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Abstract: Porous zeolite catalysts have been widely used in the industry for the conversion of fuel-
range molecules for decades. They have the advantages of higher surface area, better hydrothermal
stability, and superior shape selectivity, which make them ideal catalysts for hydrocarbon cracking in
the petrochemical industry. However, the catalytic activity and selectivity of zeolites for hydrocarbon
cracking are significantly affected by the zeolite topology and composition. The aim of this review
is to survey recent investigations on hydrocarbon cracking and secondary reactions in micro- and
mesoporous zeolites, with the emphasis on the studies of the effects of different porous environments
and active site structures on alkane adsorption and activation at the molecular level. The pros and
cons of different computational methods used for zeolite simulations are also discussed in this review.

Keywords: mesoporous materials; zeolite; density functional theory; catalytic activity

1. Introduction

Zeolites are microporous aluminosilicates with high surface area and crystallinity.
They have been widely applied in many different fields, such as gas storage, water treat-
ment, biomass upgrading, and oil refining, because of their strong acidity, excellent cat-
alytic activity, shape selectivity, and hydrothermal stability. In the past decades, one of
the most important applications of zeolites is in fluidized catalytic cracking (FCC) in the
petrochemical industry, which accounts for more than 95% of the global zeolite catalyst
consumption [1]. It is reported that 400 million tons of olefins are produced annually, and
about 59% of olefins are produced by FCC units [2]. Light olefins are critical building
blocks in the petrochemical industry, and the demand for olefins and their derivatives
has continuously increased over the last decade [3,4]. Therefore, it is important to under-
stand how to improve the catalytic performance of zeolites. Studies have shown that the
performance of zeolite catalysts for cracking reactions is determined by various factors,
including the porous size and composition, e.g., the Si/Al ratio and the presence of other
heteroatoms or extra-framework aluminum (EFAL) species [5–12]. Since the range of possi-
ble combinations of zeolite structures and compositions is exceedingly large, it is highly
desirable to understand the effects of zeolite topology and composition on hydrocarbon
cracking in order to improve their activity and selectivity to desired products.

When silicon in a zeolite framework is substituted by a trivalent atom, such as Al, a
cationic species is required to keep the framework charge neutral. If this cationic species
is a proton, this chemical substitution generates a Brønsted acid site, which can activate
C–C bond cleavage. Due to the importance of hydrocarbon cracking in the production
of transport fuels, the influences of zeolite topologies, Si/Al ratios, and Al distributions
on the adsorption and activation of hydrocarbons have been extensively studied by both
experiments and computer simulations [6–10,13–23]. Various approaches have been devel-
oped to improve the performance of zeolite catalysts. For example, the cracking products
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in conventional zeolites would be stuck in the micropores as a result of diffusion limitation,
and therefore would be over-cracked into undesired byproducts, leading to coke formation
and the subsequent deactivation of the catalysts. This problem can be alleviated by imple-
menting mesopores in zeolites [24–28]. Studies have shown that hydrothermal treatment
can be applied to remove Al from zeolite frameworks to create mesopores, which can elim-
inate the influence of micropore blockage and prevent catalyst deactivation by reducing
coke formation [29–33]. In addition, hydrothermal treatment can lead to the formation of
EFAL species in zeolites, which have been shown to enhance the acidity of nearby Brønsted
acid centers, and hence could affect cracking activity [5,29,34–42]. Therefore, investigating
the zeolite topologies and the structures and locations of aluminum species in zeolites is
crucial to understanding the variations in cracking activity with different zeolite systems.

Recent advances in density functional theory (DFT) calculations also aid in under-
standing of detailed chemistry of catalytic reactions in zeolites. These calculations can
be performed by either using periodic or cluster models. Periodic models can capture
the interactions from the extended framework structures; however, performing periodic
DFT simulations for zeolite systems is often computationally demanding due to the need
for large unit cells [43]. On the other hand, using small cluster models can significantly
reduce computational costs, but the unphysical boundary effect may lead to inaccurate
results. To address these issues, recent studies have adopted the hybrid quantum mechan-
ics/molecular mechanics (QM/MM) method, in which only a small cluster encompassing
the active center is described by quantum mechanics, while the rest of the zeolite frame-
work is described by a classical force field. This hybrid scheme can take into account
long-range van der Waals and electrostatic interactions in porous environments without
significantly increasing computational costs [43,44]. Nevertheless, low-frequency modes
correspond to translational and rotational motions between alkanes and zeolites must be
handled properly to derive accurate enthalpies and entropies. These low-frequency mo-
tions of weakly bound molecules are notoriously difficult to model because their potential
energy surfaces are usually highly anharmonic [45]. Therefore, recent works have adopted
various computational approaches, such as the mobile block Hessian method (MBH) [46],
quasirigid rotor harmonic oscillator (quasi-RRHO) [47], and configurational-bias Monte
Carlo (CBMC) [13] to better model the adsorption and activation of alkanes in zeolites.

