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Hierarchical (or mesoporous) zeolites have attracted significant attention during the first decade of the
21st century, and so far this interest continues to increase. There have already been several reviews giving
detailed accounts of the developments emphasizing different aspects of this research topic. Until now,
the main reason for developing hierarchical zeolites has been to achieve heterogeneous catalysts with
improved performance but this particular facet has not yet been reviewed in detail. Thus, the present
eywords:
esoporous zeolites
ierarchical zeolites
atalysis

paper summaries and categorizes the catalytic studies utilizing hierarchical zeolites that have been
reported hitherto. Prototypical examples from some of the different categories of catalytic reactions
that have been studied using hierarchical zeolite catalysts are highlighted. This clearly illustrates the
different ways that improved performance can be achieved with this family of zeolite catalysts. Finally,
future opportunities for hierarchical zeolite catalysts are discussed, and the virtues of various prepara-

d, inc
sts.
tion methods are outline
hierarchical zeolite cataly

. Introduction

During the last decade, the scientific literature on hierachical
eolites has dramatically increased, and several reviews high-
ighting various aspects of the recent developments have already
ppeared [1–7]. The term hierarchical zeolites refers to zeolites fea-
uring at least one additional level of porosity besides the intrinsic

icropore system characteristic of zeolites. In practice the term
ost often refers to mesoporous zeolites, i.e. hierarchical zeolites

eaturing additional porosity in the mesopore size region (pore
iameters in the range 2–50 nm) because the major impact of
uxiliary porosity on catalysis stems from porosity in this size
egion. Interestingly, it is difficult to trace the true origin of hier-
rchical zeolites, and their use as heterogeneous catalysts, since
t is more or less hidden in the patent literature. However, with
he current knowledge about these materials and their prepara-
ion methods there is no doubt that several early patents describe

ethods for preparing such zeolite materials, and also their use
s heterogeneous catalysts in various reactions [8–11]. One reason
hat it is often not trivial to conclude when hierarchical zeolites

ere claimed in the patent literature is that the physical-chemical

haracterization reported originally does not provide direct evi-
ence for the detailed structure of the materials studied. Thus,
uch of the recent interest in hierarchical zeolites can be ascribed
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luding a discussion of possible pitfalls in the evaluation of new, potential
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to improved methods for visualization of the structure of these
materials, and particularly to the wider availability of sufficiently
elaborate electron microscopy techniques, such as high-resolution
TEM and TEM tomography. With these methods, the structure of
hierarchical zeolite catalysts can de deduced in impressive detail,
and the observed catalytic performance can more easily be related
to their structure. However, it is still necessary also to use vari-
ous other physical–chemical characterization methods to establish
that the structural modification of hierarchical zeolites has not lead
to significant changes in other catalytically important properties
of the zeolite, especially with respect to zeolite acidity. Only this
way, reliable structure-activity relationships can be quantitatively
established.

Here we present a review of the literature reporting the use
of hierarchical zeolites as catalysts for different reaction types.
The reactions types are divided into classes comprising alkyla-
tion, methanol-to-hydrocarbons (MTH) and olefin aromatization,
isomerisation, cracking, condensation and other, more specific,
reactions. The alkylation, isomerisation and cracking reactions
share the same carbenium chemistry and could be viewed together.
However, since the size of the substrates used and the operating
temperature differs widely in these three categories, the effect of
mesopores also differs and they are therefore treated separately.
One of the major limitations for the use of zeolites as cata-
lysts is the limited access to the active sites within the individual
crystals. This attribute serves as the material’s strength (allowing
for shape selectivity) as well as a weakness (mass transport lim-
itations). It is predicted that mesoporous zeolites can contribute

dx.doi.org/10.1016/j.cattod.2011.01.007
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:chc@lorc.dk
dx.doi.org/10.1016/j.cattod.2011.01.007
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Table 1
Overview of the different reaction classes and the main effect of mesoporous
zeolites.

Reaction type Main observation

Alkylation reactions Higher activity
Transalkylation reactions Improved stability
Isomerisation reactions Higher activity
Cracking of light substrates No significant improvement
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Cracking of heavy substrates Substantially higher activity
MTH and aromatization reactions Longer catalyst lifetime
Condensation reactions Higher activity. Higher selectivity

towards bulky products

o the field of catalysis in either of two ways. These hierarchical
aterials can potentially increase the number of reactions in which

eolites are used by allowing acceptable mass transport of larger
eactants and products and allowing for reactions catalyzed by
trong acidity to proceed on the mesopore surface and pore mouth.
lternatively mesoporous zeolites can simply serve by improving
xisting reactions/processes currently using zeolite catalysts. It is
ere illustrated how examples of both applications exist in liter-
ture. A summary of the major trends observed for hierarchical
eolites categorized by reaction type is shown in Table 1.

. Alkylation reactions

Alkylations and acylations are important reactions in indus-
ry for which zeolites find use. Unfortunately, these processes are
arely operated at full potential due to mass transfer limitations
ithin the zeolite catalysts; therefore, the advantages of apply-

ng mesoporous zeolites as catalysts for these transformations
re obvious. In the literature, several reports are available deal-
ng with mesoporous zeolites for such transformations, particular

ith alkylation of benzene. The general finding in these reports
s the observation that mesoporous zeolites are more active for
hese transformations. This is expected due to shorter diffusion
ath length in mesoporous zeolites, however, what is perhaps not
o obvious is why also an increased selectivity to monoalkylated
roducts is observed.

.1. Benzene alkylation

Christensen et al. [12] reported the use of mesoporous ZSM-5
repared by carbon-templating for gas phase alkylation of benzene
ith ethylene (Scheme 1).

The authors used a molecular ratio of benzene:ethylene of
.1:1, pressures from 2.5 to 5 bar and temperatures from 583 to
43 K. Undesired side reactions include the formation of di- and tri
lkylated ethyl benzenes as well as numerous alkylated benzenes
rising from transalkylation of the product. It was shown, that the
esoporous zeolite was significantly more active than the conven-

ional zeolite catalyst. Moreover, it was shown that the selectivity
owards ethyl benzene was significantly higher using the meso-

orous zeolite and that the effect was even more pronounced at
igh conversions. The increased selectivtity towards the monoalky-

ated product, ethyl benzene, can be understood by looking at the
chematic representation in Fig. 1 of the relative concentration pro-
les of benzene, ethylene and ethyl benzene [13].

+

benzene ethyl benzene

Scheme 1.
Fig. 1. Schematic of the relative concentration profiles (disregarding molecular
adsorption) of benzene (A), ethylene (B) and ethyl benzene (C) in conventional and
mesoporous ZSM-5 during alkylation of benzene with ethylene (figure reproduced
from Ref. [13]).

The concentration profiles illustrated in Fig. 1 were derived from
a classical evaluation of diffusion properties of the benzene, ethy-
lene and ethylbenzene under actual operating conditions, showing
that benzene and ethylbenzene are diffusion limited if the crystals
are too large [13]. The concentrations of reactants and products in
the zeolite and in the gas phase are likely different due to adsorp-
tion. However, as benzene is consumed in the alkylation reaction,
a concentration gradient enriched in ethylbenzene and depleted
in benzene is expected to be present in the conventional sam-
ple where diffusion restraints are pronounced. It is clear that if a
relatively higher concentration of ethylbenzene exists in the inte-
rior of the crystal, this must lead to the formation higher levels
of diethylbenzene. In other words, diffusion limitations in conven-
tional crystals during alkylation of benzene with ethylene lead to
higher levels of polyalkylated products than desired. On the con-
trary, in case of the mesoporous crystal, having a shorter average
diffusion path length, the concentrations of ethylbenzene and ben-
zene throughout the crystal will be much closer to the value strictly
determined by gas phase concentration and adsorption affinity. In
effect, successive alkylation of ethylbenzene is not as likely to occur
in the mesoporous zeolite as in the case of the conventional one,
and the monoalkylated product is predominant.

Dealumination of mordenite has been well understood for sev-
eral decades but recently also base treatment (desilication) of
mordenite, either alone or in combination with dealumination, has
been successfully performed to obtain similar advantages.

In close relation to the previous example Groen et al. [14] com-
pared a mesoporous mordenite catalyst obtained by desilication
to a commercial sample with a smaller crystal size and higher
acid density in the liquid phase benzene alkylation with ethylene.
Despite the advantage with respect to crystal size and acidity, the
hierarchical mordenite showed an initial higher activity in com-
parison with the commercial mordenite. Much more pronounced
though was a remarkably slow deactivation of the mesoporous
sample coupled with a slightly higher selectivity towards the
desired ethyl benzene. The improved catalytic performance as dis-
cussed above was attributed to the enhanced mass transport. This
report is a particularly interesting case where the authors chose to
use the zeolite in the liquid phase where mass transport limitations
pose much greater problems as compared to gas phase reactions.
Nevertheless liquid phase reactions represent an interesting area
in which mesoporous zeolites can find applications.

