as the oxidant.?'”] Although the pores of V-MIL-47 may
be blocked by organic compounds after the first run, its regen-
eration can be achieved by activating the catalyst at 250 °C for
4 h. In contrast to the current state of using MOFs for oxidation
of alkenes, reports of employment of zeolites and mesoporous
silica for alkene oxidation are limited. This is because the cata-
Iytic transition metals in these porous materials tend to leach
out of the framework, rendering them catalytically unstable.
The advent of MOFs widened the range of catalysts suitable for
selective oxidation reactions with hydrogen peroxide or organic
hydroperoxides as oxidants.

MOFs can also be used as supports to include compounds
that can function as catalytic sites for the oxidation. For
instance, the Pt nanoparticles supported on PCN-224(Zn)
show a high yield of >99% toward benzaldehyde in oxidation
of benzyl alcohol at 36 °C after 50 min under visible-light
irradiation using photochemically generated 'O, as a mild
oxidant (Figure 9E,F).2!8 Polyoxotungstates PW, and PW;,
have been inserted into the nanocages of MIL-101 at a loading
range from 5 to 14 wt%, and were tested for cyclohexene oxi-
dation with H,0, as the oxidant.?!! The results indicate that
5% PW,/MIL-101 and PW,;,/MIL-101 both show 76% con-
version with 74% selectivity of cyclohexene oxide after 3 h.
PW,/MIL-101 presents a slight decrease in the epoxide yield
after three runs, and partial decomposition of the MIL-101
catalyst can be observed during the cyclohexene oxidation.
Zr/Hf-based MOFs with high thermal stability and high
chemical stability further broaden the catalytic applications
of encapsulated nanoparticles.® For example, in oxidation of
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cyclopentane (CPE) to glutaraldehyde (GA), UiO-66 encapsu-
lating 35 wt% phosphotungstic acid (HPWs) exhibits a high
conversion (=94.8%) of CPE and a high yield (=78.3%) of GA
with H,0, as the oxidant. The HPWs@ UiO-66 catalyst exhibits
excellent reusability without obvious HPWs leaching during
three reaction cycles, making it a competitively heterogeneous
oxidative catalyst.?2%) UiO-66 with highly dispersed Au nano-
particles in the pores, denoted Au@UiO-66, exhibits a high
selectivity to benzaldehyde (=100%) in the oxidation of benzyl
alcohol employing O, as oxidant. The Au@UiO-66 catalyst
also shows good regenerability and high stability during the
recycle reactions.l??1222l Due to its high thermal stability, Au@
Ui0-66 is also the first example of an MOF-supported Au cata-
lyst for gas-phase CO oxidation. The 4 wt% Au@ UiO-66 cata-
lyst exhibits a nearly complete CO conversion at 230 °C and can
be reused for at least five reaction cycles.l'% This work greatly
expands the applications of MOFs for gas-phase heterogeneous
catalytic reactions.

The organic linkers in MOFs can be modified with chiral
functional groups, making MOFs promising materials for
asymmetric oxidation catalysis. For example, Hupp and co-
workers synthesized a microporous Zn-based MOF containing
chiral (salen) Mn complex in its linkers and investigated its
catalytic activity for asymmetric epoxidation using 2,2-dimethyl-
2H-chromene and 2-(tertbutylsulfonyl) iodosylbenzene as sub-
strate and oxidant, respectively. This MOF exhibits a desirable
enantioselective catalytic behavior with a yield of 71%, selec-
tivity of 82%, and prominent recyclability with no selectivity
attenuation and very little activity loss. In contrast, the free
chiral (salen) Mn complex counterpart shows much poorer
catalytic performance in terms of catalytic stability, recyclability,
and substrate size selectivity.??3]

3.4. Hydrogenation

Hydrogenation of unsaturated compounds through the treat-
ment with hydrogen or the reduction in the presence of noble
or transition metals (Pt, Ir, Ru, Ni, Pd, etc.) is an important
chemical reaction in industry. An easy method for preparing
a heterogeneous catalyst containing the above-mentioned
reducing metals is successful confinement of these metals
into porous zeolite, mesoporous silica, or MOFs. In general, it
is desirable for the metals to be in a highly dispersed state to
maximize the catalytic activity.

