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Abstract. 

The Brønsted acidity of proton-exchanged zeolites has historically led to the most impactful 

application of these materials in heterogeneous catalysis, mainly in the fields of  transformations 

of hydrocarbons and oxygenates. Unravelling the mechanisms at the atomic scale of these 

transformations has been the object of tremendous efforts in the last decades. Such 

investigations have extended our fundamental knowledge about the respective roles of acidity 

and confinement in the catalytic properties of proton exchanged zeolites. The emerging 

concepts are of general relevance, at the crossroad of heterogeneous catalysis and molecular 

chemistry. In the present review, emphasis is given to molecular views on the mechanism of 

generic transformations catalyzed by Brønsted acid sites of zeolites, combining the information 

gained from advanced kinetic analysis, in situ and operando spectroscopies, and quantum 

chemistry calculations. After reviewing the current knowledge on the nature of the Brønsted 

acid sites themselves, and the key parameters in catalysis by zeolites, a focus is made on 

reactions undergone by alkenes, alkenes, aromatic molecules, alcohols and polyhydroxy 

molecules. Elementary events of C-C, C-H and C-O bond breaking and formation are at the 

core of these reactions. Outlooks are given to take up the future challenges in the field, aiming 

at getting ever more accurate views on these mechanisms, and as the ultimate goal, to provide 

rational tools for the design of better zeolite-based Brønsted acid catalysts. 



 

2 

 

 
1. Introduction ...................................................................................................................... 4 

2. Nature and acidity of the active sites of proton exchanged zeolites ............................. 8 

2.1. General features .......................................................................................................... 8 

2.2. Bridging Si-(OH)-Al groups: location, environment, and acidity ............................. 9 

2.3. Lewis acidity of framework-associated aluminum sites .......................................... 16 

2.4. Extraframework species and internal defects ........................................................... 18 

2.5. External surface sites ................................................................................................ 21 

3. Basics of catalysis by zeolites ......................................................................................... 25 

3.1. Adsorption/desorption: confinement and specific interactions ................................ 25 

3.2. Diffusion ................................................................................................................... 27 

3.3. Intrinsic kinetics versus effective kinetics................................................................ 27 

4. Stability of carbocations in zeolites ............................................................................... 32 

5. Transformation of alkenes and bifunctional transformation of alkanes .................. 38 

5.1. Skeletal isomerization .............................................................................................. 40 

5.2. Cracking ................................................................................................................... 45 

5.3. Isomerization vs cracking selectivity ....................................................................... 51 

5.4. Oligomerization ........................................................................................................ 57 

5.5. The specific case of butene isomerization ................................................................ 65 

6. Monofunctional transformation of alkanes ................................................................. 68 

6.1. Carbonium ion cracking (Haag-Dessau mechanism) ............................................... 68 

6.1.1. General aspects ................................................................................................. 68 

6.1.2. What theory says about C-C versus C-H breaking........................................... 71 

6.1.3. Protonation of C atoms or C-C bond before cracking ...................................... 72 

6.1.4. Internal versus terminal C-C bond cracking .................................................... 74 

6.1.5. Sizes of alkanes and alkenes products .............................................................. 75 

6.1.6. The role of adsorption and confinement .......................................................... 76 

6.2. Carbenium ion cracking ........................................................................................... 83 

6.2.1. Deviation from the selectivity pattern predicted by the Haag-Dessau mechanism

 83 

6.2.2. The initiation step of carbenium ion cracking .................................................. 86 

6.2.3. The propagation of the carbenium ion cracking cycle: hydride transfer steps . 87 

6.3. Carbonium versus carbenium ion cracking .............................................................. 89 

6.4. Roles of EFAls, synergy between Brønsted and Lewis acid sites............................ 92 

7. Transformation of aromatic molecules ........................................................................ 93 

7.1. Isomerization of alkylaromatics ............................................................................... 93 



 

3 

 

7.2. Disproportionation and transalkylation of alkylaromatics ....................................... 99 

7.3. Dealkylation of alkylaromatics .............................................................................. 108 

8. Dehydration of alcohols and polyhydroxy molecules ................................................ 113 

8.1. General aspects ....................................................................................................... 113 

8.2. Adsorption state of the alcohol molecule ............................................................... 115 

8.3. Monomolecular mechanisms: direct formation of alkenes .................................... 116 

8.4. Bimolecular mechanisms: formation of ethers and their decomposition ............... 122 

8.5. Ether decomposition versus direct alcohol dehydration ........................................ 128 

8.6. Dehydration combined to skeletal isomerization ................................................... 129 

8.7. Effect of water in the dehydration of alcohols ....................................................... 131 

8.8. Dehydration of polyols – the case of glycerol ........................................................ 136 

8.9. Dehydration of sugars ............................................................................................ 140 

8.9.1. General mechanistic aspects ........................................................................... 140 

8.9.2. State-of-the art in zeolite catalyzed dehydration of sugars ............................ 145 

8.10. Concluding remarks ............................................................................................... 152 

9. Carbonylation reactions of alcohols, ethers and alkenes .......................................... 154 

9.1. General aspects ....................................................................................................... 154 

9.2. Consequences on confinement effect, specific role of 8MR sites for methanol and 

DME carbonylation ............................................................................................................ 157 

9.3. Transformation of longer alcohols, alkenes or alkanes .......................................... 160 

10. Methanol to olefins reactions ...................................................................................... 161 

10.1. Direct vs indirect mechanisms: the hydrocarbon pool theory ................................ 162 

10.2. The first C-C bond formation ................................................................................. 166 

10.3. From the first C2 species to the hydrocarbon pool ................................................. 170 

10.4. Dealkylation mechanisms in the aromatics cycle .................................................. 172 

10.5. Shape selectivity effects ......................................................................................... 179 

10.6. Concluding remarks ............................................................................................... 182 

11. Summary and future orientations .............................................................................. 184 

12. Acknowledgments ......................................................................................................... 190 

13. Author information ...................................................................................................... 190 

14. Biographies ................................................................................................................... 192 

15. REFERENCES ............................................................................................................. 194 

16. Table of Contents Graphic .......................................................................................... 310 

 

 

 



 

4 

 

1. Introduction 

Zeolites are nanoporous aluminosilicates, described as 3D frameworks of TO4 tetrahedra (T 

= Si, Al, etc.). Since their discovery by Cronstedt in 1756, many natural polymorphs were 

found. The first occurrence of synthetic zeolites was reported by Sainte-Claire Deville in 1862. 

1 Their suitability for industrial applications then led to tremendous efforts to obtain new 

synthetic forms, whose diversity goes far beyond that of natural known solids.2–4 Zeolites are 

widely used in refining and chemical industry as catalysts or sorbents.5–8 The Brønsted acidity 

of proton exchanged zeolites, defined as their thermodynamic ability to donate protons,9 

catalyzes a large set of chemical reactions.10–13 Acidity can be tuned by chemical composition, 

in terms of framework and extra-framework species, as well as synthesis and pre-treatment 

procedures. Proton exchanged zeolites will be the focus of the present review, given their 

relevance for past, current, and future practical implementation. Historically, most Brønsted 

acid-catalyzed reactions in zeolites concerned the transformation of hydrocarbons, driven by 

the need for high-quality fuels from petroleum feedstocks. 6–8 Gradually, the spectrum of acid-

catalyzed reactions for which zeolites are useful is enlarging, now embracing the transformation 

of biobased compounds,12,13 and plastic recycling.14 

A particular feature of zeolite catalysis is the predominant role of the pore structure in the 

stabilization of reactants, products and intermediates, known as the confinement effect.15–17 

Table 1 reports the main geometric features of the most important zeolite topologies that will 

be discussed in the following. The pore structure imposes geometrical constraints which does 

not allow certain molecules to fit in (or only in very specific configurations). The structural 

match between the host molecule and the pore structure will determine the extent of van der 

Waals interactions and the degree of rotational freedom and will, therefore, determine the 

adsorption enthalpy and entropy. The composition and geometry of the pore wall also determine 
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the electric field inside the pores,18 which is very important for the stabilization of charged 

species or transition states. In contrast to porous solids with a non-organized pore structure, the 

well-defined crystalline structure of zeolites allows for a precise description of these 

confinement effects, and the large diversity of pore architectures allows for tuning them very 

finely, in close analogy to enzymatic catalysis or to the design of the active sites in 

homogeneous catalysis. An advanced knowledge of the nature of the key chemical 

intermediates, and of the way they are interacting with the zeolite framework is, therefore, 

required for developing more efficient industrial catalysts on a rational basis. A large set of 

techniques has been employed to obtain insights on these intermediates, starting with the 

detailed analysis of reaction products as a function of time. Careful kinetic investigations have 

played a tremendous role in drawing conclusions about intermediates, which are not directly 

observable, in analogy to knowledge obtained in liquid phase organic chemistry.17,19 Progress 

is still made continuously in this field, linked to the increase of the temporal resolution of the 

product detection methods, and to their sensitivity for highly diluted species. In situ and 

operando spectroscopies20 have shed new light on the nature of the species present in the 

pores.21–25 The temporal and special resolutions, as well as the sensitivity and ability to 

distinguish intermediates from spectator species and species responsible for the deactivation of 

the catalysts, is still a challenge.26,27 Finally, first principles calculations, most often at the 

density functional theory (DFT) level, provide unprecedented information about the nature and 

stability of chemical intermediates, but also transition states.25,28–32 As will be discussed in the 

following, the quality of the models representing the active sites, as well as the level of theory 

and methods employed to deal with thermal effects, strongly impact the conclusions made. 
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Table 1. Characteristics of some of the zeolite frameworks abundantly discussed in this review, according to the 

IZA database.33 The channel dimensionality corresponds to pore openings of more than 6MR.  

 

Code CHA TON FER MFI MOR BEA(A) FAU 

Representation 

 
      

Larger ring size 8MR 10MR 10┴8MR 10┴10MR 12┴8MR 12┴12MR 12MR 

Dimensionality 3D 1D 2D 3D 2D 3D 3D 

Dimensions* 7.37 / 3.72 5.71 / 5.11 6.31 / 4.69 6.36 / 4.70 6.70 / 6.45 6.68 / 5.95 11.24 /7.35 

* Maximum diameter of sphere that can be included /diffuse along (Å). 

Many reviews have been published, embracing the very abundant literature dealing with the 

determination of the acidity of zeolites,8,21–23,28–32,34–44 and catalysis by zeolites as investigated 

in academia and applied in industry.5,7,10–13,25,45–58 In the present review, we select a 

complementary molecular point of view, gathering both experimental and computational 

insights. We analyze the state of art of the knowledge obtained by the aforementioned 

techniques (detailed kinetic investigations, in situ and operando spectroscopies, first principles 

calculations) about mechanisms involved in Brønsted acid-catalyzed transformations in 

zeolites. This includes the identification of the relevant intermediates and transition states, 

together with the respective kinetics of their formation and transformation into products, when 

available. In catalysis by zeolites, the question of the structure, location, and accessibility of the 

active sites arises systematically, even more for non-ideal catalysts, when non-framework 

species are present, and when diffusion limitations occur. Thus, section 2 introduces the current 

knowledge on the nature and acidity of the possible active sites in Brønsted acidic zeolites. 

Section 3 sets the scene by giving the basics of catalysis by zeolites, deconvoluting questions 

linked to adsorption, diffusion, and reaction kinetics. Figure 1 sketches most relevant concepts 

for sections 2 and 3. These tools are important to understand the approaches undertaken, the 

knowledge obtained so far, and the remaining challenges, for understanding mechanisms 

catalyzed by proton exchanged zeolites, that are the object of the subsequent sections. 
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Considering the high importance of carbocation chemistry in the mechanisms of reactions 

catalyzed by proton exchanged zeolites, we devote section 4 to the current knowledge in terms 

of carbocation stability in zeolites. Sections 5-10 describe insights on the atomic scale  

mechanisms of transformations of alkenes (section 5), alkanes (section 6), aromatic molecules 

(section 7), of alcohol and sugar dehydration reactions (section 8), of carbonylation reactions 

(section 9) and finally methanol to olefins reactions (section 10). Concerning computational 

approaches, there are several methods to model a zeolite catalyst, and several relevant levels of 

theory to be used for the computation of given properties. The reader is referred to refs. 28,30 for 

a detailed description of these aspects. 

 

 

Figure 1. (a) Model of Brønsted acidic zeolite, restricted to the micropore, with consideration of diffusion, 

adsorption and reactions steps, (b) scheme of default and finite size nature of an intricate zeolite crystallite. A 

spherical crystallite model is arbitrarily chosen. (c) Integration of the variety of sites and of steps for the definition 

of the overall reaction rate. Extraframework species are omitted in (c) for the sake of clarity, but the same 

formalism applies.  

 

As will be illustrated in the following, many analogies shall be made between heterogeneous 

catalysis by zeolites, and homogeneous catalysis, even biocatalysis.59 Common concepts are 

invoked, such as the molecular nature of the active site, high degree of mobility of many 

intermediates and transition states (in that sense, zeolite active sites behave more like a confined 

homogeneous catalyst than a merely heterogeneous one) and confinement.  
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2. Nature and acidity of the active sites of proton exchanged zeolites 

2.1. General features 

The stability and reactivity of reaction intermediates in acidic zeolites depends strongly on 

the nature, the location and the acidity (a consequence of the two former parameters) of the 

active sites under consideration. The advanced characterization and quantification of these 

features is thus of primary importance before undertaking reactivity investigations. 

Spectroscopic and titration methods have been key in that respect, together with computational 

achievements. At this stage, it is useful to recall that a purely siliceous zeolite is hardly reactive, 

due to the highly covalent nature of the Si-O bond (in comparison to Al-O bonds for example, 

as shown by bond overlap population computations60), and the very stable tetrahedral 

coordination of framework silicon atoms (SiV being encountered starting from the most 

common SiIV state only in situations where very strong nucleophiles and bases are present60–

64). A noticeable exception is the Beckmann rearrangement of cyclohexanone oxime into ε-

caprolactam and related reactions, that was shown to be efficiently catalyzed by highly siliceous 

ZSM-5 (or silicalite-1) with high external surface area,65–68 including by nanosheets,69 leading 

to the assignment of silanols as active sites in this case, in particular those hosted in silanols 

nests.70 The reactivity of silanols and silanol nests in Beckmann rearrangement was confirmed 

by DFT calculations.71 However, most of the time, acidity arises thanks to the presence of 

heteroatoms in the framework.  