Three different commercially available mordenite samples were

desilicated and tested in liquid phase benzene alkylation with
propene producing cumene (iospropylbenzene) in a study by de
Jong and co-workers [15]. The mordenite samples were outside the
optimal window with respect to Si/Al ratio for desilication [16] but
with an increased concentration of sodium hydroxide mesopore
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ormation proved possible. TEM imaging supported by additional
haracterization led the authors to conclude that the mesoporosity
as mostly inter-particle, which lowers mass transport limita-

ions between the nanosized particles. Indeed, for the alkylation
f benzene with propylene over the alkali treated sample, an ini-
ial activity boost in the order of one magnitude was observed,
hile maintaining a similar cumene selectivity. The same authors

17] also used cumene synthesis to investigate whether a sequen-
ial post synthesis treatment using dealumination and desilication
f commercially available mordenite could be advantageous. A
omprehensive series of samples, dealuminated, desilicated or
ombinations thereof were prepared and compared to gain insight
nto the catalytic effects of Al-content, inter- and intracrystalline
orosity, acid strength or the presence of extra-framework alu-
inum. Catalytically, the parent mordenite sample performed

elatively poor, having a lower activity and selectivity towards
umene/di-isopropyl benzene as compared to reported literature
alues. Dealumination improved the performance only slightly,
hereas a subsequent optimized desilication treatment resulted

n a mesoporous catalyst having a significantly higher activity (up
o 27-fold increase). Alas, the higher activity was accompanied
y an increased selectivity towards di- and tri-isopropyl benzene.
nterestingly, desilication of the parent sample gave an excellent
ombined cumene/di-isopropylenbenzene selectivity of >99% aris-
ng from suppressed propylene oligomerization which the authors
ttribute to the likely removal of weak Lewis acidic site present
n the external surface. This observation highlights the complex-
ty of interpreting catalytic data since mesopore formation occurs
oncurrently with a modification of the acidity of the samples. The
se of thorough characterization methods (e.g. electron tomogra-
hy, (MAS) NMR or FTIR using molecular probes) are thus needed

n order to be able to discuss the full array of changes introduced
uring post synthesis treatment.

Commercial mordenite catalysts treated by desilication or
ealumination have also been tested in transalkylation of alkyl-
enzenes (toluene and 1,2,4-trimethyl benzene) in a recent report
18]. Here an unchanged initial activity was observed; however,
esilication was shown to improve the long term stability of the
atalyst significantly. In line with the previous finding Yang et al.
19] tested a hierarchical beta zeolite prepared by dry gel conver-
ion in the transalkylation of di-isopropylbenzene with benzene.
he mesoporous beta sample showed a slightly lower initial activ-
ty compared to a solely microporous reference but deactivated
nly barely within the timeline of testing, in strong contrast to the
eference. The improvements were attributed mainly to improved
ccessibility of the active sites and better diffusion properties in the
ierarchical material.

Numerous patents from Dow Chemical [20–22] exist on the
se of mesoporous (or 3-DDM) mordenite prepared by dealumi-
ation using mineral acids, and a recent review [23] highlights
he catalytic properties of mesoporous mordenite in alkylation and
racking reactions. With respect to the former, mesoporous mor-
enite has been applied in alkylation of aromatic compounds such
s biphenyl or phenol and transalkylation of alkylbenzenes. An
nteresting example from the open literature using mesoporous

ordenite obtained by acid leaching is given by Garces and co-
orkers [24] The authors use the catalyst in the liquid phase

lkylation of biphenyl with propylene, preferentially forming the
ara isomer 4,4’-diisopropylbiphenyl (DIPB). By performing the
ealumination step once or twice, they elegantly introduce increas-

ngly strong dealumination (SiO2/Al2O3 ratio up to 2600) alongside

esopore formation occurring at the expense of the micropores.

he best dealuminated catalyst showed a very good para selectivity
f 73.5% and also had an improved stability towards deactivation.
he authors discuss that the preferential removal of aluminum on
he external surface could be the cause for both phenomena as
+
OH

Scheme 2.

non-shape selective isomerization of the products as well as pore
blocking from crystal surface reactions were diminished.

In a similar study Kim and co-workers [25] studied the perfor-
mance of dealuminated mordenite in the ethylation of biphenyl.
Here, only moderate selectivity towards the para isomer could be
observed and the authors attribute this to the lower steric restric-
tion of the mordenite framework as compared to isopropylation.

Xiao et al. [26] compared a mesoporous zeolite beta prepared
by templating with mesoscale cationic polymers to conventional
beta with a slightly smaller crystal size in the alkylation of ben-
zene with 2-propanol. They operated the reaction at 473 K with a
benzene/2-propanol ratio of 4:1. It was shown that the mesoporous
sample exhibited higher activity than the conventional, and that the
selectivity towards isopropyl benzene was also significantly higher.

Recently Sun and Prins [27] compared a mesoporous ZSM-5
prepared using amphiphilic organosilane as mesopore directing
agent to a conventional ZSM-5 sample in alkylation of benzene
with benzyl alcohol (Scheme 2). In this case, the mesoporous ZSM-
5 exhibited dramatically improved catalytic activity in comparison
with the conventional ZSM-5 sample.

Li et al. [28] also reported the use of a mesoporous zeolite for
alkylation of benzene with benzyl alcohol. In this report, meso-
porous mordenite was prepared by a combination of acid and base
leaching procedures. It was shown that the activity of the meso-
porous mordenite was much higher than that of the parent sample.
To support the data from the benzene alkylation the authors used
the isomerization of 2-methyl-2-pentene as a model reaction. The
2-methyl-2-pentene reaction is commonly used to probe the acid-
ity of solid acids by evaluating the ratio of isomers formed. The
model study identified the acid- and base leached mordenite as the
most active catalyst as was found to be the case in the benzene
alkylation.

Jin et al. [29] compared a mesoporous ZSM-5 sample obtained
by desilication with a conventionally prepared ZSM-5 sample and
showed that the hierarchical zeolite exhibits higher activity as well
as longer lifetime in the alkylation of 2-methyl naphthalene with
methanol to 2,6-dimethyl naphthalene. The reactants and products
are of a similar size as the channels in the zeolite and there-
fore a large improvement in activity increasing from 5.3% to 37%
after about 10 h at 673 K was seen. The authors argued that the
mesoporosity and not a decreasing Si/Al ratio was the deciding fac-
tor determining the activity. This was investigated by comparing
catalytic performance of the hierarchical ZSM-5 with that of a nano-
sized ZSM-5 having a significantly lower Si/Al ratio. The selectivity
expressed as the ratio of 2,6-dimethyl naphthalene/2,7-dimethyl
naphthalene was simultaneously affected. Selectivity towards the
desired less sterically hindered product 2,6-dimethyl naphthalene
was highest in the parent zeolite. From increasing mesoporosity the
limiting mass transport was gradually relieved and the selectivity
decreased for the most strongly desilicated samples. This example
also illustrates that the activity of the catalyst can come at the cost
of the selectivity due to partial loss of the shape selective properties
of the zeolite, indicating that a compromise needs to be identified.
In this specific case the authors were however able to address this
problem using a different subsequent post treatment.

A recent study by Musilova et al. [30] have drawn similar con-

clusions with respect to selectivities when comparing a reference
ZSM-5 with mesoporous samples prepared by carbon templat-
ing after catalytic testing of toluene disproportionation as well
as toluene and p-xylene alkylation with isopropyl alcohol. In
this study, thorough FTIR characterization was performed using
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Scheme 3.

euterated acetonitrile, pyridine and 2,6-di-tert-butyl pyridine as
olecular probes. The authors were able to convincingly use a set

f parent and mesoporous samples with insignificant differences
n acid strength, concentration and type (Brønsted vs. Lewis) while
howing that the amount of Brønsted acidic sites located at the
xternal surface increased, correlating well with the introduced
esoporosity.

.2. Alkylation and acylation of other substrates

Xu and co-workers [31] reported the use of a hierarchical ZSM-5
repared by templating with polystyrene colloidal spheres in the
lkylation of phenol with t-butanol. The authors investigated the
ctivity as well as the selectivity towards 4-tert-butyl phenol and
,4-di-tert-butyl phenol (Scheme 3). The hierarchical zeolite was
uch more active than the conventional sample, and apparently,

he selectivity towards the highly bulky 2,4-di-tert-butyl phenol
as also increased.

Nano-sized zeolite beta prepared by confined space synthesis
y Derouane et al. was shown to be active for acylation of anisol
y acetic anhydride [32]. The authors observed an improved cat-
lytic performance at intermediate conversions when using the
ano-crystals. This was attributed to the lowered mean diffusion

ength allowing for the easier egression of the bulky product p-
ethoxyacetophenone. Recently, nano-sized ZSM-5 was also used

or acylation of anisol with acetic anhydride as well as acetyl chlo-
ide [33]. Also in this report, the mesoporous zeolite catalyst was
ore active than the conventional one.