The integration of noble metals with zeolites is a large
research field with applications in the chemical and petro-
chemical industries. Metals have been loaded into zeolites by
ion exchange and by impregnation. Pt-Y zeolite, loaded with
14 wt% platinum, showed selective hydrogenation of cinnamal-
dehyde in the liquid phase (Figure 10A).224 The first hydrogen-
ation step leads to 3-phenylpropanal if hydrogenation occurs
on the C=C bond or to cinnamyl alcohol if hydrogen adds to
the C=0 bond. A second hydrogenation step leads to phenyl-
propanol. Pt and Pd nanoparticles immobilized on the surface
of 3-aminopropyltrimethoxysilane (APTS)-functionalized NaY
zeolites ([Pt]-APTS-Y and [Pd]-APTS-Y, respectively) are also
excellent heterogeneous catalysts for hydrogenation reactions
(Figure 10B).??] The amine groups in APTS bind strongly to Pt
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Figure 10. Hydrogenation reaction. A) Hydrogenation of cinnamalde-
hyde over Pt-Y zeolites. B) TEM image of Pt nanoparticles immobilized on
the surface of amine-functionalized Na-Y zeolite. Reproduced with per-
mission.?2%] Copyright 2004, American Chemical Society. C) TEM image
of chiral Ir-complex immobilized on mesoporous SBA-15 type materials.
Reproduced with permission.?*2 Copyright 2010, Royal Society of Chem-
istry. D) Schematic of MOFs containing Au(lll) Schiff base complex. Zn:
green; O: red; C: light blue; N: deep blue; Au: yellow; Cl: white. H atoms
are omitted. Reproduced with permission.23% Copyright 2009, Elsevier. E)
TEM image of Pd,Ni;@MIL-101. Reproduced with permission.?3”l Copy-
right 2012, Wiley-VCH.

and Pd nanoparticles and thus there is no aggregation of metal
nanoparticles on the zeolite surface during reactions. In the
hydrogenation of styrene, complete conversion with selectivity
of 99.2% toward ethylbenzene was achieved by [Pt-APTS-Y
and [Pd]-APTS-Y at 80 °C in 30 min. In hydrogenation of phe-
nylacetylene to ethylbenzene, both catalysts showed a similar
conversion of 100%, a selectivity of 66.3% toward ethylben-
zene for [Pt]-APTS-Y and a slightly higher selectivity of 85.9%
for [Pd]-APTS-Y. Both catalysts can be efficiently recycled three
times for hydrogenation reactions.

The hydrogenation function can also be combined with
the acidity of zeolites to obtain bifunctional catalysts for use
in aromatization, isomerization, polymerization, and hydro-
cracking reactions. For instance, hydrocracking, which produce
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middle-distillate (mainly diesel and lesser extent kerosene)
and optionally base oils by a hydrogen addition process, is
based on a bifunctional (acidic and metallic) catalyst, such as
Pt/USY.26227] The acidic property of Pt/USY determines the
activity and selectivity to different fractions (diesel, gases, kero-
sene, and naphtha) whereas the hydrogenation function is used
for hydroconverting sulfur feeds in the second stage hydro-
cracking unit. So far, no zeolites other than Y have made such
significant developments in commercial operations. As in FCC,
its extremely high adaptability and well-proven and econom-
ical manufacturing process is responsible for its commercial
success.

Mesoporous silica with high surface areas also allows for a
high dispersion of noble metal ions or transition metal com-
plexes. Pt- and/or Pd-containing AI-MCM-41 was reported as a
catalyst for low temperature hydrogenation of benzene and for
hydrogenation of aromatics in diesel and kerosene feeds.[22%22°]
Pt supported on MCM-41 shows superior catalytic activity in
hydrogenation of naphthalene than Pt supported on zeolite
USY at 275 °C and 49 atm.3% The higher surface area and
better Pt dispersion afforded by Pt-MCM-41 should be respon-
sible for the higher hydrogenation activity. For Pt/SBA-15,
the selectivity to cinnamyl alcohol is structure sensitive, and
large nanoparticles and high hydrogen pressures favor C=0
over C=C hydrogenation.?3!] Due to the large pore diameter,
mesoporous silica can also serve as a host for metal clusters
or transition metal complexes. For example, two chiral Ir and
Ru complexes ([Cp*IrCly], and [RuCly(—CsMeg)];) were suc-
cessfully immobilized on mesoporous SBA-15-type materials,
leading to two heterogeneous chiral mesoporous catalysts
(Figure 10C).12*2 During asymmetric hydrogenation of various
aryl substituted ketones under 10 atm H,, the Ir catalyst exhib-
ited a conversion of up to 92.6% and an ee value of 90.3% after
72 h reaction time, whereas the Ru catalyst yielded a conver-
sion of up to 83.4% and an ee value of 93.0% after 90 h reac-
tion time. Moreover, both chiral mesoporous catalysts could
Dbe easily recovered and used seven times without significantly
affecting their catalytic activity and enantioselectivity.