In this review, we offer a summary of progresses and achievements of recent theoretical
and experimental studies in alkane cracking occurring in micro- and mesoporous zeolites,
with the emphasis on the effects of different pore topologies and active site structures
on alkane activation and adsorption. The influence of zeolite structures on adsorption
thermodynamics and alkane monomolecular cracking kinetics are discussed in Section 2.
Subsequently, the effects of the incorporation of mesoporosity into zeolites are investigated
in Section 3. Finally, active site structures that have been proposed such as Brønsted acidic
protons and extra-framework species are summarized in Section 4.

2. The Effects of Zeolite Structures on Alkane Cracking

The influences of zeolite structures on cracking activity and selectivity are usually attributed
to the confinement effects in zeolites, which can be studied by examining the variations in the
parameters of alkane adsorption and activation with zeolite topologies [9,10,13]. In principle,
the intrinsic activation enthalpies and entropies (∆H‡

int and ∆S‡
int) need to be calculated by

subtracting the adsorption thermodynamic properties (∆H‡
ads and ∆S‡

ads) from the apparent

activation enthalpies and entropies (∆H‡
app and ∆S‡

app) derived from kinetic data measured
experimentally, so an accurate determination of adsorption enthalpies and entropies is
required to determine intrinsic catalytic activities. However, it is difficult to experimentally
measure alkane adsorption enthalpies and entropies at cracking conditions (>673 K), so the
adsorption properties of alkanes have been evaluated using theoretical calculations [9,13].

For example, Bell and coworkers demonstrated that ∆H‡
ads and ∆S‡

ads can be calculated
accurately using CBMC simulations, which can properly capture the redistribution of
adsorbed alkanes to different active sites [9,13]. Janda et al. calculated the adsorption
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parameters for propane, butane, pentane, and hexane in H-MFI at the T4 and T9 positions,
which are located in the sinusoidal channel and at the channel intersection, respectively [13].
As shown in Figure 1, the ∆H‡

ads and ∆S‡
ads are more negative for T4 than for T9, suggesting

stronger guest–host interactions between alkanes and the walls of zeolite at the T4 position.
This finding suggests that alkanes may prefer to adsorb at the T4 site at low temperatures
due to better energy stabilization. On the other hand, at high temperatures, alkanes may
prefer to adsorb at the less confined T9 site because of smaller entropy loss for adsorption.
However, in practice, the adsorption position is determined not only by temperature but
also by the Al distribution, as the distribution of Al in zeolites is often not random and is
influenced by the synthesis conditions [48].

Figure 1. CBMC simulations of (a) adsorption enthalpies (∆H‡
ads) and (b) adsorption entropies (∆S‡

ads)
of propane (black triangles), butane (red triangles), pentane (blue triangles), and hexane (green
triangles). The upper and lower solid lines represent acid sites located at T9 and T4, respectively.
Boltzmann weighted averages of ∆H‡

ads and ∆S‡
ads for Al distributed evenly between T9 and T4

are illustrated as dashed lines. Reprinted with permission from [13]. Copyright 2015, American
Chemical Society.