In the common case where trivalent aluminum atoms replace tetravalent silicon atoms at 

framework positions, a compensation cation is additionally present to compensate for the 

positive charge deficit. When it is a proton, it has been known for decades that a bridging Si-

(OH)-Al group is formed (Figure 2-a),72–74 that exhibits Brønsted acidity (section 2.2). A priori, 

a perfect bulk of aluminosilicate zeolites is not expected to exhibit Lewis acidity, although this 
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was recently debated (section 2.3).75–77 The question of the role of the external surface of the 

crystallites, of mesopores and extraframework species generated during various post-treatments 

will be developed in sections 2.4 and 2.5.  

 

Figure 2. Some of the possible hydroxyl groups present in and on acidic zeolite catalysts: (a) bridging 

SiIV−(OH)−AlIV groups, (b) silanols at the external surface and at defects, (c) Al−OH groups close to bridging OH 

groups at the external surface of zeolites, discussed in refs 78–81, (d) Pseudo-Bridging Silanols (PBS) suggested by 

first principles calculations on amorphous silica−alumina (ASA),60,82–84 represented as confirmed by NMR,84 (e) 

water molecules adsorbed at surface aluminum, suggested by first principles calculations at the external surface of 

zeolites,80,81,85 and on amorphous silica−alumina,82,83 the coordination number of aluminum may vary from IV to 

VI depending on the location at the surface, the temperature, and the water partial pressure. (f) Lewis acid sites at 

the external surface of zeolites and on ASA, suggested by first principles calculations, obtained upon dehydration 

of (e).80–82  

 

2.2. Bridging Si-(OH)-Al groups: location, environment, and acidity 

The bridging OH groups have a characteristic IR band usually close to 3600 cm-1.22,86 

In the first reports, the bridging OH group was described as a silanol group coordinated to a 

tricoordinated Al site (i.e. with the Al-O bond broken). 73  However, the much lower frequency 

within zeolites with respect to silica and silica-alumina, led the authors to conclude about the 

remanence of a strong interaction between the Si-OH and the aluminum atom. Early quantum 

chemistry calculations corroborated the assignment of the IR feature to bridging OH groups as 

shown in Figure 3-a.72,87 Since then, many first principles studies have confirmed this 

assignment, and have brought an additional level of detail when several bands in this spectral 

zone are observed. 

In particular, in the case of ZSM-5, this band appears close to 3610 cm-1.85,88–90 A 

combination of Varying Temperature Infrared spectroscopy, OH-OD exchange, and DFT 

calculations, led to the proposal of the acid sites are specifically located on given O atoms 

associated with specific T sites in the MFI structure.91 Such an assignment, however, remains 
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debatable, in particular for the MFI framework, considering the number of non-equivalent sites, 

the very narrow interval of experimental O-H elongation frequencies (generally, less than 10 

cm-1), versus the large variations of computed frequencies due to hydrogen-bonds, usually over-

estimated by DFT calculations. Recently, thanks to DFT calculations, a distinction could be 

made between the bridging OH groups perturbed/unperturbed by EFAls (Extra-Framework 

Aluminum species), responsible for higher/lower frequencies in infra-red, observed 

experimentally thanks to temperature variations combined with a Fourier self-deconvolution of 

the signal (Figure 3-b).85  

 

Figure 3. (a) IR spectra of activated protonic zeolites, with assignment of the spectra as proposed in ref. 22. 

Reprinted with permission from ref 22. Copyright 2015 Royal Society of Chemistry (b) Assignment of IR spectra 

in the O-H stretching zone as found by DFT calculations, for the ZSM-5 zeolite, accounting for external surface 

sites and EFAls. Reprinted with permission from ref 85. Copyright 2021 American Chemical Society.  
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Regarding Mordenite, two components can be deconvoluted within the asymmetric 

band, qualified as high frequency (HF, 3612 cm-1) and low frequency (LF, 3585 cm-1) 

components.22,92 A common assignment follows the location of the acid sites, the HF band being 

assigned to bridging OH groups hosted in the straight 12MR channel, the LF one being assigned 

to OH groups pointed to the 8MR pocket. This assignment was proposed on the basis of probe 

molecules adsorption experiments (pyridine, benzene, cyclohexane, CO, among others), 

showing a stronger decrease of the HF band with respect to the LF one, in agreement with the 

respective accessibility of the sites towards the probe molecule.92–95 However, DFT calculations 

do not reproduce this distinction so clearly,18,78,96,97 suggesting a mix within HF and LF bands 

or sites located at 12MR or 8MR. Sastre et al. found that the electrostatic field around each 

bridging OH group is the influential parameter, due to the inclusion of rings of variable size at 

the local level, but not at the channel or pocket level.18 Isolated sites, found both in 8MR and 

12MR, would be responsible for the HF band, whereas H-bonded sites, also found both at 8MR 

and 12MR, for the LF one. A deconvolution of the O-H stretching signal into three (instead of 

two) components was proposed by Marie et al.98 The authors invoked the sites located at the 

intersection between the 12MR channel and the 8MR pocket to be at the origin of the third 

component.  

  For zeolite Y (FAU), the splitting between the high frequency band (HF, close to 3650 

cm-1) and the low frequency band (LF, close to 3550 cm-1)73,99,100 is much larger than in the 

case of Mordenite. Since the LF band does not interact with weakly basic molecules101 it was 

assigned to OH groups pointing into the sodalite cage, while the fully accessible HF band was 

ascribed to OH groups pointing into the supercage (Figure 3-a).99 Jacobs and Mortier 

rationalized the difference in the OH stretching frequencies by a difference in the electrostatic 

field strength, which is related to the size of the ring.102 In this case, the DFT computed 

frequencies corroborate the empirical assignment.103  
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1H magic angle spinning (MAS) nuclear magnetic resonance (NMR) has also been often 

used to characterize the bridging OH groups in various zeolites, although it is less routine than 

infra-red. A certain level of symmetry with respect to the FTIR observations is often reported. 

In the case of ZSM-5, most bridging OH groups resonate close to 4 ppm.37,41,85,104 For Faujasite, 

similar as in infra-red, two signals are distinguished, one close to 3.9 ppm  and the other one 

above 4 ppm (depending on the reports, 4.6 – 4.9 ppm), assigned to protons pointing towards 

the supercage and sodalite cage respectively,37,105 in agreement with theoretical calculations.106 

In the presence of excess water, a signal at 9 ppm was observed in ZSM-5 and assigned to 

hydrated hydronium ion.107  

We are currently not at the stage where we can easily identify the position of the bridging 

OH group (including the position of the Al atom) giving rise to a specific spectroscopic feature 

for any zeolites (either IR, or 1H NMR). DFT calculations have been used to quantify the 

respective stabilities of the sites as a function of the T site location for Al, and O position for 

H. However, in most cases, whatever the zeolite topology, the difference in stability between 

the most and least stable site is around 50 kJ.mol-1 at most.78,80,81,97,108–117 In practice, the Al 

location is thought to be mainly dictated by the local environment in the synthesis medium, thus 

in solution, in the presence of alkali cations and/or a structure directing agent.118,119 Thus, the 

rather moderate energy difference from one site location to another, does not constitute a 

dominant driving force for the final location. However, the combination of experiments and 

DFT calculations may be more conclusive, as discussed above for the interpretation of infra-

red spectra of ZSM-5.91 27Al MQ MAS NMR was used in this spirit to gain some insight in the 

location of framework aluminum atoms in terms of T site, comparing the experimental and DFT 

computed spectroscopic features.120–123 Not less than 6 and 10 lines could be identified and 

assigned to specific T sites for ZSM-23121 and ZSM-5,120 respectively. In the presence of the 

tetrapropylammonium cation, Dib et al. proposed an approach combining 29Si-27Al NMR 
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correlations and DFT calculations to locate preferred T-site positions of Al.124 The origin of 

this preferential location was found to be the Coulomb interaction between Al and the 

alkylammonium cation. Similar reasoning had formally been at the origin of the proposal of the 

location of Al atoms in the EUO framework either in the 10MR channel and 12MR side pockets 

(in the EU-1 zeolite) versus at the intersection of these (for the ZSM-50 zeolite).125 Neutron 

diffraction later confirmed this.126 Notably, X-Ray standing waves analysis led to a successful 

determination of the location of Al atoms in scolecite,127 but, to the best of our knowledge, has 

never been successfully transposed to other zeolites so far. More recently, resonant X-ray 

powder diffraction across the Al K edge was successfully employed to identify aluminum siting 

in several ferrierite samples.128 A combination of 27Al NMR, EXAFS and DFT molecular 

dynamics simulations also led to the identification of the most probable Al siting in zeolite Beta 

samples.129 These techniques are far from routine, and it can be noted that successful results are 

reported each time for a different zeolite framework, showing that there are still efforts to be 

done to solve this question in a universal manner.  

Another important factor is the proximity of Al atoms (and hence of acid sites) in the 

framework, i.e. the presence of Al “pairs” (separated by Si). AlSiAl sequences can be detected 

by the 29Si NMR spectrum, but some of these pairs may be located in opposite walls of a pore 

channel, i.e. they would not always be able to cooperate in catalytic reactions.118 Al pairs in the 

same channel/cavity can be quantified by the ion exchange capacity of divalent cations, like 

Co2+ or Cu2+, provided that the exchange is carried out under conditions, which avoid hydrolysis 

(and hence oligomerization) of the hexaaqua complexes of the respective cations.  In the case 

of Co2+, one can potentially go further and determine specific cation sites from the UV-VIS 

spectra, i.e. identify the rings where the Al pairs are located,118 but this method has recently 

been challenged, a) because of the difficulty to avoid formation of Co oxide clusters (or dimers) 
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and b) because of the insufficient specificity of the UV-VIS bands used for identifying the 

different sites.130  

Probe molecules have been extensively used to quantify the Brønsted acidity of bridging 

OH groups in zeolites. Adsorption/desorption measurements are performed thanks to numerous 

analytical techniques, including infra-red spectroscopy. It is beyond the scope of the present 

review to account for all the achievements in that respect. Detailed information can be found in 

numerous previous reviews.22,131–133 The Brønsted acidity is defined as the thermodynamic 

ability of the species under consideration to donate a proton to another species, called the base.9 

It is thus natural to relate this to the deprotonation energy (DPE) of the acid site, which has been 

done very early by quantum chemistry approaches.32,72,111 Correlations between the DPE and 

the T-O-T angles were found based on small cluster calculations,134 but these trends tend to 

disappear in more recent reports,106,135,136 showing that the DPE depends on many local effects 

that cannot be captured by a single angle. Notably, the DPE value obtained with clusters 

converges very slowly with cluster size,137 whereas DPE values extracted from periodic 

calculations are not truly reliable, due to the problem of the electroneutrality of the cell, 

compensated after proton removal by a positive background charge.136,137 Recently, a method 

associating both formalisms was proposed. It shows that Brønsted acidity decreases when the 

density of the zeolite increases,137 which echoes the relation found by Rybicki et al. between 

the DPE and the dielectric constant of the zeolites.135,138  

The equilibrium constant of the acid-base equilibrium, however, depends on the 

properties of the acid site (here, the bridging OH group of the proton exchanged zeolite) and of 

the base for the reactant side, but also on the stability (in terms of Gibbs free energy) of the 

reaction products, which are the conjugated base of the acid and the conjugated acid of the base, 

often in interaction one with the other. This is illustrated in Figure 4-a (pyridine playing the 

role of the base). In the case of zeolites, the interactions in the {conjugated base, conjugated 
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acid} pair, including framework atoms, are of tremendous importance, and reflect the evolution 

of confinement effects upon proton transfer. Notably, some probe molecules (such as CO) do 

not involve a proton transfer, thus here the equilibrium is balanced differently in terms of 

covalent, electrostatic and van der Waals interactions.133,139,140 Finally, these acidity 

characterizations need to be correlated to catalytic properties, for which the molecules to be 

transformed differ (both in terms of basicity and confinement effect) from usual probe 

molecules. Thus, it remains a current challenge to select the appropriate probe molecule to infer 

catalytic properties of bridging OH groups of zeolites.22,140–142   

 

Figure 4. Adsorption of pyridine on acid sites present in the bulk (a) and at the external surface (c)-(e) of zeolites 

and amorphous silica alumina (ASA), according to DFT calculations. Adsorption on bridging OH groups either 

playing the role of a Brønsted acid site (a) of Lewis acid site (b), (c) Brønsted acidity of Al-(H2O) groups at the 

external surface of zeolites and ASA, (d) Lewis acidity of AlIII at the external surface of zeolites, (e) Brønsted 

acidity of Pseudo-bridging silanol groups on ASA, with M = Al or Si. Adapted from refs. 60,81 Reprinted with 

permission from refs 60,81. Copyright 2010 Wiley-VCH and 2020 American Chemical Society. 
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2.3. Lewis acidity of framework-associated aluminum sites 

Aluminum surface cations (for example on aluminas) are well-known to exhibit Lewis 

acidity, both from experimental and computational investigations.143,144 Thus, the question of 

the Lewis acidity of framework Al3+ species is open. Probe molecules such as CO or pyridine 

are well-suited to detect Lewis acid sites, giving rise to specific vibration frequencies when the 

adsorption is monitored by FTIR.22 Moreover, 27Al MAS NMR allows the monitoring of the 

evolution of coordination number of aluminum,145 that shall also take place when a basic 

molecule adsorbs on the Lewis acidic Al. However, for protonic zeolites, samples have to be 

hydrated first, otherwise some aluminum atoms are qualified as “invisible”. This is likely due 

to a strong anisotropy when the proton is bound to a given oxygen atom around the Al,146 

whereas in the presence of water, this position is averaged through fast proton jumps. 