. Methanol to hydrocarbons and aromatization reactions

The methanol to hydrocarbons reaction (MTH) enables the use
f gasified coal or biomass to form hydrocarbons and thus could
lay an important role in the future. The MTH reaction is an example
f a reaction composed of multiple alkylation, cracking and isomer-
zation steps, each catalyzed by the same strong Brønsted acidity
ites. The aromatization of olefins resembles the MTH reaction to a
reat extent and zeolites are active catalysts in both cases. The gen-
ral finding when using mesoporous zeolites is that an increased
atalyst lifetime is observed. This effect could be attributed to an
ncreased resistance towards coking of the mesoporous zeolites,
owever observations describing lower rates of coke formation as
ell as coke predominantly forming on the external surface have

lso been reported.
For the methanol to gasoline reaction Bjørgen et al. [34] and Lietz

t al. [35] have tested mesoporous ZSM-5 obtained by desilication.
n both studies, an increased lifetime of the mesoporous ZSM-5
eolite compared to the conventional ZSM-5 is reported. Bjørgen
nd co-workers calculated the total methanol conversion capacity
gmethanol converted/gzeolite extrapolated from 50% deactivation) of
he parent and the optimally desilicated sample and saw a signifi-
ant increase by a factor of 3.3 when introducing mesoporosity. The

nitial activity of the hierarchical zeolite was observed to increase
nly slightly as a function of the desilication but the selectivity
owards the gasoline fraction C5+ was on average improved by a
actor of 1.7. Another pronounced difference was seen in a higher C4
ydrogen transfer index (HTI-index) for the mesoporous samples
day 168 (2011) 3–16

which identify a more pronounced production of paraffinic and aro-
matic compounds. Presumably the high content of alkyl benzenes
in the effluent is related to the increased ease with which these
large compounds escape the mesoporous zeolite crystal. Interest-
ingly, the authors also note that the mesopore formation leads to a
decreased p-xylene selectivity over o-xylene which is in good cor-
relation with other findings described in literature and discussed
herein [36].

Recently Ryoo and co-workers published a synthesis approach
using an elegantly designed bi-functional surfactant as the struc-
ture directing agent and were able to produce sheets of crystalline
MFI with a thickness of only a single unit cell (2 nm) [37]. This
remarkable material proved temperature stabile and contained
conventional strong Brønsted acidity and was tested catalytically
in several reactions including cracking of high density polyethylene
(HDPE) and MTG. The single sheets possess little shape selectivity
but exhibited a superior accessibility to the acidic sites seen by a
substantially improved cracking performance of the large HDPE as
compared to a conventional zeolite with similar Si/Al ratio. Catalytic
results from the MTG reaction showed no initial activity differ-
ence due to the small size of methanol, but a significant increase
in catalyst lifetime was found. The authors attributed this finding,
in part to a slower coke deposition on the mesoporous material,
together with the coke deposition predominantly taking place on
the external surface since coke precursors readily could diffuse out
of the zeolite. This study convincingly illustrates how the use of
several catalytic reactions can be applied to highlight the different
properties of a newly produced material versus a reference.

Another interesting study, published by the same laboratory,
also reports how several mesoporous ZSM-5 samples prepared
from different protocols were compared catalytically in the MTH
reaction [38]. When plotting the external surface area as a func-
tion of the lifetime, until 50% conversion is reached, they observe
a near linear correlation which highlights that mesoporosity can
yield significantly higher conversion capacities for MFI catalysts in
the MTH reaction. Further, a pronounced difference between the
mesoporous and the purely microporous catalyst was seen in the
distribution of the formed coke being located preferentially exter-
nally vs. internally, respectively.

For the methanol to propylene reaction, Mei et al. [39] used
mesoporous ZSM-5 with the main findings that the important
propylene/ethylene ratio as well as the propylene selectivity could
be significantly increased by introduction of mesoporosity. The
authors prepared mesoporous ZSM-5 by two different proto-
cols, namely desilication and starch templating. Interestingly, they
observe only an improved catalytic performance when using the
desilicated zeolite. In part the authors attribute this to differences
in the connectivity and location of the mesopores. In the case of
desilication the mesopores are accessible from the external surface
in contrast to starch templating where the mesopores are randomly
distributed and occluded within the crystals. A mesoporous ZSM-5
reported by Sun et al. was also tested in the MTP reaction [40]. The
material was prepared by carbonization of a precursor within the
pores of SBA-15 followed by dissolution of the SBA-15 material and
subsequently using the nanosized carbon as a hard template. In this
study no initial selectivity improvement towards propylene was
observed; however, a significant lifetime increase could be seen.
In a recent study by Sommer et al., [41] SSZ-13 and desilicated
SSZ-13 were compared in the methanol to olefins process. Here
it was found that the desilicated SSZ-13 had a significantly shorter
lifetime and contained less coke upon deactivation compared to

conventional SSZ-13. The authors suggested that the cause behind
this behavior were alterations in the acidity and surface area which
illustrates that while the introduction of mesoporosity might be
beneficial in some cases, side effects can have detrimental effects
in the catalysis.



M.S. Holm et al. / Catalysis To

[
b
o
o
c
c
t
s
a
p
v
i
a
d
c
a
t

r
o
p
t
o
t
o
p
m
t
e

g
w
h
u
m
T
a

4

m
u
u
(

i
k
A
t
m
m
l
i
S
l
w
a

Scheme 4.

Furthermore, mesoporous ZSM-5 has been tested in butene
42] and 1-hexene [43] aromatization. Song et al. [44] investigated
utene aromatization and the major finding was that the stability
n stream was dramatically improved in the mesoporous zeolite
btained by desilication. As the catalysts deactivate, the xylene
omposition changes towards increased p-xylene selectivity in the
ase of the parent zeolite, whereas a continual composition close
o the thermodynamic equilibrium was seen for the alkali treated
amples. The coke deposited onto the zeolites was investigated
nd it was concluded that an equal amount of coke having similar
roperties was formed on the mesoporous as well as the con-
entional sample. Accessibility to the micropores was maintained
n the mesoporous system which was explained by a significant
mount of the coke being located in the mesopores where it is less
etrimental to mass transport. In addition, the authors found that
oke located in the mesopores was combusted at a lower temper-
ture compared to coke situated in the micropores, as revealed by
emperature programmed oxidation experiments.

In line with the previous report a similar improvement in the
esistance towards deactivation by coking was reported in the case
f 1-hexene isomerization and aromatization tested over a meso-
orous ZSM-5 zeolite also obtained by desilication. Simultaneously,
he relative amount of cracking over the mesoporous zeolite is
bserved to deteriorate which is explained by an unhindered access
o the active sites in the micropores and good mass transport, both
f which limits the residence time of the products in the micro-
ores. These findings are validated by N2 sorption–desorption
easured on samples containing an equal amount of coke. It is seen

hat the accessible micropore volume decreases to a much larger
xtend in the conventional zeolite as compared to the mesoporous.

Upgrading of pyrolysis oil over a zeolite is one way to deoxy-
enate it and convert low value oxygenates into hydrocarbons and
ater. Park and co-workers have compared the use of ZSM-5 and
ierarchical ZSM-5 prepared using organosilane templates for the
pgrading of pyrolysis oil vapors [45]. It was found here that the
esoporous ZSM-5 was more active than the conventional catalyst.

he authors ascribe this to the synergetic effect of the high acidity
nd high porosity of the mesoporous zeolite.

. Isomerization reactions

Zeolites are often used to isomerize hydrocarbon substrates into
ore valuable products. An important application of this is the

pgrading of straight chained naphtha into highly branched prod-
cts with high octane numbers and thus better gasoline properties
Scheme 4).

More than three decades ago, before the field of mesoporos-
ty had matured in a field of its own, dealumination [46,47] was a
nown procedure to improve the performance of zeolite catalysts.
n example is the use of dealuminated mordenite as a catalyst in

he hydroisomerization of small paraffins into their branched iso-
ers. In an early study by Koradia et al. [48] a series of Pt-loaded
ordenite samples were prepared and dealuminated at varying

evels and tested in n-pentane isomerization at 533 K. The authors

dentified an optimum dealumination level going from a parent
iO2/Al2O3 ratio of 10.8–17.1. The authors discuss the effects of
ower acid density and possible interaction of the loaded metal

ith the acidic site without addressing porosity. None the less,
large difference in the product selectivity is apparent and the
day 168 (2011) 3–16 7

optimal selectivity was found to coincide with the highest activity
level.

Interestingly, with the standardization of characterization
techniques such as TEM and N2-physisorption, a new level of
understanding could be obtained from analyzing dealuminated
mordenite. In relation to the previous report Tromp et al. [49] stud-
ied dealuminated mordenite treated to a similar level. The Pt loaded
mordenite samples were tested in n-hexane hydroisomerisation
and the acid leaching increased the activity and shifted the selec-
tivity towards primary products, i.e. mono-branched isomers while
suppressing cracking. Results from TEM and N2-physisorption
showed that mesopores and/or cracks in the crystals were indeed
formed and decomposition reactions using n- and isopropyl-amine
showed an increased accessibility as a function of the dealumina-
tion treatment. Calculating the Thiele modulus concluded that the
reaction was diffusion controlled in the parent sample. It was thus
rationalized that the introduced mesoporosity effectively reducing
residence time of the products on the catalyst along with better
acid site accessibility were the reasons for the improved catalyst
performance. Further, a thorough study regarding the diffusivity
in dealumnated samples similar to the ones just described under
“live” catalytic conditions have been made by van Donk et al.
[50]. Using a tapered element oscillating microbalance (TEOM) the
authors were able to obtain steady state diffusivities and uptake
rates in untreated and dealuminated mordenite. Catalytic experi-
ments showed a superior performance of the mesoporous sample
and this activity increase could be assigned partly to decreased dif-
fusion restrains arising from shorter intracrystal diffusion lengths
as well as an improved intrinsic activity of the individual sites as
aluminum is extracted from the framework.