Yang et al. investigated the influence of Al distributions on alkane adsorptions in MFI,
TON, FER, MWW, MOR, KFI, and FAU with various Si/Al ratios [14]. They studied the
central-to-terminal bond adsorption selectivity ratio of C4-C6 alkanes and found that the
influence of Si/Al ratios on the selectivity is negligible. However, their results suggested
that the adsorption selectivity ratio is sensitive to Al distributions, because a high selectivity
to central bond adsorption was obtained at the T-sites located in a more confined space.
In addition, the close spatial proximity of individual Al atoms was also found to enhance
the adsorption of central C–C bonds, which indicates that the adsorption selectivity can be
tuned by varying the spatial proximity of Al.
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Many studies have suggested that the intrinsic activation energy of alkane cracking is
not sensitive to zeolite structures [6,7,15–18]. For instance, Van Bokhoven and Xu investi-
gated the rate of monomolecular cracking in MFI, MOR, FAU, and BEA [15], and reported
that cracking rates increase with decreasing pore size, but intrinsic activation energies are
independent of zeolite structures. Gounder and Iglesia observed similar results when they
investigated the intrinsic rate parameters of monomolecular cracking and dehydrogenation
of propane in H-MFI, H-FER and H-MOR [16]. They found that the intrinsic activation
barriers were similar for these zeolites, in agreement with the study of propane cracking
in H-MFI, H-MOR, H-BEA, and H-FAU by Xu et al. [6]. This conclusion is also consistent
with the calculations of intrinsic activation barriers for monomolecular propane cracking
in zeolites with different topologies (FAU, BEA, MOR, MFI, MWW, and FER) [7]. A similar
conclusion was drawn by Kadam et al. when they investigated monomolecular cracking of
propane and butane in FER, TON, MFI, and CHA at various temperatures (580–710 K) [17].
These authors found that the activation energies are insensitive to zeolite structures, though
the activation entropies increase significantly with the decrease of the zeolite effective radii,
suggesting that the confinement affects the entropy of the adsorbed state more significantly
than that of the transition state. Recently, Berger et al. employed a hybrid quantum me-
chanics:quantum mechanics (QM:QM) method, MP2:(PBE + D2) + ∆CCSD(T), in periodic
systems to predict the adsorption and activation energies of propane in H-FER, H-MFI,
and H-CHA, and concluded that the intrinsic activation enthalpy is insensitive to zeolite
structures [18]. To summarize, for the zeolite catalysts discussed above, the intrinsic cat-
alytic activity for cracking is structure-insensitive when considering intrinsic activation
energies, and the change of apparent kinetics with different pore sizes and structures can
be mainly attributed to the adsorption thermodynamics.

Although the studies discussed above suggested that the intrinsic activation energy for
cracking was structure-insensitive, recent investigations indicate that the intrinsic kinetics
of cracking may differ between different T-sites for some zeolite systems [8,19], which
implies that local porous environments can influence not only the thermodynamics of
adsorption but also the intrinsic catalytic activity for cracking. To mitigate this gap between
different observations, Bell and co-workers investigated the influence of zeolite structures
on monomolecular cracking and dehydrogenation kinetics of butane on various zeolites,
including TON, FER, SVR, MFI, MEL, STF, and MWW (Figure 2) [9]. Using the calculated
∆S‡

ads as a descriptor of the degree of confinement in zeolites, they showed that ∆H‡
int and

∆S‡
int for terminal cracking and dehydrogenation decrease with increasing confinements

of acid sites, while ∆S‡
int increases and ∆H‡

int remains nearly constant for central cracking.
The variations in the intrinsic activation parameters of different reaction pathways suggest
that it is possible to achieve high selectivity for the desired product by carefully choosing
a zeolite with proper pore sizes. Recently, the same group used a QM/MM approach to
calculate intrinsic and apparent activation parameters, and applied thermal adjustments
to the apparent barriers derived from CBMC simulations to account for the changes in
activation parameters shown in the experiment [10]. They investigated butane cracking
in three groups of zeolites that feature different cage sizes or channel patterns. Similar
to their previous works, they observed that the variations in reaction paths result in
different trends of activation parameters with zeolite topologies. This finding does not
support the conclusion drawn by previous studies that intrinsic activation parameters are
structure-insensitive and pore topologies only affect adsorption thermodynamics [6,7,15–
18]. The discrepancy of the conclusions drawn by different works leaves the effect of local
porous environments for intrinsic cracking activity an open question requiring further
investigation.
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Figure 2. Characterizations of 10-membered ring (MR) zeolites with different channel and cavity
topologies (generated with the ZEOMICS web tool [49]). Channels are represented in yellow (<6 Å
diameter) and orange (>6 Å diameter), while cages are illustrated as green (<6 Å diameter), blue
(6–8 Å diameter), and purple (>8 Å diameter) spheres. Reprinted with permission from [9]. Copyright
2016, American Chemical Society.