Most often, when Lewis acid sites are detected on a protonic zeolite sample, the 

assignment to EFAl species is proposed. However, some authors propose that framework or 

framework-associated (not completely dislodged from the framework) Al3+ could exhibit Lewis 

acidity themselves, as extensively reviewed in ref.147. Recently, a correlation of the number of 

framework-associated AlVI sites detected by 27Al MAS NMR spectroscopy on hydrated 

Mordenite samples, with the number of Lewis acid sites seen by pyridine and CO adsorption 

followed by FTIR, was observed.75 The knowledge obtained on various frameworks (Faujasite, 

Beta, ZSM-5) about the reversible tetrahedral (even trigonal, as monitored by XANES at the 

Al K-edge148 or 27Al MAS NMR149,150) to octahedral coordination conversion upon 

hydration/dehydration146,151–155 led the authors to assign this behavior to framework-associated 

aluminum ions. The comparison of adsorption features with CO versus pyridine led to the 

identification of a preferred location of the said framework Lewis acid sites in the side pockets 

of Mordenite.156 Similarly, Phung and Busca proposed the existence of framework Lewis sites 
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in a H-Y sample free of extraframework species and assigned this to the coordination extension 

of aluminum.77 Their assignment of this acidity to framework Al ions is based on the 

perturbation by various probe molecules of the low-frequency band, assigned to inaccessible 

O-H groups. They proposed an approach in anti to the bridging OH group to explain this 

behavior, like the representation given in Figure 4-b.  

   Density functional calculations show that bulk framework Al sites are indeed able to 

adsorb water157,158 and pyridine81 molecules, provided the molecule approach takes place in anti 

to the bridging OH group. The latter is thus transformed in a pseudo-bridging silanol group 

(using the terminology chosen for amorphous silica-alumina surfaces60,82), where the anti Al-O 

bond is more or less elongated. Theoretically however, the maximal coordination number 

reached is five, instead of six, if the aluminum remains in its framework position. A higher 

coordination number may be reached if some additional Al-O bonds are broken, with partial 

disconnection of the Al atom.159 Moreover, the calculations suggest that the Lewis versus 

Brønsted acid site expression depends on the accessibility and stabilization of the OH group 

itself (expression of Brønsted acidity) versus that of the position in anti (expression of Lewis 

acidity).81 

Notably, some earlier experimental works assigned the Lewis acidity of zeolites to 

threefold-coordinated Si atoms obtained from the dehydroxylation action of probe molecules 

such as ammonia and pyridine.73,89 The Lewis acidity of silicon is indeed not zero, as attested 

by the possible extension of four to five of the coordination number of silicon in zeolites 

containing fluorine, as seen by 29Si MAS NMR,62,63 and in amorphous silica-alumina upon basic 

probe molecule adsorptions, as suggested by DFT calculations.60,83 However, the threefold 

coordinated state of silicon was never observed experimentally in zeolites, to the best of our 

knowledge. 

 



 

18 

 

2.4. Extraframework species and internal defects 

Aluminosilicate zeolites are often used after post-treatments, typically steaming and 

acid leaching, leading to dealumination, and leaching in basic media, leading to 

desilication.6,52,158,160 These treatments are known to give rise to mesopores and extraframework 

species (Figure 1). On top of affecting the acidic properties, mesopores and extra-framework 

species also impact mass transfer and confinement effects. Ravi et al. have very recently 

reviewed the possible EFAl structures and their impact on the Lewis acidity of zeolites.147 The 

picture is far from simple. Compiling data from various sources, Ravi et al. indeed show that 

the amount of EFAl is not correlated to the number of Lewis acid sites, thus questioning the old 

paradigm that EFAls are at the origin of Lewis acidity of zeolites. Moreover, EFAls are thought 

to have an impact on the Brønsted acidity of neighboring bridging OH groups. This effect, 

called the Lewis-Brønsted synergy, was inspired by seminal works dealing with alkane 

cracking, and will thus be detailed later in section 6.4.   

From a computational point of view, two main strategies are found in the literature for 

the understanding of the structure and the acidity of extra-framework species:28,158 i) either 

tentative structures are proposed and a ranking of stability is determined to identify the most 

likely ones, or ii) the formation mechanism of the defect itself is investigated, so as to deduce 

which sites of the zeolites are most prone to demetallation, based on a full kinetic analysis. The 

first approach leads faster to a large variety of structures, whose impact on acidity is then 

computationally investigated. The second one gives more reliable models, but in a much slower 

way. To date, these models have been restricted to the simulation of point defects and 

mononuclear extra-framework species, the propagation/condensation of which and their 

consequences on acidity need to be complemented. 

In the spirit of the first approach, isolated [Al(OH)x(H2O)n-x]
3-x complexes were first 

simulated at the MP2 level to reproduce the evolution of the coordination number of aluminum 
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(from four to six), and the impact of the charge of the EFAl on its stability.161 The latter 

parameter, tuned by protonation/deprotonation reactions, appeared to be more influential on the 

stability than the coordination change promoted by water adsorption/desorption, in the absence 

of consideration of the effect of the zeolite framework. Periodic models including the 

description of the mononuclear EFAl/framework interactions were then proposed.162,163  They 

demonstrate a significant variation in the mobility of the EFAl in the pores as a function of the 

hydration level (dehydrated forms keeping anchored on specific sites163 whereas hydrated forms 

may be mobile, as shown my ab initio molecular dynamics -AIMD-162) and as a function of the 

local topology. Mobile hydrated species are occluded in some circumstances, when a dense 

hydrogen bond network forms between the EFAl and cages (illustrated in the case of 

gmelinite162). Similar hydration-dependent stability was found by DFT simulations of the 

interaction of Al3+, Al(OH)2
+, Al(OH)3 with T6 clusters aiming at representing Faujasite.164 

Tricoordinated aluminum sites were proposed to be present in dealuminated H-Y zeolite thanks 

to the combination of MAS NMR and DFT calculations.165 The evolution of the stability of the 

EFAls in Faujasite as a function of their nucleation degree (from one to four Al atoms) was also 

addressed by periodic DFT calculations.166,167 The species containing three and four Al atoms, 

in particular [Al3O4H3]
4+ were shown to be strongly stabilized in the sodalite cage. The acidity 

of EFAls and the impact of EFAls on the acidity of the neighboring bulk bridging OH groups 

was also addressed by these computational studies. As expected, dehydrated Al3+ cations in 

Mordenite appeared to be strong Lewis acid sites as shown by the simulation of CO 

adsorption.163 Strong Lewis acidity was also found by combining T10 cluster DFT calculations 

and 31P MAS NMR for trimethylphosphine adsorption at AlIII species in dealuminated H-Y 

zeolite.165 Much more controversial conclusions were obtained regarding a possible synergy 

effect between EFAls and bridging OH groups, which acidity with respect to probe molecules 

such as ammonia, pyridine or acetone, was found to be either unaffected,165 enhanced166–168 or 



 

20 

 

reduced.169,170 The question of this synergy effect between Brønsted and Lewis acid sites in 

catalysis will be further detailed in section 6.4. 

The second computational approach was first proposed by Swang and coworkers,171 

considering the dealumination and desilication of the H-SSZ-13 zeolite by stepwise water 

dissociative adsorption. While dealumination was found to be less activated than desilication, 

the energy barriers determined in this work were prohibitive (more than 200 kJ.mol-1) due to a 

very unstable disilanol intermediate, namely a 2MR bonded by one or two pentahedral silicon 

atoms. Alternative mechanisms were proposed later for dealumination of CHA, MFI, MOR and 

FAU frameworks, avoiding such intermediates. They are based on an approach of the first water 

molecule on the aluminum atom, specifically in anti with respect to the bridging OH group, 

followed a 1,2 dissociation of water.157,172 The resulting energy barriers are much lower (close 

to 100 kJ.mol-1), and the attack appears to be regioselective for the intersection sites of H-ZSM-

5, which was confirmed experimentally more recently.120 Such low-activated mechanisms were 

also confirmed computationally for other zeolites, variable Si/Al ratios, in the presence of HCl 

and for other cations than protons.173–177 Similar anti mechanisms also appeared to be valid for 

siloxane bridge breaking.178 The cooperative role of water was also addressed recently and 

provide even lower barrier than for a stepwise water adsorption, together with alternative 

mechanisms.178–180  Most investigations of this kind make use of a GGA level of theory, within 

a periodic representation of the framework. PBE-D2 water adsorption energies were compared 

for specific configurations with a hybrid MP2/DFT scheme, which showed good agreement 

between both levels of theory.157 Recently, a more systematic study of the impact of the level 

of theory on water adsorption energy evidenced non-negligible variations (up to 50 kJ.mol-1) 

depending on the choice made (GGAs versus MP2 versus RPA).181 
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Thus, many questions regarding the structure and acidity of EFAl species still remain 

open, and, therefore, their role in catalysis raises many question marks too. This area of research 

deserves further developments. 

 

2.5. External surface sites 

Even in the absence of EFAl species, the ideal picture of an aluminosilicate zeolite 

catalyst exhibiting only bridging OH groups is far from being sufficient. Indeed, the real zeolite 

catalysts also exhibit external surface sites, at the border of the crystallites, by contrast to the 

internal surface sites, within the micropores (Figure 1). Characterizing and modelling these 

surface sites is of prime importance, especially as a current trend is to go towards smaller and 

smaller zeolite particle size, mainly with the aim of reducing mass transfer issues. Objects such 

as nanocrystals (below 100 nm),182 embryonic zeolites (below 10 nm),183 nanosheets,184 

nanoslabs,185 delaminated and 2D zeolites,4,186 are attractive in that respect.  

Infra-red spectroscopy shows the presence of numerous silanol groups at the external 

surface,22 which is expected from an interrupted condensation process (Figure 3-a). A detailed 

assignment of the 3740 cm-1 zone was proposed in the case of ZSM-5,187 making a distinction 

between terminal and geminal silanols (3747 and 3742 cm-1 respectively), expected at the 

external surface, versus internal silanols (3730-3700 cm-1). From DFT calculations, a 

distinction is made between isolated versus hydrogen-bond acceptor groups,85 both being 

expected at the external surface. Hydrogen-bond acceptors are involved in the hydrogen-bond 

by their oxygen atom (by contrast with donors that are involved in the hydrogen-bond by their 

H atom). Their signal appears between 1.3 and 2.2 ppm in 1H NMR.37,41 Here again, DFT 

calculations suggest a specific ranking between isolated silanols (below 2 ppm) and hydrogen-

bond acceptors (above 2 ppm).85 Their acidity, quantified by deprotonation energy calculations, 

is significantly lower than that of bridging OH groups.188 Al-OH groups are also observed 
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(about 3650 cm-1 and 2.6 ppm), and very often assigned to extra-framework species (see section 

2.4). DFT calculations extend these spectral zones to other kinds of groups, as will be discussed 

in the next paragraphs.85 

Computational studies have been undertaken to elucidate the surface structure of 

numerous zeolites, mainly with the goal of defining the most stable surface orientations, rather 

than getting a detailed view on the acidity of the sites.28 A few DFT studies focused on these 

aspects, by introducing Brønsted acid sites (substituting a Si4+ ion by a {Al3+,H+} pair) on 

initially purely siliceous models, for ZSM-5,79,81,85,110,135,141,189–192 Mordenite,78,193 Beta,80 

Chabazite,194 and more recently Faujasite.195 The symmetry of the framework being broken at 

the external surface, a largest variety of environments and nature of sites may be invoked. 

Surface Si-(OH)-Al groups are shown to be as stable as bulk sites. At the outermost surface 

(Figure 5-a), Al-OH close to bridging OH groups are also possible, with a specific 

spectroscopic signature at 3780 cm-1, observed as a small band experimentally.85  

DFT calculations performed for several surface orientations of zeolites H-ZSM-5, Beta 

and Y showed, however, that the most stable surface sites are not bridging OH groups, but Al-

(H2O)(OH)n species (n=0-2), the proton being harbored by the Al-OH instead of a bridging 

oxygen (Figure 5-b and c).80,81,195 The Al-(H2O) moieties are expected to give rise to an IR 

frequency between 3700 and 3650 cm-1 (Figure 5-b, usually assigned to extra-framework 

species) and a 1H NMR chemical shift of 3.8 ppm (when isolated) or close to 3 ppm (if one H 

is hydrogen-bond donor).85 The 3.8 ppm specific signal could be distinguished experimentally 

from the 4 ppm contribution assigned to bridging OH group, thanks to 1H DQ-SQ NMR 

spectroscopy.85 
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Figure 5. Some OH groups present at the external surface of zeolites, as suggested by DFT, and their behavior 

upon dehydration. (a) Bridging Si-(OH)-Al group at the pore mouth, stable towards dehydration, (b) Al-

(H2O)(OH)n (exemplified here for n = 0) with a siloxane bridge close-by, giving rise to a distorted AlIV after 

dehydration, (c) Al-(H2O) without any siloxane bridge close-by, giving rise to an AlIII species after dehydration, 

possibly in equilibrium with a 2MR. Adapted and extended from ref. 28. Reprinted with permission from ref 28. 

Copyright 2020 American Chemical Society.  

 

The dehydration temperature of the Al-(H2O)(OH)n species depends on the water partial 

pressure, but also on the local environment of the site (Figure 5-b and c). In case a siloxane 

bridge is in the vicinity of the Al atom, an additional Al-O bond forms at the same time the 

dehydration occurs. This results in a compensation of effects in terms of coordination number, 

the Al keeping a AlIV coordination state.80,81 In the case where such a siloxane bridge is not 

close enough, the aluminum atom remains three-fold coordinated after dehydration.81 It may be 

wondered whether some of the AlIII species observed on zeolites by XAS could not be due to 

such environments.148 DFT calculations also showed in the case of Mordenite and ZSM-5 that 

when a silanol group is in the vicinity of the AlIII site, the energy of the systems remains almost 

unchanged upon closing of a 2MR ring, generating a new kind of surface bridging OH 

group.85,193 By FTIR, these 2MR species are expected to contribute to the same spectral zone 

as Al-(H2O), ie between 3700 and 3650 cm-1 (Figure 3-b), whereas by 1H NMR, DFT predicts 

a contribution close to 4.5 ppm, in the same spectral range as other kinds of bridging OH 

groups.85 Conversely, upon excess hydration, the aluminum holding the surface AlIV-

(H2O)(OH)n groups are likely to be transformed into AlV and AlVI,
81 as observed experimentally 
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by 27Al NMR and XAS.75,196 Notably, Ravi et al.75 made such an observation in the case of 

Mordenite and assigned this to bulk aluminum ions, but one may wonder whether the external 

surface can also contribute to such a phenomenon, as suggested by DFT.  