In a recent study by Chao et al. mesoporous MFI was prepared
using a procedure involving base treatment and re-crystallization
[51]. This mesoporous MFI material was found to have decreased
n-hexane and 2-methylpentane sorption capacity while the sorp-
tion capacity for 2,2-dimethylbutane was increased. This higher
capacity for bulky hydrocarbons is also reflected in a higher selec-
tivity of the bulky isomers for the isomerisation of n-hexane at
600 K when using the platinum modified versions. For the hydroi-
somerisation of n-heptane Moushey and Smirniotis [52] compared
the activity of ZSM-12 and Beta with those of their mesoporous
analogues prepared by carbon templating. In this study, the meso-
porous ZMS-12 material was found to exhibit a four times higher
activity than the conventional ZSM-12 zeolite at 533 K. A compari-
son of the product selectivity at 593 K shows that the mesoporous
ZSM-12 gives 86% isomerisation product as compared to 72% for
the conventional ZSM-12 zeolite. A similar trend was observed
for the Beta zeolite. The increased selectivity towards the iso-
merisation products is attributed by the authors to the shorter
residence time of the substrate in the mesoporous zeolite crys-
tal. In a similar study, the hydroisomerisation of n-octane using
Pt/MOR and Pt/Beta as well as their mesoporous analogues was
examined at 503–523 K [53]. The mesoporosity was introduced by
partially destroying the parent mordenite and Beta zeolites using
sodium hydroxide, followed by a hydrothermal treatment in the
presence of cetyltrimethylammonium bromide. Varying degrees of
mesoporosity are introduced in this way by changing the amount of
sodium hydroxide. The study shows that the mesoporous zeolites in
all cases exhibit higher activity than their parent samples (1.3-2 fold
increase).

Isomerisation of larger hydrocarbons has also been studied.
Delamination of layered zeolite precursors with the FER-type struc-

ture can lead to the ITQ-6 material which contains mesoporosity.
In a study by Corma and co-workers, this material was used for
the hydroisomerisation of n-hexadecane at 673 K and compared
to ferrierite [54]. Here it was found that ITQ-6 is more active than
ferrierite and gives a higher isomerisation to cracking ratio. In addi-
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ion, the isomerisation products are more highly branched than the
somerisation products formed from using ferrierite.

A comparison of various commercial Beta zeolites for the iso-
erisation of fatty acids (C18) at 523 K has been carried out by Zhang

nd Zhang [55]. In this study, zeolites having different Si/Al ratios
nd mesoporosities are compared. It was found that the mesopore
urface area is the most important parameter for increasing the
onversion of fatty acids. This observation is well rationalized by the
arge size of the reactants presumably only allowing the isomeri-
ation reactions to take place on the external/mesopore surface.

The isomerisation of o-xylene to p-xylene has been studied by
ernandez et al. using a mesoporous ZSM-5 prepared by desilication
36]. The finding here was that the mesoporous ZSM-5 displayed
igher activity than the parent ZSM-5, resulting in a higher con-
ersion of o-xylene. However, the improved activity comes at the
ost of a loss in shape selectivity and more m-xylene is formed. This
egative side effect was reduced by an acid wash treatment of the
esilicated zeolite, removing some of the aluminum in the meso-
ores that caused the non-shape selective isomerisation reaction.

Hydrocarbons such as monoterpenes are known to readily
somerize. Thus, these have also been studied using hierarchi-
al zeolites [56,57]. Here, ZSM-12 was desilicated using sodium
ydroxide to produce a mesoporous ZSM-12 zeolite. This meso-
orous material was found to have enhanced activity relative to
he conventional ZSM-12 zeolite for the isomerisation of �-pinene
s presented in Scheme 5.

A similar result was obtained for the desilication of ZSM-5. In
erms of product selectivity, however, the difference between the
esilicated and the parent zeolites is less pronounced as a mixture
f various monoterpenes with a similar composition is formed in
ll cases.

. Cracking reactions

Cracking reactions constitute one of the most important uses
f zeolites due to their strong Brønsted acidity. Since mesoporous
eolites combine benefits of strong acidity, high thermal stability
nd enhanced surface area they have been studied for the cracking
f hydrocarbons of sizes ranging from C6 to hydrocarbons contain-
ng thousands of carbon atoms, which is the case for substrates
uch as polyethylene. Particularly, the fluid catalytic cracking (FCC)
nd hydrocracking processes are extremely important industrially
ince huge amounts of heavy hydrocarbon feedstocks are cracked
nto more valuable fractions on a daily basis in refineries all over
he world. These processes apply mesoporous zeolite Y as the cata-
yst, and the effect of mesopore modification on this zeolite is well

nown and has been reviewed earlier [1,58]. One particular impor-
ant point regarding the use of zeolite Y as a cracking catalyst is

ade by Kung et al. [59]. It is well known that dealumination by
teaming or acid treatment enhances the cracking activity of zeolite
; however, as a function of dealumination a substantial modifica-
day 168 (2011) 3–16

tion of the acidic properties occur, creating entirely new types of
acidic sites and the exact origin of the improved activity can thus
be rather hard to pinpoint. Interestingly, the authors argue that
minimizing diffusion restraints by the introduction of mesoporos-
ity could be critical with respect to increasing rates of bimolecular
and oligomeric cracking reactions and thus serve as an alternative
explanation to highly active single sites. This example illustrates a
major challenge which lies in separating the effects of acid site mod-
ification vs. porosity introduction which is of relevance in most of
the hierarchical zeolite material described throughout this review.
Concerning exactly this Haag et al. [60] have previously demon-
strated the ability to isolate catalytic effects from mass transport
limitations in ZSM-5 by using crystallites with increasing sizes in
the cracking of numerous either linear or branched paraffins.

Recenly, also other zeolites have been studied in various types
of hydrocarbon cracking reactions. The general finding here is
that mesoporous zeolites are comparable in activity to conven-
tional zeolites for the cracking of small substrates (C8). However,
the mesopores lead to a tremendous activity increase due to the
enhanced accessible surface area for larger substrates.

5.1. Naphtha

The cracking of naphtha over mesoporous zeolites has been
studied by several groups. Jung et al. prepared mesoporous MFI zeo-
lites by alkali treatment and studied their activity for the cracking of
n-octane at 773 K [61]. Here it was found that the mesoporous MFI
displays a lower activity than the conventional MFI while the prod-
uct selectivity remains largely unaffected. This decrease in activity
is ascribed to the decrease in the number of highly acidic sites
due to the alkaline treatment. The effect of mesopores thus does
not seem to affect this type of cracking reaction particularly. In a
similar study by Niwa and co-workers, mesoporous ZSM-5 syn-
thesized by the use of organosilane templates was used for the
cracking of n-octane and compared to conventional ZSM-5 [62].
These cracking experiments were also carried out at 773 K and the
activity of the mesoporous zeolites was found to be comparable
to or slightly lower than the activity of the conventional zeolites.
Unfortunately, the product composition was not investigated in
this study. A feed of refinery derived naphta was cracked over
carbon templated ZSM-5 by Bari Siddiqui et al. [63]. Comparable
activities for non-mesoporous references were reported but signif-
icantly higher propene and ethylene yields were found from the
mesoporous sample attributed to a shorter residence time sup-
pressing secondary reactions. Mesoporous ZSM-5 has also been
studied for the cracking of 1-hexene by Xu and co-workers [43].
In this study the mesoporosity is introduced by alkali treatment to
produce zeolites containing varying degrees of mesoporosity. Here,
the alkaline treated zeolites were found to display a slightly higher
activity than the parent ZSM-5 zeolite. The largest difference here is
the product selectivity, as the alkaline treated zeolites are reported
to be more selective towards aromatics (15–20%) than the parent
ZSM-5 zeolite (5%) whereas the latter shows a higher selectivity
for C4–C10 olefins (623 K). A biphasic zeolite composite consisting
of a core of Y zeolite and an outer layer of Beta nano-crystals was
prepared by Zheng et al. and tested for the cracking of n-octane
[64]. This composite material has a micropore volume comparable
to the two parent zeolites (0.19 ml/g), and also a mesopore volume
of 0.13 ml/g that is much larger than that of a physical mixture of Y
and Beta. For the cracking of n-octane at 773 K the composite was
found to be more active than pure H-Y (6% conversion) and a physi-

cal mixture of H-Y and H-Beta (48% conversion) giving a conversion
of 76%. The cracking products were not identified in this study.

It thus appears that for the cracking of small substrates, the acid-
ity of the zeolite is the dominant factor in determining the overall
catalyst activity. This observation indicates that only minor, if any,
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ass transport limitations exist at the high temperatures typically
mployed for hydrocarbon cracking.

.2. Aromatic compounds

Hierarchical ZSM-5 prepared from a macroporous silica gel has
een used for the cracking of triisopropylbenzene (Scheme 6) [65].