3. The Effects of Mesoporosity on Alkane Cracking

Zeolites have been widely used in the petrochemical industry due to the advantage of
excellent hydrothermal stability, strong Brønsted acidity, and shape selectivity. However,
microporous zeolites with long diffusion paths experience strong diffusion limitation. This
problem manifests itself in two scenarios. The first is that large molecules may not be
able to diffuse through the channels to react with an active site. The second is that the
cracking products would be stuck in the micropores due to diffuse limitation, and further
be over-cracked into undesired byproducts, which could lead to coke formation and the
subsequent deactivation of the catalyst.

One way to address this problem is to implement larger pores in zeolites [24–28].
Previous works have successfully fabricated hierarchical zeolites with mesopores of
2–50 nm in diameter with high hydrothermal stability, strong acidity, and low diffusion
limitation [26]. In general, mesoporosity can be created using either the top-down or
bottom-up methods. The top-down approach is to remove silica or aluminum from the
zeolite framework via dealumination or desilication. The drawback of this approach is that
it may suffer material loss and it is difficult to control mesoporosity using the top-down
approach [26]. These issues can be avoided by using bottom-up methods, which use
templates to generate ordered mesoporous structures in the synthesis process. However,
the bottom-up method is often more costly than the top-down dealumination/desilication
method, and therefore may not be economically feasible for large-scale production [26].
Noteworthy is that the surfactant-templated top-down method can introduce uniformly
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distributed mesopores into zeolites, while maintaining the high hydrothermal stability
and strong Brønsted acidity, and does not suffer from the drawbacks of material loss and
damage of catalyst [24]. In comparison to conventional zeolites, zeolites with secondary
porosity display better catalytic performance and longer catalyst lifetime. For instance,
mesoporous zeolite Y has been tested in the cracking of vacuum gas oil (VGO). The result
showed mesoporous Y produced less coke and more gasoline and light cycle oil (LCO)
compared to conventional Y zeolite.

Molecule dynamics (MD) simulations have been applied to study the diffusion of
molecules in zeolites at different operation conditions. For instance, Bail et al. investigated
the diffusion of hexane in hierarchical mesoporous H-ZSM-5 from 363 K to 543 K using MD
simulation and their results indicated that the diffusivity of hexane in a mesostructured
zeolite can be higher than in a conventional zeolite at high loading or elevated tempera-
tures [50]. However, diffusing along the mesopore surface at low loading leads to more
tortuous diffusion paths, which may cause a reduction in diffusivity. Bu et al. [51] when
they investigated the diffusivities of coke precursors such as benzene, naphthalene, and
anthracene in mesoporous H-ZSM-5 using MD simulations [47]. They found that these
molecules mainly diffuse through micropores or along the external surface of mesoporous
zeolites at low temperature, while diffusing along mesopores at pyrolysis temperatures.
Recently, Josephson et al. used Monte Carlo simulations to investigate the adsorptions
of furan, hexanoic acid, hexane, decane, tetradecane, and 3,6-diethyloctane in hierarchi-
cal mesoporous ZSM-5 [52]. Their simulations demonstrated that as pressure increases,
alkanes first fill the micropores, then the surface of mesopores and finally the interior of
mesopores. In contrast, furan and hexanoic acid predominately adsorb on the surface
of mesopores because of hydrogen bonding interactions between adsorbates and silanol
groups. These works demonstrated that various guest–host interactions can affect adsorp-
tion sites and diffusion paths in zeolite pores, and hence could potentially influence the
overall performance of a zeolite catalyst.