Computationally, the Brønsted and Lewis acidity of external surface groups was 

quantified thanks to descriptors such as the deprotonation energy110,135,138,188,194 and the 

interaction strength with various probe molecules (CO, 80,192,197 pyridine,81,194,195,198 

ammonia,194,199 2,6-dimethylpyridine, 131 trimethylphosphine oxide141,189). From these various 

descriptors, bridging OH groups appear to exhibit similar, if not higher, acidity at the external 

surface compared to the bulk. Deprotonation energy drops at the surface due to smaller effective 

dielectric constant,135,138 an effect that is in some cases compensated by a lower confinement 

effect.81 This gives a support to the pore-mouth catalysis concept (see later section 5.3).200,201 It 

is confirmed that silanol groups are very weak Brønsted acid sites. Al-(H2O)(OH)n are predicted 

to exhibit intermediate acidity between bridging OH groups and silanols (Figure 4-c).80 The 

aluminum exposed after dehydration behave as Lewis acid sites, in particular in AlIII 

environments (Figure 4-d),81,195 including at the surface of zeolite Y. This suggest that Lewis 

acid sites also exist in the absence of EFAl (usually considered as the main source of Lewis 

acidity).195 Confinement effect was shown to play a huge role in the stabilization of the 

conjugated acid of the basic probe molecule. By DFT, adsorption configurations were found 

that maximize the corresponding interactions, in spite of the external position of the sites.81,199 

The electrostatic field was computed to be as intense in the open nanopores as in the bulk, but 

depleted at the outermost surface.80  
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3. Basics of catalysis by zeolites 

A specific feature of catalysis by microporous materials is that the reactivity is not only 

governed by the structure of the active sites, but also by the access to and the adsorption on 

these sites, i.e. by diffusion and confinement effects, as pictured in Figure 1. These points will 

be briefly addressed in the following sections.  

 

3.1. Adsorption/desorption: confinement and specific interactions 

Adsorption effects play a major role in catalysis by zeolites. Many differences in 

reactivity and selectivity of zeolites could be traced back to adsorption effects.202–205 In the case 

of bimolecular reactions it is important to tune the acido-basicity of the zeolite so that both 

reactants can adsorb in the zeolite pores.206,207 In the simple case of a single reactant in acid 

catalysis, a predominant role of adsorption is to concentrate the reactant on the active acid sites. 

This is true for all heterogeneously catalyzed reactions, but the specificity of zeolites is that the 

adsorption strongly depends on the pore size and pore geometry. The adsorption of apolar 

molecules, i.e. of hydrocarbons in general, is governed by van der Waals interactions between 

the adsorbate and the zeolite pore wall. Derouane was the first one to suggest that there should 

be an optimal fit between the size of the adsorbate molecule and the pore, which allows 

maximizing the van der Waals interactions.16 This theory was experimentally confirmed by 

Eder and Lercher, who showed that there is a good correlation between heat of alkane 

adsorption and pore size of zeolites (Figure 6). Below 0.5 nm a decrease is observed because 

repulsive interactions start to come into play.208 The experimental trend was reproduced by 

molecular simulations, which furthermore yielded important information on the preferred 

adsorption sites of the alkanes.209 In small pore zeolite with cage-like structures (RHO and 

LTA), the alkanes adopted coiled configurations inside the cages, while in other zeolites, the 
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adsorption was evenly distributed over the pore volume. Note, however, that these simulations 

were carried out for pure silica structures, i.e. the effect of specific adsorption on the acid sites 

was not considered. Experimental measurement indicate that the specific interaction with the 

acid sites increases the heat of adsorption by 7-10  kJ.mol-1.210  

 

Figure 6. Relation between pore size and heat of adsorption of alkanes. Reprinted with permission from ref 208. 

Copyright 1997 American Chemical Society.  

 

The adsorption constants of alkanes generally increase with increasing heat of 

adsorption (i.e. with a more negative adsorption enthalpy), but the increase is counterbalanced 

by the concomitant decrease of the adsorption entropy. This phenomenon is called the 

compensation effect;211 it is especially pronounced for small pore zeolites where the loss of 

degrees of freedom upon adsorption is more pronounced.212 If the hydrocarbon loadings are 

low (gas phase, low pressure), the selectivity in the adsorption of mixtures can be well predicted 

by the relative affinity of the single components.213 Heavier molecules are generally more 

strongly and therefore selectively adsorbed. However, under conditions where the pores are 

saturated with adsorbates (i.e. under liquid phase conditions), the adsorption is not any more 

governed by the affinity of a single adsorbate with the zeolite pore, but by the efficiency of 

packing of the mixture into the pore volume. For entropic reasons, the molecules which occupy 

the smallest volume are selectively adsorbed because they allow packing a maximum number 
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of molecules into the available pore space. This can lead to an inversion of the adsorption 

selectivity compared to gas phase conditions, i.e. the preferential adsorption of a smaller 

molecule (size entropy effect)214 or of the more branched molecule (configurational or length 

entropy effect).215,216    

 

3.2. Diffusion 

The acid sites of zeolites are generally located within the micropores. Reactants must 

diffuse through these micropores to access the acid sites. Especially in the case of medium and 

small pore zeolites, the micropore diffusion process may be slow and strongly affect the 

reactivity. Strong differences in the diffusion rate of different reactants or products are, by the 

way, at the origin of some of the famous shape selectivity effects of zeolites.217 In the case of 

ZSM-22, ZSM-23 and SAPO-11 it has been shown that the isomerization of alkanes is actually 

only taking place at the pore mouth, because the diffusion of alkanes into the bulk of the crystal 

is extremely slow. 200,201,218  This leads to a very selective branching near to the end of the 

paraffin chain on these zeolites. Moreover, surface barriers play an important role. Especially 

for small zeolite crystals, the molecule transfer from an adsorbed state on the external surface 

of the crystal into the pore entrance is the rate limiting step of molecular transport.219–221 It is, 

thus, not surprising that the nature of the external surface and the presence of active acid sites 

on the latter can have a significant impact on the reactivity of zeolites.   

 

3.3. Intrinsic kinetics versus effective kinetics 

Measurements of the kinetics of zeolite catalyzed reactions in the gas phase are usually 

carried out in fixed bed reactors under plug flow conditions. The measured rate constants are 

effective rate constants, which encompass the contribution of diffusion and adsorption effects 

to the overall reactivity. Computational studies at the atomic scale, on the other hand, give 
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information on the activation barriers of a molecule adsorbed on a given acid site, i.e. on the 

intrinsic rate constants, and usually do not consider diffusional rate limitations. For a proper 

comparison between measured and calculated rate constants, (i) the absence of diffusional 

limitations should be ensured, (ii) the rate constant should be normalized by the number of 

active sites in the catalyst.   

Concerning the influence of diffusion, it is important to recall that the relevant criterion 

is not the absolute rate of diffusion, but the relative rates of reaction vs. mass transport, 

expressed by the ratio R²k/D, where k is the rate constant, R the characteristic length of the 

diffusion path (for a spherical particle the radius) and D the diffusion coefficient. The square 

root of this ratio is the Thiele modulus; it must be lower than 0.1 to ensure the absence of 

diffusional limitations. However, estimation of the Thiele modulus may be challenging due to 

the difficulty of estimating a representative diffusion coefficient. Ideally, non-equilibrium 

transport diffusion coefficients in zeolites relevant to the reaction conditions should be used, 

that take into account mixture and pressure effects. Caution must be taken when using diffusion 

coefficients from Pulse Field Gradient NMR (PFG-NMR) experiments, because it yields 

autodiffusion coefficients (i.e. in the absence of a concentration gradient), which may be up to 

three orders of magnitude higher than transport diffusion coefficients.222,223 Diffusion 

coefficients obtained from gravimetric uptake experiments or chromatographic methods are 

generally more suitable for calculating a Thiele modulus, even if they do not take into account 

mixture or pressure effects (the temperature effect should ideally be extrapolated from an 

Arrhenius plot), but these approximations may be judged acceptable for a rough estimation of 

the Thiele modulus, which may be sufficient in many cases. While numerous diffusion data are 

available for hydrocarbons in the gas phase, few relevant data is available in the presence of a 

solvent, for instance in the case of the conversion of carbohydrates. In the case of 10MR zeolites 

like ZSM-5, the diffusion of (di)branched alkanes and aromatics is extremely slow, in the order 
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of 10-16 to 10-17 m2.s-1 (these are effective diffusion coefficients obtained by fitting reactivity 

data or transient experiments).224,225 For dibranched alkanes the characteristic times of diffusion 

R2/D are in the order of 103-104 s,226 i.e. it is highly likely that diffusion becomes limiting for 

reactions involving these molecules. In the case of 12MR zeolites like USY Faujasites, the 

reported diffusion coefficients for n-paraffins are several orders of magnitude higher, i.e. 10-8 

to 10-10 m2.s-1.227–229 Diffusion limitations are, therefore, less likely, but cannot be ruled out for 

fast reactions (k > 100 s-1). The usual experimental verification of the absence of diffusional 

limitation consists in varying the crystal size; in a reaction-controlled regime the crystal size 

should not have any impact on the reaction rate. In practice, however, it is challenging to vary 

the size of zeolite crystals without changing at the same time their acidity,230–233 which makes 

interpreting kinetics as a function of crystal size extremely difficult.234  

The normalization of the reaction rate by the number of acid sites is another critical issue. 

There are numerous methods of measuring the number of acid sites in a zeolite. To cite a few 

of them: 

• Multiplying the Al content of zeolite by the fraction of framework Al, determined by 

NMR, with possible corrections by the sodium content235, although some species are 

not detected by 27Al NMR (called “invisible Al”) 

• Using the high temperature desorption peak of the NH3 temperature programmed 

desorption (TPD), after proper calibration236–238 

• Measuring the amount of strongly adsorbed protonated pyridine by IR spectroscopy, 

applying appropriate extinctions coefficients239  

• Quantifying the peak of the bridging Si-(OH)-Al groups in the 1H NMR spectrum, 

after proper deconvolution85 

• TPD of n-propylamine or iso-propylamine240 



 

30 

 

Each of these methods has some shortcomings and ambiguities. In the 27Al NMR spectrum, the 

question arises whether the distorted tetrahedral (or pentacoordinated) Al species should be 

counted as acid sites or not.241 NH3 TPD profiles are usually very broad and need to be 

decomposed to distinguish physisorbed NH3 and NH3 adsorbed on “strong” acid sites, the 

definition of strong being sometimes arbitrary.236 Moreover, NH3 TPD generally does not allow 

for distinguishing Brønsted and Lewis acid sites.242 IR detection of pyridinium ions selectively 

probes Brønsted acid sites capable of protonating pyridine.22 Weakly bonded pyridinium ions 

are eliminated by evacuation at different temperatures. The evolution of adsorbed amount of 

pyridinium ions as a function of the desorption temperature is related to an acid strength 

distribution, but as in the case of NH3 TPD the concept is ill defined and purely empirical. 

Moreover, the published extinction coefficients vary significantly.239 In 1H NMR, the bridging 

silanol groups are detected directly (not via probe molecules) and quantification is more 

straightforward, but if H-bonding occurs the chemical shift distribution becomes very broad 

and a proper decomposition is difficult. Some works have reported good agreement,243 but in 

other cases significant discrepancies between the different methods have been observed.244 

To deduce activation barriers and activation entropies from kinetic measurements, the 

Eyring formalism is frequently used.245 In the absence of diffusion limitations, the reaction rate 

of a heterogeneously catalyzed reaction of first order with respect to the adsorbed reactant is 

the product of the concentration of acid sites (n), the coverage by reactant () and the intrinsic 

rate constant (kint).  

   𝑟 = 𝑛 ∗ 𝜃 ∗ 𝑘𝑖𝑛𝑡                                                               Eq. 1           

For gas phase reactions at low coverage, the coverage is Kads*p, where Kads is the adsorption 

equilibrium constant of the reactant, and p its partial pressure. The rate normalized by the 

number of active sites is, therefore,  
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𝑟

𝑛
= 𝐾𝑎𝑑𝑠 ∗ 𝑘𝑖𝑛𝑡 ∗ 𝑝 = 𝑘𝑎𝑝𝑝 ∗ 𝑝                                                                    Eq. 2        

Kads can be expressed by the adsorption enthalpy and entropy, while k is expressed via the 

activation enthalpy and the activation entropy in the Eyring formalism.  

     𝑘𝑎𝑝𝑝 = exp (−
∆𝑟𝐻𝑎𝑑𝑠

0

𝑅𝑇
) exp (

∆𝑟𝑆𝑎𝑑𝑠
0

𝑅
) ∗

𝑘𝐵𝑇

ℎ
∗ exp (

∆𝑟𝑆
‡

𝑅
) exp⁡ (−

∆𝑟𝐻
‡

𝑅𝑇
)                            Eq. 3 

 

kapp is the measured rate constant normalized by the number of active sites. Plotting then 

ln(kapp/T) vs 1/T. (Eyring plot, Eq. 4), yields the sum of the adsorption and the activation 

enthalpies as its slope while the sum of the adsorption and activation entropies is determined 

from the intercept.  

𝑙𝑛 (𝑘𝑎𝑝𝑝
ℎ

𝑘𝐵𝑇
) =

∆𝑟𝑆𝑎𝑑𝑠
0 +∆𝑟𝑆

‡

𝑅
−

∆𝑟𝐻𝑎𝑑𝑠
0 +∆𝑟𝐻

‡

𝑅𝑇
                              Eq. 4 

Note that some authors use an Arrhenius plot, i.e. ln(kapp) vs 1/T. In this case, the slope is the 

sum of the adsorption enthalpy and the activation energy, the latter differing from the activation 

enthalpy by the quantity RT. The Eyring approach is more rigorous for the determination of 

intrinsic kinetic parameters. 