Since triisopropylbenzene is too large to enter the microporous
ystem of the ZSM-5 it is not surprising that the hierarchical zeo-
ite achieves a much higher conversion (98%) compared to the
onventional zeolite (14%). For the cracking/isomerisation of 1,2,4-
rimethylbenzene, mesoporous Beta and ZSM-11, synthesized by
he use of polyvinylbutyral as the mesopore directing agent, have
een tested and compared [66]. The authors showed that the meso-
orous ZSM-11 is more active and e.g. shows the same activity at
23 K as the conventional ZSM-11 shows at 663 K. The product
electivity is quite different in the two cases, though. While the
onventional ZSM-11 zeolite exhibited a 31% selectivity to xylenes,
he selectivity for the mesoporous analogue was only 12%. Instead,
he mesoporous ZSM-11 primarily leads to mesitylene isomerisa-
ion (79% selectivity) which is lower for the conventional zeolite
57%). This selectivity difference can be explained by the slow dif-
usion of the bulky mesitylenes in the conventional zeolite leading
o increased retention times and also an increased chance of crack-
ng to form smaller products that can easily diffuse out of the zeolite
rystal. The mesopores have the opposite effect and serve to reduce
he substrate retention time in the zeolite and thus minimizes the
hance for cracking.

A study from Weiss and co-workers [67] (and references
herein) presents early work using dealuminated mordenite in
racking of cumene into benzene and propylene. Acid leaching is
een to deplete the active sites within the catalyst and the intrinsic
ctivity is lowered but a substantial lifetime increase is simulta-
eously observed making the dealuminated catalyst superior after
rolonged reaction times. This is attributed to an increased rate of
roduct desorption, effectively lowering the tendency to form high
olecular weight condensates.

.3. Hexadecane

The cracking of hexadecane using mesoporous zeolites has also
eceived a lot of attention. In one study, mesoporous HZSM-5 zeo-
ite prepared by carbon templating was compared to conventional
ZSM-5 [68]. Here it was found that the mesoporous HZSM-5 had a

ignificantly increased activity, leading to 52% n-hexadecane con-
ersion compared to 17% for the conventional zeolite. When the
eolites were impregnated with platinum their cracking activity
ncreased significantly and the mesoporous HZSM-5 was again
ound to display higher activity. In addition to this, a fourfold
ncrease in n-hexadecane isomerisation was achieved for the meso-
orous zeolites. This large difference in product selectivity was
xplained in terms of shorter retention time of the substrates in
he zeolite crystals, leading to less cracking and more isomerisation.

n a different study, mesoporous silicalite-2 and HZSM-11, both of

EL structure type, were compared to conventional HZSM-5 for
he cracking of n-hexadecane at 553 K [69]. Here a large difference
n n-hexadecane conversion was observed. Whereas mesoporous
ilicalite-2 is almost inactive due to its lack of acidity, mesoporous
(CH2CH2)n +

Scheme 7.

HZSM-11 gave almost complete (94%) conversion, while the con-
ventional HZSM-5 gave a modest 38% conversion under identical
conditions. It should be noted that the mesoporous HZSM-11 used
in this study has a lower acid density than the conventional HZSM-
5, thus illustrating that the mesopores play a crucial role in the
catalyst activity. In a similar study, mesoporous and conventional
HZSM-12 are compared and the diffusion of n-hexadecane out of
the zeolite was studied as well as the effect of coking [70]. For the
cracking of n-hexadecane the mesoporous zeolite again exhibited
superior activity compared to the conventional HZSM-12 zeolite.
The mesoporous HZSM-12 was found to contain more coke deposits
than the conventional zeolite and yet it maintains a higher activ-
ity. The coking resistance phenomena was explained by the effect
of the mesopores to increase the number of entry points to the
microporous system as well as the overall surface area, and thereby
increase the amount of coking needed to restrict its accessibility.

5.4. Vacuum gas–oil

Cracking of VGO is an important refinery process. Recently, Tri-
antafyllidis and co-workers have studied the cracking of VGO using
hierarchical MFI zeolites synthesized using organosilane templates
[71]. This procedure results in a material having a very narrow set
of mesopores, depending on the size of the template used (2.2 nm
or 5.2 nm). These two hierarchical zeolites were compared to con-
ventional ZSM5 and found to display much higher activity and
selectivity towards gasoline. The gasoline yield improved from 12%
to 19% when using the mesoporous zeolites at one set of conditions
(823 K) where the VGO conversion also was improved from 33% to
48%.

5.5. Polyethylene/polypropylene

The recycling of plastic waste such as polyethylene and
polypropylene is a challenging task since the carbon chain length is
typically in the range of tens of thousands. Cracking over a zeolite
catalyst to produce light olefins is one option (Scheme 7).

Obviously, the large polymer molecules cannot enter the micro-
porous system of a zeolite. As a consequence, zeolites containing
large mesopores and a large external surface area have been stud-
ied intensively in the recent years. Serrano et al. have synthesized
ZSM-5 nano-crystals (∼10 nm) by the addition of an organosi-
lane compound during the zeolite synthesis [72]. This material
has a very large external surface area (314 m2/g) and total sur-
face area (586 m2/g). In the cracking of polypropylene at 633 K
(50/50 wt% of catalyst and polypropylene), this material achieves
complete conversion in 3 h compared to 27% for the conventional
ZSM-5 zeolite. A similar catalyst was also used by the same group
to crack actual agricultural plastic film waste consisting of LDPE
(low density polyethylene) and ethylene-vinyl acetate co-polymer
[73]. Here the nanocrystalline HZSM-5 again proved to be supe-
rior to other zeolites and mesoporous materials. Using a similar
approach, hierarchical Beta zeolite having a large external surface
area (145 m2/g) and total surface area (857 m2/g) was synthesized
and used for the cracking of LDPE [74]. Here it was shown that
the TOF increases by a factor of 18 when compared to a conven-

tional Beta zeolite. Additionally, while the conventional zeolite
exclusively leads to the formation of C1–C5 products the hierarchi-
cal zeolite only has 50% selectivity to these small products while
forming 50% of the larger C6–C40 compounds. This selectivity dif-
ference was attributed to the mesoporous nature of the material
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hich allows the large products to exit the zeolite before they are
onverted into smaller cracking products. In a separate study by
érez-Ramírez et al., the mesoporosity was introduced into Beta
eolite by desilication using NaOH [75]. By varying the amount of
emplate still present in the zeolite during desilication, different
egrees of mesoporosity can be introduced. In this study, the tem-
erature needed to reach 50% LDPE conversion was compared for
he various zeolites and the study shows a good trend between
he mesopore volume of the zeolite, and the required tempera-
ure. For the conventional Beta zeolite, a temperature of 703 K is
equired, whereas a temperature of 623 K is required in one case
hen using a mesoporous sample. This corresponds to a TOF that

s ∼10 times higher per aluminum for the mesoporous Beta zeo-
ite. MFI containing micro/mesoporosity synthesized by the use of
n organosilane surfactant was thoroughly studied by Ryoo and
o-workers for the cracking of polyethylene [76]. The hierarchi-
al MFI zeolite was found to display a significantly higher activity
han conventional MFI, achieving an 88% PE conversion opposed
o 10% for the conventional at 653 K. In order to substantiate that
he increase in activity is caused by the mesoporosity of the MFI,
elective dealumination of the aluminum in the mesopores was
chieved using tartaric acid. Testing of the mesopore-dealuminated
FI zeolite revealed an activity comparable to that of the conven-

ional MFI zeolite (12% conversion), thus supporting the conclusion
hat the mesopores are the source of the increased activity for the
E cracking reaction.

Catalytic testing showing an improved performance is solid
ocumentation for relevance of a given protocol introducing meso-
orosity. It is however often not enough to comprehensively
escribe the catalyst. Relatively few reports perform actual dif-
usion or uptake experiments but an example where thorough
haracterization is coupled with uptake and adsorption data using
everal probes, as well as catalytic performance is given by Ver-
oekend et al. [77]. The 1-dimensionel zeolite ITQ-4 was desilicated
nd increasing levels of mesoporosity were introduced as a function
f desilication strength. Cracking of LDPE was chosen as test reac-
ion and indeed an optimally desilicated sample was able to operate
t lower temperatures; the temperature where a 10% conversion
as reached was lowered by 353 K compared to the parent sam-

le. Elution studies using n-butane and neopentane reveals a faster
esorption from the mesoporous crystals indicating a faster molec-
lar transport within this sample. Interestingly, when adsorbing
elected molecules from the gas phase, a pronounced difference
etween the adsorption behavior of propane and propene is seen.
vesidryl

8.

The authors correlate this observation with the introduction of
Lewis acidity evidenced by infrared spectroscopy (using pyridine
and collidine) and are thus able to discuss the mesoporosity and
acidity changes in the proper context.

6. Condensation reactions

Hierarchical zeolites have found application as catalysts for sev-
eral different types of acid catalyzed condensation reactions. These
range from aldol-type reactions, over esterications to protection of
aldehydes and ketones by acetalization. These reactions represent
illustrative examples of how hierarchical zeolites can be applied in
reactions which are traditionally beyond the scope of purely micro-
porous zeolites due to the large molecular size of the reactants or
products compared to the dimensions of the zeolite channels.