As discussed above, DFT studies have provided valuable insights to zeolite catalysis.
However, applying DFT calculations to investigate reactions in mesoporous zeolites is
very challenging due to the increased structural complexity. With the presence of both
microporous and mesoporous channels, the local environment of active sites can vary
dramatically from one position to another, so the number of model systems and reaction
pathways that need to be considered for a hierarchical zeolite is often higher than that for a
conventional zeolite. For example, to study the effect of hierarchical surfaces on ethanol
dehydration, Shetsiri et al. built two different cluster models to represent hierarchical and
conventional H-ZSM-5 (shown in Figure 3), and found that the preferred dehydration
mechanism is dependent on the model system used [53]. Based on both experiments and
DFT calculations, these authors demonstrated that direct dehydration of ethanol to form
ethylene possibly occurs over the active site at the external surface of hierarchical H-MFI
(Figure 3a), while the dehydration of two ethanol molecules to form diethyl ether is pre-
ferred for the internal acid site of H-MFI (Figure 3b). This finding highlights the importance
of incorporating a significant part of the zeolite structure into the model. Although the use
of a simplified model can reduce computational costs, a small or medium model cannot
fully describe the effects of confinement and dispersion effects in porous structures [43],
which can significantly influence reaction kinetics in zeolites. Recent developments in
quantum mechanics/molecular mechanics simulations offer an efficient way to solve this
problem [44]. In the QM/MM hybrid scheme, only a small cluster encompassing the active
center is described by quantum mechanics, while the rest of the zeolite is described by a
classical force field. The QM/MM scheme allows the simulation of reactions in porous en-
vironments without significantly increasing computational costs [54–56], and hence may be
used increasingly to model complex mesoporous zeolites in the future.
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Figure 3. The optimized cluster models of (A) hierarchical H-ZSM-5 and (B) conventional H-ZSM-5.
Reproduced from Ref. [53] with permission from the Royal Society of Chemistry.

4. Different Active Sites in Zeolites

Zeolites containing different heteroatoms exhibit different catalytic activities [57–60].
If trivalent atoms such as Al substitute for Si in a framework and the charge compensation is
provided by protons, Brønsted acid sites are generated in the zeolite pores. In principle, the
acidities of these sites are determined by the identity and positions of heteroatoms. Recent
studies have also shown that the presence of extra-framework species (often generated after
postsynthesis hydrothermal treatments) can also influence the activity of nearby Brønsted
acid centers, and therefore could affect cracking activity of a zeolite.

In this section, the results of recent experimental and computational studies related to
cracking reactions over different active sites in zeolites are reviewed. This survey begins
with Brønsted acid sites in conventional zeolites, followed by a discussion of the synergetic
effects between extra-framework species and Brønsted acid sites.

4.1. Brønsted Acid Sites in Conventional Zeolites

Though it is well known that Brønsted acid zeolites are active for cracking reactions,
identifying the positions of acid sites and controlling their distribution in zeolites remain
very challenging. Studies have shown that the distribution of Al atoms in a zeolite is
affected by both the Si/Al ratio and the synthesis method [16,48], which may lead to
different catalytic activities for the same type of zeolite framework. Therefore, comparing
the experimental data reported by different groups should be carried out with care if their
zeolites were derived from different sources.

The influence of Si/Al ratio on the distribution of framework Al and its effect on
butane cracking and dehydrogenation in H-MFI have been investigated by Janda and
Bell [8]. They found that the Brønsted protons are preferably located at channel intersections
as the Al content increases. Since the transition state geometry for dehydrogenation
is bulky and requires more space than that for cracking reactions, the preference for
dehydrogenation to occur at channel interactions is higher than that of cracking to occur.
Therefore, the product selectivity of alkane cracking and dehydration could be modified by
changing the Si/Al ratio of the zeolite. In addition to the confinement effects, the locations
of the protons can also affect the acid properties. Jones et al. performed theoretical
simulations to calculate deprotonation energies (DPE) at different T-sites located in various
zeolites (MFI, BEA, MOR, FER, FAU, and CHA) [61]. DPE is the energy required to remove
a proton from a Brønsted acid site so it can be used to characterize the intrinsic acid
strength. Based on the results of Jones et al., DPE values can differ by up to 77 kJ/mol
among different T-sites for the zeolites they considered. Since there is a linear relationship
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between alkane cracking activity and Brønsted acidity [20–22], the selectivity to cracking
products can be turned by acid strength distribution [23].