Due to their limited stability, MOFs cannot compete with
zeolites and mesoporous silica for hydrogenation reactions
in the gas-phase under harsh conditions. Therefore, they are
more suitable for liquid-phase catalytic hydrogenation reactions
under mild conditions. When 1-octene was treated with a Pd-
containing MOF [Pd(2-pymo),]-3H,0 under mild conditions
(30 °C and 1.96 atm H,), a complete conversion of the substrate
was observed after 40 min, and a 100% selectivity toward octane
was achieved at a reaction time of 2 h.[233234] The Pd-MOF can
be reused without structural degradation or leaching of Pd.
When an Au(III) MOF was used as a catalyst in hydrogena-
tion of 1,3-butadiene (fixed bed reactor, atmospheric pressure,
130 °C), a near-total conversion and high selectivity (up to 97%)
for butenes (mainly 1-butene and E-2-butene) can be obtained
(Figure 10D).235] MOFs can also act as a host matrix in which
the metal nanoparticles, the true catalysts for hydrogenation,
are encapsulated. In this context, Pd/MOF-5 embedded with
0.5 wt% Pd was reported to exhibit high catalytic activity for
hydrogenation of ethyl cinnamate. Although the Pd/MOF-5
catalyst did not show any loss of activity during repeated runs,
a complete loss of micropore volume was observed, indicating
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structural collapse. Hence, the active Pd is probably deposited on
the outer surface instead of in the micropores of Pd/MOF-5.123¢
Two bimetallic catalysts, Ni,Pd;@MIL-101 and Ni;Pd,@MIL-
101, were found to be catalytically active for hydrogenation of
cyclohexanone and 3-heptanone (Figure 10E).?*”] Ni,Pd;@
MIL-101 shows 100% conversation for cyclohexanone reduc-
tion whereas Ni;Pd,@MIL-101 results in =76% conversion
of cycloheptanone. Under analogous conditions, the higher
catalytic activity of bimetallic Pd,Ni,@MIL-101 catalysts for
3-heptanone hydrogenation than a mixture of pure Pd@MIL-
101 and Ni-MIL-101 indicates a synergistic catalysis effect due
to the formation of bimetallic particles. Recently, Jiang and
co-workers observed that the hydrogenation catalysis over
MOFs supported nanoparticles can be accelerated uner light
irradiation. In this regard, a Pd nanocubes@ZIF-8 composite
with a core-shell structure efficiently catalyzed the hydro-
genation of 1-hexene at a yield of 66% in 30 min under full-
spectrum irradiation with 1 atm H, at room temperature.
Neither activity loss nor apparent aggregation of Pd nano-
cubes was observed after three continuous runs. The remark-
able hydrogenation catalytic performance can be explained by
the surface-plasmon-driven photothermal effect induced in
Pd nanocubes cores and ZIF-8 shells that leads to hydrogen
enrichment and stabilize the Pd nanocubes.l?*8) Moreover,
MOFs supported transition metal complexes can further
broaden their applications in asymmetric hydrogenation catal-
ysis. For instance, a Ru-complex incorporated Zr-MOF can
catalyze hydrogenation of a broad range of substituted alkenes
with ee values of 70%-91% and hydrogenation of -keto esters
into corresponding alcohols with high selectivity (ee > 94%) in
a quantitative yield.[?*]

4. Conclusions and Future Prospects

Heterogeneous catalysis is an explored application of zeolites,
mesoporous silica, and MOFs. A wide range of organic reac-
tions has been catalyzed with these porous materials, from
acid-base to redox categories. In this review, we provided sev-
eral typical examples of zeolites, mesoporous silica, and MOFs
as catalysts in gas/liquid-phase reactions and compared their
catalytic performance and potential for the same reactions.
From these examples, the following can be summarized.