The adsorption parameters are usually obtained by separate measurements, which allows 

for determining the activation parameters Hact and Sact. Systematic errors in the 

determination of the rate constant or the number of active sites will affect the entropy term. 

Additionally, an error in the determination of apparent activation energy (i.e. the slope of the 

Eyring/Arrhenius plot) of 3 kJ.mol-1 (which is quite a conservative estimate) will, at 773 K, 

translate into an error of ~4 J.mol-1K-1 in the entropy term. For calculating the activation 

entropy, the adsorption entropy must be subtracted, which itself has an uncertainty of several 

J.mol-1K-1. One should, therefore, be very careful in interpreting small differences in the 

activation entropy as they may fall into the uncertainty of the measurements.    
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4. Stability of carbocations in zeolites 

As it will be shown in the following sections, carbocation chemistry is believed to be at the 

core of the mechanisms of hydrocarbons transformations in zeolites. Analogy with knowledge 

obtained in superacid media led to such a proposal.246 Carbocations may belong to two main 

families: carbenium ions (classical trivalent cations of carbon compounds, Figure 7-a) and 

carbonium ions (nonclassical penta or tetracoordinated three-center bound cations, Figure 7-

b).247 Notably, earlier terminology only made use of the “carbonium” label, for both classes of 

cations. Some authors currently mix both terminologies to date, which we do not do in the 

following. Carbenium ions may be formed after proton transfer to an alkene (which, in its non-

protonated adsorbed form at the bridging OH group, is called a π-complex), or by cleaving a 

carbonium ion (see later section 6), whereas carbonium ions may be obtained after protonation 

of an alkane, or addition of a carbenium ion on a C-C bond.6 

 

Figure 7. Examples of (a) carbenium (from alkene) and (b) carbonium (from alkane) ions possible structures. 

 

However, isolating carbocation intermediates is challenging due to their usually short 

lifetime.246 Highly resonant forms were observed in zeolites.25,246,248–256  In particular, stable 

alkylcyclopentenyl ions could be observed directly by 13C CP MAS NMR (Figure 8-a)254,257–

262 UV-Visible263 and infra-red spectroscopy,263,264 in line with DFT calculations.265 

Conversely, only indirect evidence was given of short-lived carbenium ions.21,266–268 13C 

scrambling was observed after adsorption of butenes in various zeolites, assigned to the 
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existence of protonated cyclopropanes (PCP), thus to carbocation species, but it was not clear 

whether such species were only transition states, or true intermediates.24  The observation of 

tert-butylammonium by 1H and 13C MAS NMR, assigned thanks to DFT calculations, after 

reacting ammonia with tert-butanol, was interpreted as a proof of the existence of the tert-butyl 

ion itself.269,270 Conversely, oligomerization products (mainly, from alkenes) and alkoxides 

(mainly, from alcohols) are easily observable in zeolites by 13C MAS NMR and 

FTIR.21,24,246,257,266–268,271–276 Alkoxides are formally obtained by formation of a C-O bound 

between a carbenium ion and a framework oxygen atom, as illustrated in Figure 9. 

 

Figure 8. (a) 13CP MAS NMR spectrum of the C7H11
+ cation formed upon ethylene adsorption and reaction on H-

ZSM-5. Adapted with permission from ref. 259. Copyright 2001 American Chemical Society. (b) top: 13CP MAS 

NMR spectrum of 2-norbornene reacted with H-ZSM-5 at 373 K, bottom: experimental and computed (into 

brackets) chemical shifts of 2-norbornene and of the non-classical ion obtained upon protonation in H-ZSM-5. 

Reprinted with permission from ref. 277. Copyright 2021 John Wiley and Sons. 

 

Earlier quantum chemistry calculations, in the 80’s and early 90’s, using small cluster 

models at semi-empirical or Hartree-Fock levels, concluded that carbenium ions were transition 

(a)

(b)



 

34 

 

states along the formation pathway of alkoxides, calculated to be local energy minima.278–285 It 

was afterwards shown, however, that such a conclusion could be impacted by several factors, 

beside the nature of the carbenium ion itself - primary versus secondary versus tertiary, and 

variation of chain length.285–289 First, the consideration of confinement effect in the model is 

crucial. Going from small clusters (with only one to three T sites) to much larger ones 

(encompassing the description of a complete cavity) or to periodic models, as it was undertaken 

starting from the second half of the 90’s, leads to an enhanced stabilization of charged species 

such as carbenium ions.170,290–297 It also reveals steric constraints for the formation of alkoxides, 

depending on the local topology around each T site, preventing in some cases the formation of 

the C-O bond.286,298,299 Second, the level of theory used in the calculation has a strong impact 

on the respective energies of alkoxides and carbenium ions.285,286,300–302 In the prototypical case 

of the tert-butyl ion formation starting from isobutene, hybrid QM/QM approaches at the 

MP2:PBE level demonstrated that the carbenium ion becomes a local energy minimum at this 

level of theory within Ferrierite, whereas it was not the case at the GGA level (Figure 9-a).301 

Finally, thermal effects were shown to favor carbenium ions with respect to alkoxides. This 

was first demonstrated by static approaches, accounting for the vibrational degrees of freedom 

of adsorbed species, possibly with constrained translational and rotational movements of 

carbenium ions, as the later are disconnected from the framework, contrary to 

alkoxides.269,295,297,303,304 More recently, this also appeared from ab initio molecular dynamics, 

starting from alkenes of various sizes.305–308 However, due to constraints of computational 

resources, combining a high level of theory (beyond GGA) and AIMD is highly challenging. A 

few very recent achievements have been reported, that open the door to more systematic 

investigation of this question in the near future.302 At the GGA+dispersion level of theory 

currently accessible for AIMD of hydrocarbons in zeolites, secondary carbenium ions are not 
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always deep free energy minima, and easily lead to spontaneous transfer of the proton to the 

zeolite framework, yielding the corresponding π-complex.306,309,310  

Notably, most investigations cited so far deal with the stability of carbenium ions in the 

bulk structure of zeolites, in the vicinity of bridging Si-(OH)-Al groups. The picture is much 

less detailed at sites located on the external surface of the zeolites, or on amorphous zones. 

From periodic PBE+D2 calculations, the formation of a tertiary carbenium ion from isobutene 

appeared to be as favorable at bridging OH groups in open micropores as in the bulk (Figure 

9-b).80 This is again a confirmation that pore mouth catalysis may take place. However, the 

formation of the carbenium ion appeared to be not feasible at Al-(H2O) acid sites at the 

outermost surface, confirming the milder acidity of these groups (as mentioned in section 2.5). 

DFT calculations performed on amorphous silica alumina models moreover demonstrated that 

the carbenium ion is a local energy minimum only at PBS-Al sites (Pseudo-Bridging silanol 

groups pointing closing with an aluminum atom), but with a high energy penalty with respect 

to the alkoxide and π-complex (Figure 9-b).295   

 

 

Figure 9. (a) Potential energy surfaces for species formed upon isobutene adsorption in the ferrierite zeolite, 

computed at the PBE level (left) and with a hybrid MP2/PBE method. Adapted with permission from ref 301. 

Copyright 2010 John Wiley and Sons. (b) DFT+D2 energy diagram comparing the stability of various forms of 

adsorbed isobutene on amorphous silica alumina (ASA) (PBS-Al and Al-(H2O), values taken from ref.295) and 
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zeolite Beta (bulk and surface sites80). ΔrU is referenced to gas phase isobutene. Reprinted with permission from 

ref. 80.  Copyright 2017 John Wiley and Sons. 

 

Protonated aromatic rings are important compounds in acid-catalysis by zeolites, as 

illustrated in sections 7 and 10. Alkylbenzenes protonated at the aromatic cycle (so-called 

Wheland-type intermediates) were observed experimentally in Beta and ZSM-5 zeolites thanks 

to infra-red and UV-visible spectroscopies.311,312 Heptamethylbenzenium was also 

characterized in several occasions, in particular by 13C MAS NMR,313 and its stability in various 

zeolites confirmed by DFT calculations.313–316 Computationally, several kinds of other 

substituted Wheland complexes were found to be local (free) energy minima in zeolites,299,317–

323 including recently by AIMD,324–326 although the local minimum is shallow, with a poorly 

activated proton restitution to the zeolite framework, due to the non-aromatic character of the 

Wheland complex. Moreover, carbenium ions held by lateral alkyl chains when conjugated with 

the aromatic ring are also local energy minima,291,320,321 characterized by fluorescence 

microscopy.327 

Carbonium ions are basically formed by protonation of an alkane. For a long time, no 

carbonium ion could ever be observed as a stable species within a zeolite. The H/D exchange 

reaction of neopentane over D2O exchanged zeolites was assigned to the participation of 

carbonium ions.328 In 2021, Tang and coworkers277 reported the in situ observation of the 2-

norbornyl cation in ZSM-5 by 13C MAS NMR combined to DFT ab initio molecular dynamics 

calculations. Natural density partitioning analyses demonstrated the non-classical nature of the 

ion, which appeared to be stable along a 25 ps AIMD trajectory at 298 K, and to give rise to a 

specific signal at 133 ppm in 13C NMR (Figure 8-b).    

Earlier small cluster calculations found no carbonium as being stable as local energy 

minima, but found such species as transition states.32,281,329,330 Later first principles calculations, 

however, conclude that the ions coming from the protonation of butane290,298,331   pentane332 and 
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hexane333,334 are shallow local energy minima after protonation of the corresponding alkanes 

by a bridging OH group. This is also the case for protonation of propane in several zeolites, as 

found recently by a MP2/DFT+D2 hybrid method (including CCSD(T) corrections).335 The 

protonated C-C bond is predicted to be elongated, if not broken after protonation (see 

intermediate IM in Figure 28). Similar observations as for carbenium ions were made for 

carbonium ions, in terms of electrostatic stabilization when periodic cells are chosen to model 

the system instead of small clusters,290,336  of impact of the level of theory that affects the shape 

of the energy landscape and impacts the intermediate versus transition state nature of the 

carbonium.290,336  

Protonated cycloalkanes, in particular protonated cyclopropanes (PCP) are another 

important class of non-classical carbocations. They consist in a hydrocarbon containing a 

cyclopropane ring, itself holding an extra proton. They have been invoked for a long time as 

important species in carbenium ion isomerization reactions in superacidic media, and by 

extension in zeolites, but whether they are intermediate or transition state has remained 

unclear.6,337–339 To the best of our knowledge, such species have never been observed 

experimentally, except for the species obtained upon protonation of 2-norbornene shown in 

Figure 8, that actually belongs to the PCP family. Several kinds of PCPs have been 

distinguished (Figure 10).  

 
 

Figure 10. Various kinds of PCP structures (noted PCP+ in ref 340). Calculations reported in ref. 340 support the 

preference for the meso-PCP form. Reprinted with permission from ref. 340. Copyright 2016 American Chemical 

Society.  
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Earlier extended Hückel calculations suggest for the simplest  PCP C3H7
+ the possibility of 

forming the corner-protonated isomer.341 Semi-empirical calculations on non-optimized 

structures then suggested that the edge-protonated species is the most stable.342,343 Geometry 

optimizations (aiming at identifying local energy minima) were led for isolated species and 

revealed a “methyl-eclipsed” (Figure 10) structure,344 that was found to be a relevant form of 

primary carbenium ions.340 Some more recent ab initio calculations, including AIMD and 

coupled-cluster calculations, suggest that both edge and corner-protonated PCPs behave as 

transition states instead of reactions intermediates,115,310,340,345–350 although a PCP ion of very 

low lifetime was invoked as an intermediate in alkene methylation mechanism.351 The corner 

PCP transition state containing seven carbon atoms in the Chabazite zeolite cage, appeared to 

be much more stable than the corresponding edge PCP, both for electronic and dynamics 

reasons.345 Due to the easy rotation of the CH3 group of the corner-protonated PCP, averaging 

of its asymmetry leads to an in average symmetric PCP, contrary to the edge-protonated PCP. 

Thus, again, the level of theory and the consideration of thermal effects have a dramatic impact 

on the estimation of the stability.340 

 The existence and stability of these various kinds of charged hydrocarbons within 

zeolites is at the core of mechanism proposals made for most reactions detailed afterwards in 

this review. Identifying these species experimentally, or clearly evaluating their stability by 

computational chemistry, remains a challenge so far. 

 

5. Transformation of alkenes and bifunctional transformation of alkanes 

Although the direct conversion of alkenes in zeolites may be carried out, the high coverage 

of acid sites by alkenes leads to various reactions (bimolecular hydrogen transfer, alkylation, 

polymerization…) that greatly complexify the kinetic analysis. Thus, the chemistry of the 
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transformation of alkenes is mainly studied on a fundamental point of view via the bifunctional 

transformation of alkanes, where alkenes are generated in situ by dehydrogenation reactions. 