The Brønsted acidity of zeolites can be modified by the incorporation of various het-
eroatoms. Among the zeolites substituted with trivalent elements, the strength of Brønsted
acid is in the decreasing order of Al-ZSM-5 > Ga-ZSM-5 > B-ZSM-5 [62]. Moreover, the in-
corporation of alkali, alkaline earth (Na, Mg, K, and Ca), rare earth (La, and Ce), transition
metals (Zn, Co, Cu, and Ni), phosphorus and so forth can also influence acid properties [11].
Rahimi et al. have investigated the effect of different promoters on the chemical properties
of zeolites and on the catalytic activity and selectivity to light olefins [11]. The incorporation
of alkaline and rare earth elements in zeolite can reduce the readsorption of cracking prod-
ucts and promote dehydrogenation, which can improve the yields of light olefins [63–65].
On the other hand, the addition of transition metals can improve dehydrogenative cracking
thus improve the yields of light olefins [66]. Besides, the phosphorus-modified ZSM-5 can
change the number of acid sites, and Lewis/Brønsted sites ratio, leading to the higher yield
of light olefin [67]. Recently, gold catalysts have drawn more attention because of their high
catalytic activity at low temperature and high selectivity toward desired products. The
cracking of octane and light diesel oil over modified ZSM-5 with gold and lanthanum at
460 ◦C has been investigated by Liu et al. [68]. Their work found that the incorporation of
rare earth La2O3 into the Au/ZSM-5 catalyst can stabilize Au nanoparticles and meanwhile
significantly increase both the selectivity of propylene and the reactive activity. In addition,
it was reported that a smaller size of Au particles can provide a better catalytic activity for
cracking reactions [69].

4.2. Extra-Framework Species

Extra-framework species act as Lewis sites and have synergy with neighboring Brøn-
sted sites [38]. Different metal substituted zeolites have different stability, hence they have
different degrees of potential to cause migration of framework metals to extra-framework
positions. Since the Ga- or Fe-substituted zeolites are less stable than Al-substituted zeo-
lites, framework Ga and Fe can migrate to extra-framework locations more easily under
hydrothermal treatments. Periodic DFT calculations show that the mononuclear oxy-
genated extra-framework cations are less stable than bi- or multinuclear cationic complexes
in Ga-, Zn-, Al-, Cu-, and Fe-modified MOR and ZSM-5 zeolites [70]. Among different
extra-framework species, the extra-framework aluminum species are the most studied ones.

It was proposed that the enhanced catalytic performance with the presence of extra-
framework species is related to the synergistic effect between EFAL species and vicinal
Brønsted acid sites [38]. The Brønsted/Lewis synergy in dealuminated HY zeolites was
investigated using solid-state NMR and DFT calculations, and the results from 2-13C-
acetone NMR and theoretical simulations revealed that the EFAL species can enhance the
acid strength of Brønsted acid sites in close proximity to the EFAL species [38]. Alternatively,
Gounder et al. proposed that the presence of bulker EFAL species may decrease the effective
supercage void sizes, resulting in better stabilization of the transition states [40].

Although it is difficult to identify the structures of EFAL species in zeolites, various
mononuclear EFAL species such as Al3+, AlO+, Al(OH)2

+, AlOH2+, AlOOH, and Al(OH)3
have been proposed. The EFAL species of Al(OH)3 and Al(OH)2

+ have been recognized
in dealuminated HY zeolites using 1H double quantum magic-angle spinning (DQ-MAS)
NMR and DFT calculations [38]. Furthermore, the process of dealumination of HY zeolites
was investigated using 27Al DQ-MAS NMR and DFT calculations, which revealed that
the EFAL species of Al(OH)3, Al(OH)2

+, and AlOH2+ (in the form of six, five, and four
coordination) were the preferred extra-framework species in dealuminated HY zeolites [71].
Similarly, the six-coordinated Al(OH)3 and five-coordinated AlOH2+ were identified as the
preferred EFAL species in dealuminated H-ZSM-5 and H-MOR zeolites [72]. In combina-
tion with DFT calculations and 31P solid-state NMR using trimethylphosphine as a probe
molecule, the origin, structure, and the possible locations of tri-coordinated EFAL-Al3+

moieties in dealuminated HY zeolites were investigated [39,73]. Apart from mononuclear
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EFAL species, multinuclear counterparts could also form in zeolites. For instance, the
presence of tri- and tetranuclear EFAL species inside the sodalite cage of faujasite zeolite
was reported by Liu et al. by using periodic DFT calculations [37]. Their ab initio thermo-
dynamic analysis suggested that the multinuclear cationic complexes were the dominant
EFAL complexes under realistic conditions. Such self-aggregation was also found in La-
FAU [74]. Recently, the presence of multinuclear EFAL species in dealuminated zeolites
was measured for the first time in experiments using the combined 31P solid-state NMR
and 1,2-bis(dimethylphosphine) ethane probe molecule method [75].