6.1. Aldol condensation reactions

An example of the application of hierarchical zeolites for con-
densation reactions is in the syntheses of jasminaldehyde and
vesidryl reported by Ryoo and co-workers as shown in Scheme 8
[78].

Here the reactants are relatively bulky and therefore have diffi-
culties in penetrating into the bulk of the crystals. This is evidenced
by the low conversion of the substrates when using conventional
ZSM-5 as the catalyst, namely 4% in the synthesis of jasminalde-
hyde and 3% in the synthesis of vesidryl. However, when using
mesoporous ZSM-5 as the catalyst, conversions of 98% and 60% are
observed, respectively. Thus, here it seems that the added meso-
porosity serves to enhance the accessible surface area and thereby
increase the activity of the zeolite catalyst dramatically.

In a recent work, the same authors have also prepared a series
of nano-sized ZSM-5 zeolites by addition of different alkylalkoxysi-
lanes during the synthesis and tested the zeolites in various
reactions [79]. One of these reactions, where a positive effect from
mesoporosity can be seen in the conversion, is the condensation of
benzaldehyde and 2-hydroxyacetophenone yielding a mixture of
flavanone and 2-hydroxychalcone (Scheme 9).
6.2. Esterification reactions

Another reaction investigated was the condensation of resorci-
nol and ethylacetoacetate to give 7-hydroxy-4-methylcoumarin as
the bulky condensation product (Scheme 10).
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Here the product yield was reported to increase from 9% to 51%
hen using the mesoporous MFI zeolite. Again, this exemplifies

hat mesoporous zeolites might find application as catalysts for
eactions beyond traditional petrochemical industry.

Condensation of a carboxylic acid and an alcohol giving an ester
s another type of condensation reaction which has been carried
ut using mesoporous MFI zeolites (Scheme 11) [76,79].

For this reaction, in terms of hexanoic acid conversion, the
ierarchical MFI catalyst is more active than a conventional MFI
atalyst as well as an Al-MCM-41-type catalyst. After five experi-
ental runs, the hierarchical MFI catalyst still exhibited 78% benzyl

lcohol conversion whereas the other catalysts were completely
eactivated. This exemplifies that hierarchical zeolites are more
table than amorphous mesoporous materials even though the ini-
ial activities of the catalysts, i.e. conversion after a single run, are
omparable. However, this example also illustrates that mesopores
an facilitate undesired effects since the benzyl hexanoate selectiv-
ty drops from 100% to 79% when using the mesoporous MFI instead
f the conventional MFI. This decrease in selectivity is caused by the
ormation of dibenzylether, a bulky by-product which is too large
o be formed in the micropores but which is easily formed in the
arger mesopores. Thus, the increased activity in this case again
omes at the cost of a decrease in shape selectivity.
.3. Acetalisation reactions

Reactions involving condensation of aldehydes and ketones
ith an alcohol yielding an acetal or a ketal, respectively, have

+
OH

O
Ph OH

75%
5%

21%

MFI-meso
MFI
MCM-41

conversion

Scheme 1
9% yieldMFI

0.

also been studied using mesoporous zeolites as the catalyst [76].
These were reported for the condensation of cyclohexanone with
methanol forming a relatively small condensation product as well
as for the condensation of benzaldehyde with pentaerythritol to
give a much bulkier product.

For the condensation of benzaldehyde and pentaerythritol
(Scheme 12) using a conventional MFI zeolite, no conversion was
observed. In contrast, mesoporous MFI as well as MCM-41 were
much more efficient catalysts, leading to near complete conver-
sion under similar conditions (393 K). Both catalysts exhibited high
selectivity towards the diacetal product. The reaction was shown
to be catalyzed by the exterior acid sites as opposed to the acid
sites in the micropores by the observation that no conversion was
seen when a catalyst was subjected to preferential dealumination
of the exterior acid sites by treatment with tartaric acid. The dea-
luminated zeolite was inactive for the condensation reaction and it
is thus plausible to conclude that the bulky acetal product is pref-
erentially formed in the mesopores of the zeolite and not in the
micropores. In contrast, the condensation reaction between cyclo-
hexanone and methanol was found to be much less affected by the
use of a catalyst containing mesopores [76]. Here, a 50% yield of 1,1-
dimethoxycyclohexane was achieved by the use of a conventional
MFI zeolite, while a 58% yield was obtained for the mesoporous ana-

logue under identical conditions. Thus, for this reaction involving
small molecules there is not much benefit in applying a mesoporous
as opposed to a conventional MFI zeolite.

The use of a hierarchical zeolite obtained by desilication and
its use as a catalyst in the Chichibabin condensation of formalde-
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yde, acetaldehyde and ammonia to form pyridine and 3-picoline
t 723 K has also been reported [80]. The mesoporous zeolite was
ound to be slightly more stable than the conventional zeolite. How-
ver, the yields of pyridine and 3-picoline were comparable for the
arent and desilicated zeolite, suggesting that this reaction involv-

ng small reactants and products does not benefit significantly from
he use of a mesoporous zeolite. Additionally, it should be noted
hat the desilication treatment was found by FT-IR studies to lead to
he formation of extra framework aluminum species, i.e. the intro-
uction of Lewis acidity. Thus it should be kept in mind that the

ntroduction of mesoporosity by chemical post treatment meth-
ds such as desilication inevitably will bring about changes to the
eolite in addition to introducing mesoporosity.

. Other reactions

Aside from alkylation, isomerisation, cracking and condensation
eactions, hierarchical zeolites have also found application as cata-
ysts in several other reactions involving organic substrates. These
nclude the Beckmann rearrangement reaction as well as oxida-
ions and epoxidations. In many of these cases, the reactants are too
ulky to penetrate into the interior of the crystals, thus the reac-
ion takes place in the pore mouths or on the external/mesopore
urface of the zeolite. Although the specific micropore system of
he zeolite for such applications is perhaps not so important, there
re still good reasons for choosing a zeolite catalyst as opposed to
ther types of solid acid catalysts. One of the main reasons is their
rystalline nature which makes them more acidic and more stable
han amorphous materials of similar chemical compositions.

.1. Beckmann rearrangement

The use of hierarchical zeolites have been reported for the Beck-
ann rearrangement reactions of cyclohexanone oxime [81,82]

nd cyclododecanone oxime [83]. For Beckmann rearrangement of
yclohexanone oxime, silicalite-1 as well as TS-1, i.e. pure silicate
FI and titanosilicate MFI, respectively, were applied as catalysts.

he hierarchical silicalite-1 catalyst was made by an approach
esembling carbon-templating which involved impregnation of
zeolite gel onto an organic aerogel followed by crystallization

nd carbonization. The zeolite–carbon material was then cal-
ined to produce a hierarchical zeolite monolith or subjected to

second impregnation and crystallization step. In both cases,
he resulting materials were at least twice as active in terms of

gcaprolactam)/(gcatalyst·h) as compared to a hieararchical zeolite ref-
rence sample consisting of nanosized crystals. The same reaction
as studied using nanosized TS-1 samples prepared in the absence

s well as presence of different amounts of crosslinking agent (1,7-
ichloro-octamethyl-tetrasiloxane) added to the synthesis gels.
-
100%

-
0%

2.

After 1 h reaction time at 553 K the caprolactam productivity in
terms of (mmolcaprolactam)/(gcatalyst·h) were about the same for the
non-crosslinked nanosized catalyst and the catalyst prepared using
0.65 mmol linker. However, after 4 h reaction time, the caprolactam
productivity observed for the non-crosslinked sample decreased by
85% whereas it increased by 28% for the sample crosslinked using
0.65 mmol linker. Still more active was the sample prepared using
1.3 mmol linker, and this catalyst did not even exhibit deactivation
after 30 h on stream at 633 K. Thus, addition of crosslinker in the
synthesis of nanosized TS-1 leads to more active and more stable
catalysts.

Also hierarchical ITQ-2 zeolites made by delamination of MCM-
22 were reported active in the Beckmann rearrangement reaction
[83]. In this reaction, involving rearrangement of cyclododecanone
oxime, the lactam yield at 403 K was significantly higher when
ITQ-2 was applied as catalysts than when either MCM-41 or con-
ventional zeolite Beta were used. The lower activity and selectivity
of the conventional zeolite Beta catalyst was attributed to the sub-
strate being simply too bulky to penetrate into the bulk of the
crystal. Thus, the reaction takes place on the surface where no shape
selectivity is possible. On the other hand, the lower activity of the
MCM-41 catalyst was shown to be caused by the material having
fewer sites with weaker acidity.

7.2. Epoxidation and hydroxylation reactions

Hierarchical TS-1 catalysts have also found application as
catalysts for epoxidation and hydroxylation reactions. In fact,
epoxidation was one of the first reactions reported in which a
hierarchical zeolite was used as catalyst [84]. In the report, a
carbon-templated TS-1 catalyst was compared to a conventional
TS-1 catalyst in the epoxidation of 1-octene and cyclohexene
with hydrogen peroxide at a reaction temperature of 313 K. By
plotting the product concentration ratios for the mesoporous
and conventional catalysts (Cmesoporous/Cconventional) it was shown
that epoxidation of 1-octene is not diffusion-limited under the
reaction conditions, since Cmesoporous/Cconventional is close to unity
during the entire experiment, whereas for the epoxidation of
cyclohexene there is a clearly improved catalytic activity for the
mesoporous sample. Very recently, epoxidation of cyclohexene was
reported using mesoporous TS-1 prepared by assembly of seeds
[85]. Also hierarchical TS-2, i.e. MEL-structured titanosilicate, has
been applied for epoxidation reactions [86].