Zeolites still dominate gas-phase reactions. Many well-estab-
lished processes in oil refining and petrochemistry, including
aromatic alkylation, FCC, oligomerization of light olefins, and
hydrocracking use zeolite-based catalysts. The success of zeo-
lites in this field relies on their microporous structures in the
range of molecular dimensions and flexible chemical compo-
sition, and on their outstanding thermal and hydrothermal
stability. In addition, deactivated zeolites can be easily reacti-
vated by combustion to remove coke or heavier residual prod-
ucts. In this regard, it is difficult for MOFs and mesoporous
silica to compete with zeolites for this type of application. The
use of MOFs for gas-phase catalysis is in an early phase and
most investigations are focused on proof-of-concept reactions.
Mesoporous silica may have great potential for use in FCC
catalysis, as deduced from the importance of mesopores for
zeolite Y to crack bulky molecules in the FCC process.
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Mesoporous silica and MOFs can complement zeolites in
the synthesis of fine chemicals that proceeds under relatively
mild conditions in a liquid phase, i.e., Friedel-Crafts acylation,
cycloaddition of CO, into epoxides, ring opening of epoxides,
Knoevenagel condensation, and alkene oxidation. These reac-
tions can be roughly divided according to decisive character-
istics providing catalytic activity. The first group of reactions
primarily depends on the nature of active centers (e.g., Friedel-
Crafts acylation, ring opening of epoxides, and cycloaddition
of CO, into epoxides). In this case, zeolites with adventitious
acid sites tend to open the epoxide ring very easily, mesoporous
silica demonstrates a good potential for the Friedel-Crafts acyla-
tion of organic molecules that require lower level of acidity, and
MOFs that have both acid and base sites are suited for cycload-
dition of CO, into epoxides. The second group of reactions is
influenced by interactions between substrates, intermediates,
or products with active sites (e.g., Knoevenagel condensation).
The specific interactions have positive impacts on the catalytic
behavior of MOFs, compared with negligible influence of inter-
actions on zeolites. The last group of reactions is sensitive to
the size of the channels in the catalysts (e.g., alkene oxidation).
In this case, mesoporous silica with larger pores than those of
zeolites exhibits better catalytic performance in oxidation of
bulky alkenes. In contrast, zeolites are more active in oxida-
tion of small substrates that have no obvious diffusion issue for
medium pores.

Although zeolites have been widely used as catalysts in the
fields of refining and petrochemistry, catalyst improvement
for higher selectivity or longer catalyst lifetime is still needed.
In addition, the application of zeolites in base-catalyzed pro-
cesses has faced challenges from inexpensive NaOH and KOH.
Thus, the synthesis of known zeolites using alternative and less
expensive routes is necessary. As crude oils have a tendency of
being heavier, new zeolites with larger pore size and lower cost
are also desirable. For production of chemicals and fine chem-
icals, the leaching of metals from the zeolite framework is a
particular problem, especially in oxidation reactions. Therefore,
it is necessary to discover the stability of zeolites and leaching
of active metal species by comparing the crystal structure and
surface area before and after the reactions.

For mesoporous silica and MOFs, a major drawback for their
use as catalysts is their relatively limited thermal and chemical
stability. In the last few years, a large step forward has been
made on this road. However, on the other hand, asymmetric
catalysis appears as a promising area in which mesoporous
silica and MOFs can easily make significant contributions.
Chiral mesoporous silica can be obtained by fixing region-
and enantioselective complexes in the large pores. In addition
to immobilization, chiral MOFs can be easily synthesized by
employing chiral and enantiopure organic molecules as the
linkers. In this case, the stability is not a major problem for the
two porous materials because of the mild reaction conditions.
Because all the three components (nodes, linkers, and pores) in
MOFs can be functionally modified, MOFs further find inter-
esting applications in photochemisty, synergistic catalysis, and
tandem reaction. Numbers of reviews have summarized the use
of MOFs in these reactions.l*-> Thus, in addition to gas phase
catalysis, there are broad catalytic areas where mesoporous
silica and MOFs can exploit their advantages to the full.
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All in all, zeolite, mesoporous silica and MOFs provide excel-
lent potential for development of heterogeneous catalytic sys-
tems. The similarities and differences in the use of zeolites,
mesoporous silica and MOFs as heterogeneous catalysts make
them complementary rather than competitive. These porous
materials can be used for different reactions or for the same
reaction under different conditions. We should make use of the
most adequate catalyst for a particular reaction regardless if it is
a zeolite, mesoporous silica, or an MOF.
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