The beneficial effect of extra-framework species is well known for the enhancement
of acidity, which improves catalytic performance of cracking reactions [5,29,34–42]. For
example, the enhanced cracking activity of propane in zeolites Y with more Brønsted acid
sites perturbed by EFAL species was investigated by the experiments [5]. This beneficial
effect has also been found for cracking reactions in mesoporous zeolites Y [29]. To gain more
insight into the effect of EFAL species on cracking reactions, Liu et al. performed periodic
DFT calculations of propane cracking over EFAL-free (H-FAU) and EFAL-containing
(EFAL/H-FAU) zeolites [37]. Figure 4a shows the models of H-FAU and EFAL/H-FAU,
where trinuclear [Al3O4H3]4+ was chosen as the EFAL species located inside the sodalite
cage. The reaction mechanism of monomolecular propane cracking and the corresponding
structures of the reactants, transition states, and intermediates are presented in Figure 4b,c,
respectively. As shown in Figure 4d, the presence of EFAL in zeolite can significantly
reduce the reaction barrier for propane cracking from 200 to 149 kJ/mol. Furthermore, the
stronger stabilization of the transition state and intermediate in EFAL/H-FAU was found
due to the charge compensation of the deprotonated oxygen by cationic EFAL. In addition
to extra-framework aluminum species, the extra-framework Ga species have been studied
recently both experimentally and theoretically for dehydrogenation and cracking reactions
in Ga/H-MFI [41,42]. Under the same reaction conditions, the reaction rates for propane
dehydrogenation and cracking over Ga/H-MFI are ~500 and ~20 times higher than the
corresponding rates over conventional H-MFI.

Figure 4. (a) The models of H-FAU (left) and EFAL/H-FAU (right). (b) The reaction mechanism
of monomolecular propane cracking to form a carbonium ion intermediate via protonation of C–C
bond. (c) The structures of reactants, transition states, and intermediates for propane cracking over
H-FAU and EFAL/H-FAU. (d) The energy diagrams of propane cracking reactions over H-FAU and
EFAL/H-FAU. Reprinted with permission from [37]. Copyright 2015, American Chemical Society.
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5. Conclusions

This review shows the overview of recent theoretical and experimental studies of
cracking reactions in mesoporous and microporous zeolites. The adsorption parameters of
alkanes in zeolites are structure-sensitive, and the adsorption occurs mainly on less confined
acid sites. By contrast, many authors suggested that the intrinsic kinetic parameters are
insensitive to zeolite structures, while different results were obtained by using Monte
Carlo simulations.

Although conventional zeolites have the advantages of higher surface area, better
hydrothermal stability, and superior shape selectivity, they still have a major drawback of
diffusion limitation, which can be mitigated by introducing mesopores in zeolites. Experi-
ments have shown that the presence of mesopores can enhance the selectivity to desired
products and reduce coke formation. However, systematic theoretical investigations of the
influence of mesoporosity on cracking reactions are still lacking, because of the structural
complexity of mesoporous catalysts and the high computational cost for modeling such
complex systems. Although some works have employed small or medium-sized cluster
models to perform mechanistic studies for reactions in hierarchical zeolites, these models
cannot fully describe the confinement and dispersion effects in porous structures. One
strategy to balance accuracy and computational cost is to use the combined quantum
mechanics/molecular mechanics (QM/MM) approach, which allows one to include a
significant part of a porous catalyst into the model without greatly increasing the com-
putational costs, and thus is an appealing method for modeling mesoporous zeolites in
the future.

In addition to the confinement effect in zeolite pores, studies have shown that the
Si/Al ratio, the distribution of Al, and Brønsted acidity also influence alkane cracking in
zeolites. However, identifying and controlling the positions of aluminum atoms in zeolites
still remain challenging. In addition, extra-framework species generated after postsynthesis
hydrothermal treatment have also been shown to enhance the acidity of nearby Brønsted
acid sites. Recent studies have proposed many different structures for the extra-framework
species in zeolite systems. However, how to engineer these extra-framework species to
optimize zeolite activity for cracking is still challenging and requires further investigation.
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