Recently, also nanocrystalline TS-1 was studied as catalyst for

the epoxidation of 1-octene using the bulky organic tertbutylhy-
droperoxide as the oxidant [87]. The hierarchical catalysts were
prepared by adding a silanization agent to hinder the growth and
agglomeration of zeolitic seeds during crystallization. Comparing
the catalytic performance of a small series of samples with decreas-
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ng crystal size and thus increasing inter-particle porosity it was
bserved that the epoxide selectivity in all cases was 100%. How-
ver, large differences, ranging from 6% to 42% conversion at 373 K
fter 3 h were observed. The authors argued that the high external
urface area and the increased accessibility to the active Ti-sites
ere the source of the catalytic improvements.

Hydroxylation of benzene with nitrous oxide forming phenol
as recently reported using hierarchical ZSM-5 catalysts prepared

y desilication [88]. The most pronounced difference seen in the
atalytic tests was a dramatic deactivation of the parent zeolite
hich was avoided in the case of the hierarchical zeolite. ICP-OES

nd EPR measurements showed that the state and amount of iron in
he two samples were similar, thus the improved catalytic perfor-

ance is most likely due to the interconnected mesopore system,
hich effectively lowers the average diffusion length for reactants

nd products. Very recently, also hydroxylation of phenol with
ydrogen peroxide was reported using carbon-templated meso-
orous TS-1 [89]. The mesoporous TS-1 was almost twice as active
s the conventional TS-1.

.3. Hydrotreating reactions

Hierarchical zeolite supported noble metal catalysts were
ecently reported as catalysts for hydrogenation of bulky aro-
atic molecules [90,91] as well as for hydrodesulfurization of

,6-dimethyldibenzothiophene [91,92]. Concerning hydrogenation
f pyrene, ion exchange of Pd(NH3)4

2+ onto mesoporous zeo-
ite Beta afforded a catalyst (Pd/Beta-meso) which was more
ctive than similarly prepared conventional Beta, Al-MCM-41 and
-Al2O3 based catalysts. The improved activity of the Pd/Beta-
eso sample in comparison with Pd/Al-MCM-41 and Pd/�-Al2O3
as attributed to the higher amount and strength of acid sites.
owever, the improved activity of the Pd/Beta-meso sample in
omparison with Pd/Beta must be attributable to the additional
esoporosity since the acid amount and strength distribution of

hese samples are quite similar. In addition to exhibiting higher
onversion of pyrene, the content of deep hydrogenation products
hexahydro-, decahydro- and perhydropyrenes) in the reaction liq-
ids was also considerably higher for Pd/Beta-meso than for the
ther catalysts. This is important, since it is well known that the
ntermediately hydrogenated products become increasingly refrac-
ory towards further hydrogenation. This observation is apparent
rom a similar hydrogenation study in which it was shown that
ydrogenation of naphthalene proceeded with similar activity over
d/Beta-meso and Pd/Al-MCM-41, but where Pd/Beta-meso was
onsiderably more active than Pd/Al-MCM-41 in the hydrogena-
ion of tetralin [91]. Moreover, the Pd/Beta-meso catalyst showed

uch greater tolerance than the Pd/Al-MCM-41 sample when car-
ying out hydrogenation of naphthalene as well as pyrene in the
resence of 200 ppm thiophene.

Another hydrotreating reaction which has been studied using
ierarchical zeolites recently is hydrodesulfurization of 4,6-
imethyldibenzothiophene [91,92]. This reaction has been studied
sing the Pd/Beta-meso catalyst mentioned above, as well as with
esoporous Pt/ZSM-5, Pd/ZSM-5 and Pt-Pd/ZSM-5 catalysts. In one

f the reports, Pd/Beta-meso was shown to be able to reduce the
ulfur content of the reaction liquid more than the Pd/Al-MCM-41
atalyst it was compared to [91]. For instance, the sulfur content
fter 3 h at 523 K was 165 ppm using the Pd/Beta-meso catalyst
n comparison with 226 ppm for the Pd/Al-MCM-41 catalyst. This
nding was attributed to the increased acidity of the Beta-meso

upport in comparison with the Al-MCM-41 support. Concerning
he mesoporous ZSM-5 supported catalysts, comparison of Pt and
d samples on these supports with reference catalysts of the same
etals on conventional ZSM-5 and �-Al2O3 showed that meso-

orous Pt/ZSM-5 (63%) and, particularly, mesoporous Pd/ZSM-5
day 168 (2011) 3–16 13

(83%) were considerably more active than the reference catalysts
[92]. Very recently, mesoporous zeolite L prepared by assembly
of zeolite L nanocrystals was reported as support for more classic
CoMo and NiMo type catalysts for hydrodesulphurization (HDS)
[93] In this report it was shown, that the mesoporous L material
was a better support for the active material than purely microp-
orous zeolite L as well as the Al2O3. The excellent performances
of the mesoporous zeolite L supported catalysts were attributed to
high amounts and strengths of acid sites as well as a highly porous
structure.

7.4. Reactions involving inorganic substrates

Hierarchical zeolites have also found application as catalysts for
conversion of inorganic molecules such as NO and N2O. Concern-
ing these molecules the application of hierarchical zeolite catalysts
has proceeded along two different avenues. One strategy is the
selective catalytic reduction (SCR) of NO with NH3, another is the
direct decomposition of NO or N2O. At any rate, the key issue is the
conversion of NO or N2O to N2 (and H2O/O2).

One strategy for NOx removal in stationary as well as automotive
applications is the selective catalytic reduction (SCR) of nitrogen
oxides with NH3. For this application, conventional Fe and Cu zeo-
lites are currently attracting much attention [94]. Also mesoporous
iron-containing zeolites have been studied as catalysts for NO SCR
with NH3 [95,96]. It was shown, that mesoporous Fe-ZSM-5 as
well as mesoporous Fe-ZSM-12 catalysts were more active than the
conventional analogues at all temperatures in the studied interval
(573–773 K) and that they were both more active than the ref-
erence 3% V2O5/TiO2 catalyst above 723 K [96]. Moreover, it was
shown that the NO conversion activity is increased when increas-
ing the iron loading of the samples until a maximum is reached.
For the mesoporous Fe-ZSM-5 sample a maximum of ca. 30% con-
version at 623 K is achieved at an iron loading of 6–7%, whereas
for the conventional Fe-ZSM-5 sample, a maximum of ca. 15% is
reached at an iron loading of 2–3% [95]. Similarly, a maximum of
ca. 60% conversion at ca. 6% loading is reached over mesoporous
Fe/ZSM-12 in comparison with 35% at 4% loading for the conven-
tional Fe/ZSM-12 [96]. This suggests that a better dispersion of the
iron species is possible in the mesoporous samples in comparison
with the conventional samples.

Another strategy for NO removal is the direct decomposition
of this molecule to N2 and O2. This reaction has also been stud-
ied using mesoporous zeolite catalysts, in this case Cu-ZSM-5
and Cu-ZSM-11 [97]. It was shown that both mesoporous Cu-
ZSM-11 and mesoporous Cu-ZSM-5 were more active than their
conventional references. These observations were shown to corre-
late with the accessibilities of the active Cu species in the zeolite
samples. Moreover, EPR (electron paramagnetic resonance) inves-
tigations revealed that mesoporosity in the zeolites facilitate the
formation of dimeric or oligomeric Cu-species in contrast to the
monomeric Cu-species dominating in the conventional samples.
Another observation apparent from the experimental data was that
the mesoporous Cu-ZSM-11 catalyst was twice as active as the
mesoporous Cu-ZSM-5 catalyst. This was attributed to preferen-
tial formation of active Cu-sites in the straight channels of ZSM-11
rather than in the sinusoidal channels of ZSM-5.

Also decomposition of N2O has been studied using hierarchi-
cal zeolite catalysts [98–100]. In a thorough study, it was shown
that steam activation of Fe, Ga and “normal” Al-ZSM-5 samples
improved the catalytic activity in N2O decomposition, whereas

merely calcining the samples prior to the catalytic experiments
had a detrimental effect on the activity [98]. Moreover, the authors
showed that alkaline treatment of the steam-activated samples
further increased their catalytic activity. One reason for this was
further touched upon in a more recent report, where it was shown
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hat alkaline treatment enhanced the iron uptake capacity during
on exchange [99]. In fact, it was shown that the Fe ion exchange
apacity of as-received ZSM-5 was limited to 0.9 wt% whereas
he alkaline treated sample could contain up to 1.98 wt% Fe. The
ncreased iron uptake capacity was also evident from the catalytic
xperiments, however, it appears that only a fraction of the extra Fe
ecomes active in the reaction, since the activity was only slightly

ncreased. However, this relatively low activity increase might per-
aps be explained by the observation that acidity is important for
he reaction as was shown earlier [98]. In fact, this might explain
hy a subsequent NH4NO3 ion exchange treatment of alkaline

reated ZSM-5 improves the N2O conversion significantly [100].