This results in lower coverages which largely simplifies the reaction schemes. When 

bifunctional catalysis is at stake, two catalytic functions are required: a hydro/dehydrogenating 

function and the acidic (zeolite) function (Figure 11). After the dehydrogenation step, alkenes 

are protonated on the zeolite Brønsted acid sites and their transformation is believed to be linked 

to carbenium ion chemistry.352–354 The olefinic products are then hydrogenated on the metallic 

phase and desorbed from the catalyst. Because of their practical interest, bifunctional catalysts 

have been vastly studied in the literature. Describing the conditions for a good synergy between 

the two catalytic functions is beyond the scope of this review, and the reader can read about this 

topic elsewhere.355,356 Operating conditions associated with the bifunctional conversion of 

alkanes are very broad. Temperatures typically range from 473 K to 773 K, the total pressure 

from 0.1 to 7 MPa, the hydrogen to hydrocarbon molar ratio from 10 to 400.356,357,350,358 The 

operating conditions markedly impact the coverage of Brønsted acid sites with carbenium ions, 

as illustrated by a kinetic modelling study of n-octane hydroconversion on Pt/H-USY 

catalyst.354 Increasing the total pressure higher than 1 MPa results in coverage of Brønsted acid 

sites below 0.05, due to the shift of the dehydrogenation equilibrium disfavoring the formation 

of olefins. Extremely low coverage values were also reported for n-heptane hydroconversion 

on Pt/H-Beta catalyst studied by a multiscale kinetic modelling approach.350 The coverage of 

Brønsted acid sites is also influenced by the nature of the zeolite which impacts its protonation 

and physisorption properties.354 In the following, we describe isomerization, cracking and 

oligomerization reaction mechanisms catalyzed by the zeolite phase. 
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Figure 11. Bifunctional mechanism for hydroisomerisation and hydrocracking, from357 

 

5.1. Skeletal isomerization 

For acyclic molecules, two kinds of skeletal isomerization can take place, namely type 

A or type B. In type A isomerization, the branching degree of the carbocation is not modified 

whereas it increases or decreases for type B isomerization (Figure 12). Both reactions mainly 

occur via a monomolecular mechanism, although a bimolecular mechanism has also been 

reported for n-heptane isomerization over Pd/H-Beta zeolite catalysts,359 and for butene 

isomerization (see section 5.5). Type A isomerization occurs orders of magnitude faster than 

type B6,356,357 although both reactions proceed via cyclic carbonium ions like protonated 

cyclopropane (PCP).6 The intermediate versus transition state nature of the PCP has long been 

debated, as discussed in section 4.  Most recent computational investigations conclude that edge 

and corner protonated PCPs are not local energy minima but saddle points of isomerization 

reactions,115,310,340,345–350 even if some “meso” forms of PCP are actually closed forms of 

primary carbenium ions intermediates.340 Type B isomerization was proposed to require a 

corner-to-corner proton jump of the PCP. This slow step is not required for the type A 
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isomerization and was suggested to be at the origin of the difference in rate between the two 

reactions.360 This intuition was confirmed by recent AIMD results, obtained thanks to the blue 

moon sampling approach, for the isomerization of tertiary C7 carbenium in the Chabazite 

zeolite.345  

 

  

Figure 12. (a) Type A and (b) type B isomerization of carbenium ions (after protonation of the alkene), (c) Type 

A1 and (d) Type A2 distinctions specific to the cyclic carbenium ions.  (a) and (b) adapted from 357. 

 

A much lower free energy barrier was found for type A isomerization compared to type B. This 

is primarily due to the different protonated cyclopropane at stake for each reaction. The edged-

protonated cyclopropane associated with type B isomerization has indeed a lower stability than 

the corner-protonated cyclopropane associated with type A isomerization (Figure 13). This was 

assigned to enthalpic terms, due to the tighter nature of the edge-PCP with respect to the corner-
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PCP, and likely to entropic terms, as AIMD demonstrates a much higher mobility of the 

protonated CH3 moiety of the PCP, with an easy rotation of this CH3 above the C-C bond, which 

is not the case for the much more constraint edge-PCP. Such simulations moreover show that 

PCPs are highly mobile in the zeolite cavity, an effect that is not considered by static 

calculations, thus leading to a large overestimation of the free energy barrier.345 Hence, AIMD 

methods are required to properly investigate such mechanisms.  

 

 
Figure 13. Free energy profiles computed using the blue moon ensemble approach for (a) type A and (b) type B 

isomerization of C7 carbocations in chabazite. Reprinted with permission from 345. Copyright 2019 Elsevier. 

 

Stabilization of the PCP transition state in a local microporous environment is a function of 

various energetic factors, that could be formally decoupled via thermochemical cycles.361 

Factors related to the properties of the zeolite are the following: 

- the deprotonation energy (DPE) of the Brønsted acid site, i.e. the intrinsic strength of 

the acid site; 

- the van der Waals interaction of the framework with the PCP; 

- the structural deformation of the framework and the PCP; 

- the electronic interaction of the conjugated anion with the PCP. 

The ensemble averaged DPE of proton associated with isolated framework aluminum was 

calculated for different aluminosilicate frameworks of practical interest, namely MFI, *BEA, 

FER, MOR, CHA and FAU using periodic models.136 Ensemble averaged DPE were 

(a) (b)
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comparable for every aluminum T-site location within a given framework, and for all the 

frameworks. It thus appeared that for aluminosilicates the stabilization of the PCP transition 

state is primarily dictated by the local topology of the micropore surrounding the Brønsted acid 

site. For a given framework like MFI, the DPE increases markedly by substituting framework 

aluminum by other elements such as Fe, B or Ga.362 Concomitantly, the stabilization of the 

charged PCP by the deprotonated zeolite site decreases as the DPE increases.361Experimental 

results confirmed that the first-order rate constant, per proton, for n-heptane isomerization over 

Al, Ga, Fe or B-MFI zeolites decreases while the DPE increases.361 Notably, such a direct link 

between the DPE, the stabilization of the charged PCP, and the isomerization rate constant only 

holds true if the other reaction intermediates are not charged, or not as sensitive as the PCP to 

the stabilization given by the deprotonated zeolite site. In ref. 361, alkoxides are invoked as 

intermediates in that respect, but computational results tend to show that neutral π-complexes 

are expected to play a dominant kinetic role with respect to alkoxides.302,306,310,363 

For cyclic alkenes (in the case of an endocyclic C=C bond), three kinds of skeletal 

isomerization reactions can take place.6 Type A isomerization is split in two subcategories 

(Figure 12-c and d). For type A1 isomerization, the number of endocyclic carbons and the 

branching degree of the cycle is not modified. For type A2 isomerization, the number of 

endocyclic and exocyclic carbons is modified but the branching degree of the cycle is not 

modified. For type B isomerization, the branching degree of the cycle is modified. Akin to 

acyclic molecules, type A1, A2 and B isomerization reactions are also believed to occur via a 

PCP intermediate, and type A isomerization reactions are expected to occur faster than type B. 

However, some experimental results suggest that the zeolite topology can significantly impact 

the relative rates of the two reactions. Weitkamp et al. observed that for ethylcyclohexane and 

methylcyclohexane, type B isomerization is significantly accelerated compared to type A for 

MOR zeolite, whereas this is not the case for FAU and MFI zeolites.364 The authors suggested 
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that the peculiar behavior of the MOR zeolite is related to a transition state selectivity effect. 

To the best of our knowledge this hypothesis has not been assessed later by computational 

studies.  

 

 

Figure 14. Ethylcyclohexane (ECH) hydroisomerization over Pt/EUO zeolites. (a) ECH apparent isomerization 

reaction scheme deduced from experiment235 and corresponding reaction pathway studied by DFT;115 (b) section 

of the EUO framework (10MR channel in the x axis) with the possible location of Al sites, and corresponding 

location of Al sites in H-EU-1 and H-ZSM-50 zeolites; (c) corresponding free Gibbs energy profile at 550 K for 

sites located at the intersection, in the channel or in the pocket. Reprinted with permission from ref 115. Copyright 

2019 American Chemical Society.  

 

(a)

(b)
(c)
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More recently, the impact of the acid site environment (i.e. the acid site localization) within a 

given zeolite framework (EUO) was investigated for ethylcyclohexane (ECH) 

hydroisomerization (Figure 14). Convergent experimental and ab initio results were 

obtained.115,235 EUO zeolites are intermediate pore size zeolites, exhibiting monodimensional 

10MR channels (5.8 * 4.1 Å) with 12MR side pockets (6.8 * 5.8 Å). The local environment of 

the acid site can therefore be significantly different depending on the locus of the site. Proper 

choice of the synthesis conditions and organic template allows to locate the active site either at 

the pocket and channel intersection (ZSM-50 zeolite) or in the pocket and the channel (EU-1 

zeolite).125,126 From catalytic experiments, the apparent isomerization scheme of ECH was 

established, and a corresponding isomerization pathway was studied by DFT. Ab initio 

calculations suggest that sites located in the pocket (as in EU-1 zeolite) are more reactive than 

those located at the intersection (as in ZSM-50). The cyclic carbenium ions involved in the 

reaction are indeed much less stabilized at the intersection than in the pocket. The origin of this 

difference is mainly due to smaller dispersion contributions to the adsorption energy for sites 

located at the intersection. Such results were in full accordance with catalytic experiments, as 

acid sites in EU-1 were found fifteen times more active than those in ZSM-50. 

 

5.2. Cracking 

It is generally believed that carbocation cracking occurs via a beta-scission 

reaction,365,366 although another mechanism involving protonated cyclopropane has also been 

proposed.367,368 Beta-scission corresponds to the breaking of the carbon-carbon bond in beta 

position of the positively charged carbon. As a result, two smaller molecules are generated: an 

olefin and another carbocation. According to the branching degree, and thus the relative 

stability of the carbocations involved, five types of beta-scissions can be distinguished (Table 

2). The following ranking is reported for the rate of the different beta scissions:357 A >> B1 ≈ 
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B2 > C >> D. The ranking can be directly related to the relative stability of the initial and final 

carbocations involved. 

 

 

Table 2. The five types of beta-scission reactions.357 

Type 
Minimal number of 

C-atoms in chain 

Carbenium ions 

involved 
Example 

A 8 tert → tert 
 

B1 7 sec → tert 
 

B2 7 tert → sec 
 

C 6 sec → sec 
 

D 5 sec → prim 
 

 

The relative rates of aliphatic carbenium ions isomerization and cracking are reported as follow, 

according to ref. 6: type A beta-scission >> type A isomerization > B1 type beta-scission > B2 

type beta-scission ≈ type B isomerization > type C beta-scission >> type D beta-scission. For 

n-alkenes, in the absence of shape selectivity effects, isomerization and cracking are 

consecutive reactions as type D and even type C beta-scissions are occurring slower than type 

B isomerization.369,370 In the case of primary cracking, the observed distribution of cracked 

product appears comparable for reactants ranging from n-C8H18 to n-C16H34 for FAU zeolites.371 

The cracked product distribution is typically symmetrical and centered around half of the 

carbon number of the reactant CnH2n+2. Production of methane, ethane and corresponding Cn-1 

and Cn-2 alkanes is virtually absent (type D beta-scission). Production of propane and Cn-3 

alkanes is also disfavored compared to other fragments as the former cannot be produced by 

the faster type A scission. This is illustrated in Figure 15 for n-decane hydroconversion. Figure 

15 also report the cracked product distribution observed when monobranched nonanes, 
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dibranched octanes and tribranched heptanes are used as reactant. The cracked product 

distributions obtained from n-decane, monobranched and dibranched C10 molecules are 

remarkably similar. Underlying reasons are that (a) the dibranched C10 are more prone to 

undergo cracking than monobranched and linear C10 (type B beta-scissions at stake) and (b) the 

methyl shift reactions (type A isomerization) are faster than the type B beta-scissions. As a 

result, when the cracking reaction appears, the dibranched products distribution is the same (i.e. 

at equilibrium) regardless of the initial reactant. The situation is completely different for 

tribranched reactants, especially 3,3,5-trimethylheptane. Cracked molecules obtained are 

almost exclusively C5 molecules. This is a consequence of the very fast cracking of the 3,3,5 

trimethylheptane (type A scission) compared even to methyl shift reactions. Experimental 

studies about the hydrocracking of branched alkanes with more than ten carbon atoms are 

scarce. Hydrocracking of 2,6,10,14-tetramethylpentadecane on Pt/USY and Pt/silica-alumina 

catalyst revealed a specific pattern of the cracked product distribution, especially at low 

cracking products yields. The pattern of cracked product distribution was related to the positions 

of the methyl groups in the reactant molecule.372 

Conceptually, selective isomerization of n-alkane molecules to specific ,, 

tribranched isomer(s) before the cracking reaction could allow to tune the pattern of cracked 

products distribution, for example, towards central cracking of the initial molecule. This 

approach was undertaken by Thybaut and coll.373 Based on single event microkinetic model 

(SEMK), hypothetical appropriate zeolites topologies were proposed. Hypothetical zeolite 

topologies based on a combination of FAU and TON topology were found promising. The 

supercages of the FAU, with acid site, were associated with the tubular channels of TON 

topology of proper length, devoid of acid sites. Catalytic reaction could only occur in the 

supercages occupied by the inner carbon of the alkyl chains whereas the outer carbons are 

physisorbed in the channel. The TON moiety prevents the mobility of methyl groups along the 
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carbon chain, thus favoring the ,, tribranched isomer over other isomers where methyl 

groups would be distributed along the chain. 

 

  

  

Figure 15. Evolution of the cracked product distribution (mol cracked product / 100 mol of cracked reactant) for 

C10H22 alkanes converted on Pt/USY catalyst: (a) n-decane, (b) methyl nonanes, (d) dimethyl octanes and (d) 

trimethyl heptanes, data extracted from374. Primary cracking, mol cracked products / 100 mol of cracked reactant: 

199 – 202. 

 

 Mazar and coll. investigated various beta-scission modes associated with C6 and C8 

olefins in H-ZSM-5 using dispersion-corrected DFT calculations.375 Depending on the olefinic 

reactant, different beta-scission mechanisms could be at stake. Despite this diversity, the 

activation energy of the reaction was found to be primarily related to the amount of positive 

charge required by carbon atom in beta position of the protonated carbon to achieve full sp2 

hybridization (Figure 16). Transition state structure is indeed associated with full sp2 

hybridization of the alpha and beta carbon (the two atoms of the C-C bond that breaks). 
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However, the nature of the transition state associated with beta-scission reactions is still 

a matter of discussion. Earlier Hartree-Fock and DFT studies were performed using cluster 

models, and alkoxy groups covalently bound to the zeolite, rather than carbocations, were 

considered as stable intermediates.282,283 Three transition states associated with three reaction 

paths were found, one-“ring-like” transition state (meaning that the transition structure is 

connected at the same time to two framework oxygen atoms) and two “hydrogen-bonded” 

transition states, also implying the formation of cyclopropanes. More recent works of static 

DFT calculations usually consider alkoxides as intermediates too. Barriers often superior to 100 

kJ.mol-1 were computed, with large variations from one report to the other.294,375–379 More recent 

AIMD studies shed new light on the mechanisms into play.306,309  For the cracking of 4,4-

dimethyl-penten-2-ium (B1 beta-scission) and 2,4-dimethyl-penten-2-ium (B2 beta-scission) in 

Chabazite, the free energy barrier calculated for B2 was found higher than for B1.306 This was 

associated with different types of transition states: for B2, the transition state is not associated 

with the carbon-carbon bond cleavage of the molecule but with the proton transfer between the 

resulting secondary propenium cation and the zeolite. For both beta-scissions the energy 

barriers were found lower than those obtained by static DFT approach. 

 

Figure 16. Evolution of the activation energies of beta-scission with the change in the charge of the beta carbon 

atom from the reactant to the transition state, as computed by DFT. Letters stand for the different beta-scission 

types. Reprinted with permission from ref 375. Copyright 2013 American Chemical Society.  
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Regarding cyclic reactants, it is well known that the beta-scission of endocyclic carbon 

– carbon bond (i.e. ring opening) is markedly more difficult than for exocyclic ones.356 A 

sterical reason is generally invoked to explain this.380 The beta carbon-carbon σ sp3 orbital bond 

that is part of the ring is nearly perpendicular to the π orbital of the sp2 hybridized charged 

carbon. Therefore, there is a minimal overlap between the orbitals and the electron transfer is 

difficult at the transition state. For aliphatic carbenium, the beta carbon-carbon bond can rotate 

freely, and the overlapping of the orbitals is thus more pronounced. The inherent higher stability 

of endocyclic carbon – carbon bonds compared to exocyclic ones lead to peculiar hydrocracking 

pattern of alkyl-substituted rings. For naphtenes with 10 to 12 carbons, it is quoted as the 

“paring reaction”, as the alkyl groups of the cycle rearrange and are eliminated from the cycle 

as an iso-alkane, while the cycle is largely preserved.381 This is illustrated Figure 17 for 1,2,4,5 

tetramethylcyclohexane (1,2,4,5 TMCH), cracked on a bifunctional Ni/silica-alumina catalyst. 

Pattern of the cracked product distribution emphasizes that 1,2,4,5 TMCH is mainly cracked in 

isobutane and methylcyclopentane. The intrinsic stability of the C5 and C6 rings enables alkyl 

rearrangement via methyl shift and ring contraction to occur, until a configuration favorable to 

the fast type A beta-scission exocyclic is obtained. The proposed mechanism also explains why 

the paring reaction is operative for naphthene with at least 10 carbons number. Below ten 

carbons number, favorable configurations providing exocyclic type A beta-scission are not 

possible. Similar observations were made for the hydrocracking of octyl-cyclohexane over 

Pt/USY. Main cracked products families were napthenes and iso-alkanes.382–384 
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Figure 17. Illustration of the paring reaction: 1,2,4,5 tetramethylcyclohexane hydrocracking over Ni/Silica-

alumina catalyst; proposed mechanism for the paring reaction, adapted from381 . Primary cracking, mol cracked 

products / 100 mol of cracked reactant: 196. Methylcyclopentane and isobutane account for 74% mol of the total 

cracked products. 

 

Recently, static DFT calculations were performed to study the ring opening of 1,3-

dimethylcyclohexenium and 1,3,3-trimethylcyclopentenium in EUO zeolite.346 For the former 

compound, a stable tertiary carbenium ion was identified as a ring opening product, but the 

associated transition state could not be identified, as it is likely close in structure and energy 

with respect to the product. For the later compound, all attempts to optimize a ring opening 

product were unsuccessful, as the resulting secondary carbocation was found to spontaneously 

re-close upon optimization. Thus, in that case, according to DFT results, no ring opening occurs. 

This was related to the inaccuracy of static DFT approach to successfully model secondary 

carbocations in zeolites.306,308–310 AIMD investigations will be needed in the future to gain more 

accurate knowledge for these ring opening mechanisms that have only been scarcely considered 

in the existing literature.  

 

5.3. Isomerization vs cracking selectivity 

As mentioned previously the relative rates of aliphatic carbenium ions isomerization 

and cracking are reported as follow: type A beta-scission >> type A isomerization > B1 type 

beta-scission > B2 type beta-scission ≈ type B isomerization > type C beta-scission >> type D 
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beta-scission. In the absence of any shape selectivity effect, selective isomerization of 

carbenium ions with seven or more atoms of carbon is an issue as some multibranched 

carbenium ions are more prone to crack than to isomerize, due to the fast type B beta-scission 

and very fast type A beta-scission (for eight or more atoms of carbon).385,386  

The situation can even be worsened if diffusional issues are at stake within the 

microporous network as the diffusion of the more reactive branched isomers is slower than the 

corresponding less reactive n-alkanes. Diffusion constants were calculated using forcefield 

molecular dynamic simulation for n-alkanes and monobranched alkanes with seven to thirty 

carbon numbers.387 The zeolites studied were TON, EUO and MFI, modeled as pure silica 

frameworks, hence without explicitly simulating the Si versus Al distribution, nor the acid sites. 

At 600 K, regardless of the carbon number, the n-alkane diffusion was found to be one order of 

magnitude faster than the corresponding monomethyl isomers for the three zeolites. It is likely 

that similar differences exist for the corresponding alkenes. Thus, branched isomerization 

products may be trapped longer than non-branched compounds due to diffusion limitations, 

leading to overcracking for the former.  

Recently a computational screening approach was proposed to identify optimal zeolite 

structures for the selective hydroisomerization of long chain hydrocarbons.388 It was considered 

that selectivity to hydroisomerization is mainly driven by the effect of adsorption, according to 

the principle that a given catalyst will be selective to hydroisomerization if the adsorption of 

the linear alkane is favored over that of the corresponding isoalkanes in order for the latter to 

quickly desorb before overcracking occurs. Configurational-bias Monte Carlo simulations in 

the grand canonical ensemble were performed to compute molecule adsorption in the 

micropores. It was found that high affinity for n-alkane adsorption is associated with narrow 

and smooth channels. Six of the top seven IZA structural code database identified by the 

computational screening were indeed patented or described in the literature. This suggests that 
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adsorption effects are indeed of crucial importance. The major importance of adsorption effects 

was suggested previously for phenantrene hydroconversion over bifunctional catalysts using 

various zeolites (MFI, FAU and *BEA).389 The catalytic tests results coupled with force-field 

and GC-MC simulation indicated that the adsorption energy of the isomerized products is the 

key parameter governing the isomerization (vs cracking) selectivity. A too strong adsorption of 

the isomerized products is detrimental to the isomerization selectivity as consecutive cracking 

reactions are favored. A recent study further emphasizes the impact of adsorption effects for 

hexadecane hydroconversion over bifunctional catalyst using *BEA zeolite,390 via the variation 

of the experimental conditions. It was found experimentally that the isomerization selectivity 

decreases when the total pressure increases. GC-MC simulations showed that pressure increase 

favored the adsorption of i-C16 compounds compared to n-C16 and therefore enhanced their 

consecutive cracking. The detrimental effect of the total pressure on the isomerization 

selectivity during hexadecane hydroconversion was also reported over bifunctional catalysts 

using MTT391 and AEL materials.392 

Following the discovery from Miller in the mid-eighties with SAPO-11,355–357 zeotype 

materials with one dimensional channels and tubular intermediate pore size were proven to be 

particularly suitable for the selective isomerization of long chain alkanes in bifunctional 

catalysis. Zeolites with TON or MTT topology are typical examples.201,393,394 Such results were 

rather unexpected as with low dimensionality and medium pore size microporous network, the 

diffusion of alkanes and corresponding alkenes can be severely impeded. Common features 

associated with such zeolites are the high selectivity for monomethylbranching versus 

multibranching up to very high conversions. The methylbranching near the terminal carbon of 

the chain is favored (i.e. 2-methyl or 3-methyl isomers). Moreover, specific isomers are 

preferentially formed among the dibranched isomers. Typical spacing between the methyl 

groups of the dibranched isomers is higher than two carbon atoms.393,395 The reactivity of the 
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isomers towards cracking is therefore lowered because these configurations are not favorable 

for cracking as type C instead of type B beta scissions is at stake (Table 2). Little could be said 

about tribranched isomers because of identification issues. Pore mouth and keylock catalysis 

occurring in the micropores opening of the zeolite crystals has been proposed to explain the 

experimental results. According to this, branching at specific positions is primarily driven by 

adsorption effects. The alkene optimizes van der Waals interaction with the zeolite micropores 

and then undergoes protonation and skeletal branching. Easy desorption of the branched isomer 

occurs when the branching is generated at the outside of the first restriction of the pore.200 Pore 

mouth catalysis corresponds to the adsorption of one end of the molecule whereas keylock 

corresponds to the adsorption of the two ends of the molecule. The latter is favored when the 

alkane length and the temperature of reaction increase.396 Figure 18 depicts some favorable 

adsorption configuration of methyl-uncosanes on ZSM-22. Recent DFT calculations suggest 

that 3-heptene preferably adsorbs at the pore mouth of the channel of ZSM-23.397  

 Pore mouth and keylock concepts do not meet a consensus in the literature, although 

recent works substantiate this concept both from a theoretical (see section 2.5) and experimental 

point of view (as evidenced in the case of etherification of β-citronellene with ethanol on zeolite 

Beta398). Regarding isomerization versus cracking selectivity, other explanations have been 

proposed to account for the peculiar properties of zeotype materials with one dimensional 

channels and tubular intermediate pore size, which are related to the diffusional behavior of 

different isomers. Product shape selectivity has been proposed to explain the favored 

methylbranching near the end of the carbon chain for monobranched isomers as 2-methyl and 

3-methyl branched isomers are found to diffuse faster than inner methyl branched isomers, from 

C7 to C16 molecules.399–401 For dimethylbranched isomers the situation appears more elusive as 

experimental measurements as well as simulations are challenging. Raybaud and coll. 

performed diffusion path simulations to evaluate the energy barrier of dimethylbranched C7 
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isomers diffusion in ZSM-22 and ZSM-23.400 Branching of the two methyls on the same carbon 

severely impedes the diffusion of the isomers with an energy barrier higher than 90 kJ.mol-1. 

Energy barriers were found much lower for 2,3 and 2,4-dimethylpentane (29-39 kJ.mol-1 and 

50-55 kJ.mol-1 ranges for ZSM-22 and ZSM-23 respectively). Based on configurational bias 

Monte Carlo simulations, Schenk et al. calculated the Gibbs free energy profile as a function of 

the position of 2,n-dimethyl pentadecane isomers (n being the position of the second methyl 

group) along the channel in the TON structure.203 The position of the second methyl group 

impacted markedly the diffusion of the molecule as the shape of the isomer could be 

commensurate, or not, with the microporous network.  

Transition state selectivity inside the microporosity was also suggested to explain the 

formation of specific (dibranched) C7 isomers.400 This hypothesis was proposed based on the 

calculated enthalpy of adsorption of different cyclopropanes, considered as a proxy of the 

corresponding protonated cyclopropanes transition states, in the ZSM-22. To the best of our 

knowledge, advanced simulations using DFT were not performed to revisit this. 

 

Figure 18. Favorable adsorption configurations of methyl-uncosanes on ZSM-22. Reprinted with permission from 

ref 200. Copyright 2001 Elsevier. 

 

Recently Noh and coll. proposed that the strength of the Brønsted acid site, defined as 

the deprotonation energy, also influences the intrinsic selectivity of cracking versus 
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isomerization (i.e. without diffusional effect).361 MFI zeolite with various heteroatoms, i.e. Al, 

Fe, Ga and B, were evaluated in the hydroconversion of 2,4 dimethylpentane. It was found 

experimentally that the ratio of rate constants of beta-scission versus isomerization increased 

when the strength of the acid site diminished. According to DFT calculations, the transition 

states associated with isomerization were more stabilized with increasing acid strength 

compared to transition states associated with beta-scission, due to differences in positive charge 

distributions. This result seems to contradict the commonly accepted hypothesis that acid sites 

of mild or weak acid strength should be more suitable for selective hydroisomerization 

catalysts.357,402 Actually, increasing the acid site strength also enhances the intrinsic kinetics of 

the reaction. As a result, for a given zeolite structure, acid sites density and crystal size, the 

Thiele modulus increases (see section 3.3) and intracrystalline diffusion limitations can 

eventually be at stake. This would favor secondary reactions like cracking if the starting reactant 

is a linear olefin. Therefore, particular care must be taken when interpreting experimental 

isomerization selectivities in terms of intrinsic cracking and isomerization rates, as the extent 

of secondary reactions depends on the entanglement of kinetic and diffusion phenomena within 

the microporous network, as illustrated in Figure 19. 

 

 

Figure 19. Interplay between kinetic and diffusion phenomena, illustrated for 2,4 dimethyl-pent-2-ene conversion. 

The primary products correspond to blue lines (isomerization and cracking) and secondary products to green line 

(secondary isomerization). Adapted with permission from ref 361 . Copyright 2018 American Chemical Society. 

 

zeotype pore
H+

H+Pt

Pt

Se
le

ct
iv

it
y

Intracrystalline residence time

Primary isomer

Secondary isomer



 

57 

 

 

5.4. Oligomerization 

The oligomerization of alkenes, especially short ones, is of practical interest for the 

production of liquid hydrocarbon fuels as well as petrochemicals like branched alkylbenzenes, 

oxo alcohols or alkylated phenols.403 Short alkenes can be generated from conventional fossil 

resources but also from dehydration of alcohols produced through biomass fermentation.404,405 

Experimental studies of the oligomerization reaction over zeolites are tedious as side reactions 

like skeletal and double bond isomerization, cracking, cyclisation, and hydrogen transfer can 

take place. The formation of heavy oligomers and aromatics induces the deactivation of the 

catalyst by coking. The occurrence of side reactions expands the spectrum of products well 

beyond “true oligomers” (i.e. alkenes with a carbon chain number that is a multiple of the alkene 

reactant carbon chain number). This is illustrated in Figure 20 for 1-butene oligomerization 

with the FER zeolite. Noticeably other products than alkenes can be observed, like alkanes, and 

traces of aromatics and cycloalkanes in this specific example. The term of “conjunct 

polymerization” has been coined by Pines 406 to describe the reactions at stake for the formation 

of these products, as opposed to the “true” oligomeric ones.  
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Figure 20. Products obtained during 1-butene oligomerization with FER zeolite, extracted from ref 407 . (a) C4-

alkenes distribution as a function of C4-alkenes conversion: 1-butene is rapidly isomerized into cis-2 and trans-2 

butene via double bond isomerization; (b) selectivity of products lumped according to their family as a function 

of C4-alkenes conversion: H transfer reaction becomes apparent at high conversion; (c) oligomers distribution as 

a function of C4-alkenes conversion: other oligomers are formed as apparent secondary products via side reaction 

(true oligomers cracking, oligomerization of cracked alkenes…). Reaction conditions: Ptot = P1-butene = 6.3 MPa, T 

= 423 K, WHSV: 0.18-49.7 h-1. 