. Summary and discussion

The most important reason for using a mesoporous zeolite is its
arge external surface area that enables easy diffusion of substrates
nd products in and out of the zeolite. Unlike mesoporous materi-
ls such as MCM-41, mesoporous zeolites are crystalline and thus
ave much stronger hydrothermal stability and also much higher
cidity which often makes them preferable for use in catalysis and
lso viable alternatives to conventional solid acid catalysts such as
lays and solid phosphoric acids. However, introducing mesoporos-
ty in zeolites simultaneously dictates that an increasing portion
f the acidity will be available for molecules too large to actu-
lly enter the micropore structure. In order to analytically describe
his important issue Pérez-Ramírez and co-workers have intro-
uced an accessibility index (ACI) and the hierarchy factor (HF).
he accessibility index is a characterization tool using bulky bases
pyridine, 2,6-lutidine and 2,4,6-collidine) in combination with
nfrared spectroscopy, to directly measure the effective mesoporos-
ty of any zeolite system. It was shown that 2,4-lutidine probes
pproximately half the Brønsted acidic sites in a commercial ZSM-
sample vs. all after a strong desilication and 2,4,6-collidine can

ccess only 6% of the Brønsted acidic sites in the reference sam-
le contrasted by almost 40% post desilication. This observation
urther supports the need to consider non-shape selective reac-
ions in highly mesoporous zeolites in order to fully understand
he properties of these materials in which the ACI can be a helpful
ool [101]. The hierarchy factor [102] is an analytical tool intended
o make comparison of mesoporosities possible independent of
ample preparation. If considering a shape selective reaction tak-
ng place within the micropores, the micro- and mesopores will
erve a distinctly different purpose, i.e. confining the active sites
nd facilitate mass transport, respectively. The authors thus argue
hat an optimum between the relative distributions is important in
dentifying the best catalyst for a given reaction. The hierarchy fac-
or is defined as the product of (Vmicro/Vpore) and (Smeso/SBET) and
an be conceptualized as a measure of how large a fraction of the
icropore volume is advantageous to sacrifice in order to produce
esoporosity while still improving the catalytic performance. A lin-

ar correlation between productivity and the HF could be seen for
enzene alkylation with ethylene [102] which very interestingly
hows that not simply the most mesoporous sample performed
est in this reaction but rather a sample having a pronounced meso-
orosity as well as a (relatively) preserved microporosity. It must
e noted that the HF does not take account for changes in acid-

ty and should thus naturally be used supplemented by additional
haracterization. It does however, give an improved understand-
ng of the porosity introduced allowing for a discussion of at which
oint a zeolite is in fact mesoporous enough. Supposedly a high

F is beneficial with respect to catalytic applications but this fur-

her depends on the reaction investigated. The same authors [77]
ave presented an illustrative example where the cracking of LDPE
as tested over zeolite ITQ-4 desilicated to increasing levels. As

he cracking reaction proceeds on the mesopore surface and pore
day 168 (2011) 3–16

openings the catalytic optimum was seen after the HF had reached
its maximum. On the other hand considering a reaction with only a
slight diffusion restraint one could expect the catalytic optimum to
occur before a maximum in HF was reached. The HF is nonetheless
an excellent tool for analyzing mesoporosity in zeolites, especially
if porosity obtained by different protocols is to be compared.

8.1. Effect of mesopores on different reactions

Despite the different conditions and materials reported
throughout literature, some generalizations on the effect of meso-
porous zeolites in different reaction categories can be made though.
Most of these can be classified into one of following two groups:
reactions which take place in the micropores of the zeolite and reac-
tions that take place on the external surface or in the pore mouths.
For reactions taking place in the micropores, the mesopores effec-
tively enhance the rate of diffusion in the bulk catalyst. For reactions
taking place outside the microporous system, the mesopores dra-
matically increase the external surface area. The overall feature for
both groups is that an increased catalytic activity is observed. This
is especially the case for the cracking of large molecules such as
polyethylene and hexadecane [68–76] but also in the condensa-
tion of large molecules and in the alkylation of aromatic compounds
[12,76,78].

The effect of mesoporosity on selectivity is often a result of the
increased diffusion of products out of the zeolite, thereby reducing
the retention time of the product in the zeolite and thus the chance
of it undergoing a second reaction. This effect causes an increase in
the selectivity of most isomerisation reactions over that of crack-
ing and in some cases an increase in the amount of large products
formed in the cracking of e.g. polyethylene is seen. However in
some cases a loss in selectivity of a desired product is observed.
This is often caused by a loss of shape selectivity, leading to the
formation of bulky by-products outside of the zeolite micropore
system [76]. If a reaction benefits from the shape selective feature
of a conventional zeolite, this effect is likely to be diminished using
a mesoporous analogue and a decrease in selectivity is thus likely
to occur unless measures are taken to deactivate the acid sites of
the external surface of the crystals.

8.2. Effect of mesopores on the catalyst

The lifetime of the catalyst has in many cases been shown to
increase by the introduction of mesoporosity. The main cause of
deactivation in most cases relates to the effects of pore blocking
by coke deposition in the zeolite. Numerous reports have argued
that the positive effect on lifetime is caused not by a decreased
rate of coke formation but rather from an enhanced resistance to
the effects of coking. Shorter mean diffusion lengths coupled with
more pore entrances in the mesoporous crystals render the crystal
harder to block and this could very well account for the decreased
effects of coking. This simple argument may however not describe
the full picture. Authors have reasoned that as a consequence of
the mesoporosity the products formed will have a lower retention
time in the micropores which can suppress secondary reactions
(coking). Naturally these considerations are very reaction specific
but in this way the increased stability would be an effect derived
of the improved mass transport.

9. Outlook
There are many methods of introducing mesoporosity into zeo-
lites and these methods allow a high degree of fine-tuning to take
place, enabling mesoporous zeolites containing a high degree of
complexity to be synthesized. However, this also has the inher-
ent drawback that a vast amount of unique mesoporous materials
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re reported in the literature, making comparison across research
roups a difficult task. Therefore a large proportion of the work
ffort related to mesoporous zeolites is spent on material prepa-
ation, leaving less room for more thorough characterization and
atalytic testing. However, the use of mesoporous zeolites in cataly-
is is certainly gaining momentum and comparison across research
roups is now possible as the volume of literature usable for
omparison increases and generalized tools such as the ACI and
F have been introduced. The present review is focused on the
atalytic use of hierarchical zeolites. The field combines multi-
le disciplines bringing together advanced material preparation,
ophisticated and equipment-demanding characterization, as well
s careful catalytic testing. From the reviewed literature it is
lear that some of the best scholarly studies come from scien-
ific groups which are well founded within all three categories
nd have dedicated time to perform in-depth characterization and
emonstrate detailed knowledge of the catalytic reactions tested,
hile following the general recommendations for catalytic testing

103]. Reports preparing exciting materials but lacking the catalytic
spect have thus not been described in this contribution.

At present it is clear that many reactions indeed can benefit from
he use of a mesoporous zeolite. A challenge within the field lies in
he evaluation of the level and type of mesoporosity introduced into
he zeolite crystal. Some of the protocols used for manufacturing
he mesoporous zeolites can fairly easily be tuned into generat-
ng a series of zeolites with increasing levels of mesoporosity. This
s especially true for desilication [104] but has also been shown
alid by changing the carbon source in carbon-templating [105],
arying the amount of cationic-polymer [26], etc. From compar-
ng a series of zeolites with increasing levels of mesoporosity it
ould prove possible to extrapolate which level of mesoporosity
s sufficient for the specific reaction. In this context it is naturally
ery important to consider whether the reaction is taking place
ithin the micropores, in the pore mouths or solely on the exter-
al/mesopore surface. Evidently all three types of reactions will
enefit from introducing mesoporosity into the zeolite. However,
or a reaction that is proceeding within the micropores the level of

esoporosity at which diffusion is no longer a limiting factor is pre-
umably different from a reaction proceeding in the pore mouths or
n the mesopore walls. Further, in cases where a balance between
ctivity and shape selectivity is sought, insight into the catalytic
volution using a series of hierarchical samples could contribute to
nderstanding the reaction and the effect of mesoporosity in the
eolite catalyst.

Another challenge is connected to the need of comparing the
ierarchical zeolite to a zeolite with physical-chemical properties
iffering only in the absence of mesoporosity. Indeed zeolites are
omplicated materials and often when a reference material is pro-
uced it can be problematic to claim that it is representative of
perfect non-mesoporous counterpart with exactly similar Si/Al

atio, crystal size, elementary distribution, defect density, etc. This
roblem can be negligible in most cases but for example in the case
f desilication extra-framework aluminum can form on the exter-
al surface during the procedure [42,80,106]. The extra-framework
luminum sites thus represent an alien non-shape selective reac-
ivity in the otherwise shape selective catalyst. This exemplifies
hy caution should be exercised in the interpretation of the cat-

lytic data, since the mesoporosity introduced is presumably the
ost significant difference between the conventional/parent and

he hierarchical sample, but potentially not the only one.
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