 

(a)

(b)

(c)
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For a given zeolitic structure, operating conditions, especially temperature, markedly influence 

the extent of “conjunct polymerization”. The latter is favored when the temperature is 

increased.408,409 Neglecting the cyclisation and aromatization reactions, a reaction scheme for 

propene oligomerization is provided in Figure 21 as an illustrative example. 

 

 

Figure 21. Propene oligomerization on solid acids. True oligomers (C6H12, C9H18, C12H24…) are formed by 

successive addition of propylene and other oligomers are formed by beta-scission of true oligomers and co-

oligomerization of the cracked alkenes. Cn* stands for the alkoxide of n carbon in equilibrium with corresponding 

alkene in the gas phase via Kn. Reprinted with permission from ref 410. Copyright 2016 American Chemical 

Society. 

 

The products selectivities are markedly impacted by the microporous topology of the 

zeolite, as reported for example for ethylene,411 propene412 or 2-butene oligomerization.413 The 

branching degree of the oligomerized products was found to decrease with the micropore 

diameter of the zeolite structure. Contribution of external surface acid sites can however 

significantly lower the shape selectivity effect of the microporous structure.414,415 The true 

oligomers selectivity is also markedly impacted by the zeolite topology as illustrated in Figure 
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22-a for propene oligomerization. A geometric descriptor, coined as the “undulation parameter” 

Ω,410 was found of relevance to rationalize the experimental selectivities (Figure 22-b). The 

undulation parameter is defined as follows: 

Ω = PLD / LCD                                           Eq. 5 

PLD and LCD are the pore limiting diameter (Å) and the largest cavity diameter (Å) of the 

zeolite framework, respectively. Ω is dimensionless and not related to the intrinsic size of the 

voids or channels of the framework. Frameworks with low Ω values exhibit low true oligomers 

selectivity for propene oligomerization as large oligomers can be formed in the largest cavities 

and must diffuse through smaller pores to eventually diffuse out of the structure. This imposes 

a diffusional restriction for such species and favor their consecutive beta-scission in smaller 

products. For Ω values close to unity, such restriction is not operative and higher true oligomers 

selectivities are obtained.  

For a given micropore topology, mass transfer limitations of oligomers inside the 

microporosity could also be at stake416 and affect the products selectivities by increasing 

consecutive reactions. 415,417–419 A diffusion parameter  was introduced by Sarazen et coll.:410 

 = [H+] * L²                                           Eq. 6 

where [H+] is the volumetric proton density (mol H+ nm-3) and L the zeolite crystal radius (nm). 

For a given reaction, micropore topology and Brønsted sites acid strength,  can be considered 

as a surrogate of the Thiele modulus and can be calculated according to the physicochemical 

properties of the zeolite. Evolution of the true oligomers selectivity for a set of H-ZSM-5 

zeolites with a large range of  values evidenced the occurrence of secondary reactions 

enhanced by mass transfer limitations of the true oligomers inside the microporous network, 

i.e. cracking and co-oligomerization (Figure 22-c). 
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Figure 22. Propene oligomerization: evolution of the true oligomers selectivity as a function (a) of conversion for 

various zeolites, (b) of the undulating parameter Ω of various zeolites (propene fractional conversion range: 0.003-

0.009), (c) of the diffusion parameter  of various Al-MFI zeolites (propene fractional conversion range: 0.005-

0.015). Reaction conditions: Ppropene = 0.058-0.060 MPa, T = 503 K. Reprinted with permission from ref 410. 

Copyright 2016 American Chemical Society.  

 

Provided that mass transfer limitations are not at stake, some discrepancies are observed 

in the literature about the impact of volumetric proton density on the turnover rate per Brønsted 

acid site. This may be related to the different methods used to evaluate the number of protons 

in the zeolitic materials (see section 3.3). For propene oligomerization over MFI zeolites it was 

reported that increasing proton density has no impact on the turnover rate.420 Other studies 

reported that increasing proton density has a negative impact on the turnover rate.421,422 This 

effect was ascribed to the negative impact of oligomers crowded in the microporous network. 

In addition to the averaged volumetric proton density, the local proton proximity was also found 

to have a spectacular impact on the turnover rate.422 It was suggested that the desorption of the 

oligomeric species could be enhanced when two protons are at proximity compared to isolated 

protons. 

Oligomerization is linked to carbenium ion chemistry and is the reverse of the beta-

scission reaction previously described. Oligomerization reaction is exothermic and lowers the 

number of moles in the system. The reaction is favored at high reactant pressure and low 

temperatures (typically below 573 K, except for ethylene). As a result, the coverage of Brønsted 

(a) (b) (c)
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acid site with adsorbed species (π-bonded alkenes, alkoxides and/or carbocations) is close to 

unity during oligomerization reaction,420,421,423,424 which is a major difference with the 

isomerization and cracking conditions discussed in sections 5.1 and 5.2 for bifunctional 

catalysts. The first step of the oligomerization reaction, i.e. dimerization, was investigated by 

DFT method for ethylene, propylene, 1-butene and trans-2-butene.425 A cluster model was used 

for the zeolite. Two pathways were evaluated. In the “stepwise” pathway, a first alkene is 

adsorbed as an alkoxide on the cluster, and a second alkene is physisorbed. Then the alkoxide 

desorbs from the zeolite and a carbon-carbon is formed with the second alkene. Carbenium ion-

like transition states are associated with the formation of the alkoxide (TS1) and of the carbon-

carbon bond (TS2). Energetic barriers were found significantly higher for the second step 

whatever the reacting alkene. In the “concerted” pathway, a first alkene molecule is adsorbed 

on the acidic site via a π-complex and the second alkene molecule physisorbed in the vicinity. 

The mechanism features also a carbenium ion-like transition state. In a concerted way, the 

proton is partially transferred to one of the sp2 carbon of the π-complex whereas the second sp2 

carbon is attacked by the π-electrons of the second alkene. The prevailing mechanism could not 

easily be determined, due to rather close energy barriers, and to the lack of quantification of 

free energies. The two mechanisms were also computationally investigated later for ethylene 

dimerization other FAU zeolite.377 A hybrid model computed with the ONIOM method was 

used for the zeolite structure. In this study, for the “stepwise” pathway, the energetic barriers 

were found similar for TS1 and TS2. The “stepwise” pathway was proposed to prevail over the 

“concerted” pathway. Most often, with some exceptions,378 the “stepwise” pathway is 

considered to prevail in the literature420,421,426,427 but the chemisorbed intermediate can be an 

alkoxide or a carbocation, depending on the study (Figure 23). The nature of the chemisorbed 

intermediate (alkoxide or carbocation) should depend on the reactant and the zeolite structure. 

Recent ab initio and molecular dynamic simulations suggest that branched carbenium ions can 
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be stable species even at temperatures typical of the oligomerization reactions (i.e. below 570 

K) in a CHA or MFI zeolite.306,308 Notably, the entropic terms have only been scarcely evaluated 

for computed oligomerization reaction profiles, and never by AIMD, to the best of our 

knowledge. They are expected to play a significant role as the number of molecules varies along 

the profile. 

 

Figure 23. An illustration of the “stepwise” pathway, for 2-pentene dimerization over zeolite Brønsted acid site. 

Adapted from 426  . In this illustration the chemisorbed intermediate is a 3-pentenium carbocation. 

 

Experimental results on propene dimerization showed the impact of the zeolite topology 

on the first order rate constant per proton.420 The rate constant was found to dramatically 

increase when the void diameter of the structure decreased from 1.1 nm (FAU) to ca 0.6 nm 

(TON). This was ascribed to a better stabilization of the transition state by confinement thanks 

to more effective van der Waals interaction with the framework, as shown by the evolution of 

the dispersion component to the dimerization energy (referenced to an alkoxide plus a gas phase 

propene molecule) computed for TON, MFI, *BEA, FAU frameworks at the PBE-D3 level. A 

recent DFT study moreover suggest that the trans-2-butene dimerization is less favorable at the 

external surface than at the internal surface of zeolite Beta,427 which is also probably a 

consequence on the lower confinement effect at the external surface. Increasing the acid 

strength of the site (expressed as the deprotonation energy) was also found to increase the first 

order rate constant per proton.420 This was ascribed to a preferential stabilization of the 
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transition state compared to the alkoxide precursor as the stability of the conjugated anion 

increases.  

Finally, very recently a new pathway was proposed for the dimerization of linear butenes 

and pentenes in H-ZSM-5.428 Based on the comparison between experimental426 and 

calculated428 (by a QM/QM CCSD(T)/GGA approach) thermodynamic dimerization enthalpies 

at 323 K, alkenes are proposed to dimerize as cyclo-alkanes rather than longer alkenes at low 

temperature (Figure 24). These cycloalkanes would also explain why the infra-red signal of 

bridging OH groups perturbed by C=C bonds (π-complexes) decreases while increasing 

temperatures from ranges where the alkene reactant is adsorbed, to ranges where it is converted 

into dimers.426,429,430 Formation of cyclic alkanes as primary products has not been reported to 

the best of our knowledge for butene oligomerization on H-ZSM-5 at higher temperatures, 

typically 473-523 K.431–433 Further studies may be done to assess if the “cyclo-alkane” pathway 

is still favorable compared to the “branched alkene” pathway at 473-523 K, taking also into 

account the entropic contributions (i.e. calculation of Gibbs free energies) and free energy 

barriers. If the “cyclo-alkene” pathway is at stake under relevant temperature (473-523 K), the 

branched alkene dimers experimentally observed as reaction products must be obtained by 

hydride abstraction followed by ring opening via beta-scission of the cyclo-alkanes. At first 

sight, this looks unlikely as both the ring opening and the hydride abstraction steps are difficult, 

as mentioned in sections 5.2, 6.1 and 7.2, respectively. 

 

Figure 24. Dimerization of 2-butene and 2-pentene to produce a branched alkene or methyl-substituted 

cycloalkane, from 428. The calculated heats of dimerization at 323 K are given in kJ.mol-1. 
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5.5. The specific case of butene isomerization 

Compared with longer alkenes, the skeletal isomerization of butenes is a most debated 

case,48,434 as the traditional PCP mechanism would lead to the formation of highly improbable 

primary carbenium ions (Figure 25-a). Several kinds of alternatives have been proposed, some 

of them making use of all kinds of reactions detailed in the present section 5. Due to high 

selectivity in the n-butene to isobutene process, the Ferrierite zeolite has been much 

investigated.435,436 

 

Figure 25. Possible butene isomerization mechanisms. (a) usual mechanism through carbenium and PCP, (b) 

variant with additional H migration to avoid primary cations, as computed in ref. 437, (c) alkoxide-based 

mechanism, computed in ref. 438,439, (d) bimolecular pathway, with autocatalytic role of isobutenium, as proposed 

in ref. 440,441. 

 

A monomolecular reaction has been invoked,435 that would be limited by isobutene 

desorption in Ferrierite.442 Such a mechanism is likely to predominate (over bimolecular 

mechanisms, see next paragraph) at low pressure and high temperature.435 Starting from n-

butane and making use of a bifunctional Pt/H-Mordenite catalyst, Wulfers and Jentoft showed 

thanks to isotopic labelling that at low butene partial pressure, the mechanism is indeed 
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monomolecular.443 Most DFT mechanistic studies on the topic address alkoxide-mediated 

mechanisms, that circumvent the problem of primary carbenium ions (Figure 25-c).437–439,444–

446 From linear butenes, a secondary 2-butoxide species is formed, before a PCP transition state 

re-opens into a primary isobutoxide. Gleeson invoked the formation of a secondary carbenium 

ion as a shallow energy minimum before the formation of 2-butoxide in a model of the Ferrierite 

zeolite.437 In the same work, a carbenium-based mechanism was also invoked, that avoids the 

formation of a primary cation, thanks to a concomitant hydride-shift, yielding a tertiary 

carbenium (Figure 25-b). The transition state of this elementary step, however, is computed to 

exhibit a much higher free energy with respect to the PCP linking alkoxides. In computational 

studies, the rate limiting step was found to be either the formation of the PCP transition state 

(in generic cluster models, or cluster models of the ZSM-22, Ferrierite or ZSM-23 zeolites),437–

439,446 or the transformation of isobutoxide into isobutene (clusters representing Ferrierite and 

ZSM-48),444,446 assumed in these two references to involve an energetically costly 

intramolecular H-shift. Although depending on the computing parameters (in particular, cluster 

size) and on the framework under considerations, the intrinsic barrier, found to vary between 

100 and 150 kJ.mol-1, appears to be roughly compatible with the data of Wulfers and Jentoft.443   

Bimolecular mechanisms, involving the intermediacy of octenes, have also been 

proposed,435,436,447 and substantiated by the use of 13C-labeled butenes, although contradicting 

observations have been reported in terms of impact of time on stream on scrambling.443,448–450 

In such schemes, the first step is a dimerization reaction (see section 5.4), the octenes isomerize 

by a PCP mechanism (like mechanisms invoked in section 5.1) and undergo cracking (see 

section 5.2). An autocatalytic role of the tert-butyl carbenium ion was invoked, making it 

possible to form tri-branched C8 dimers likely to crack directly according to a type A β-scission 

(Figure 25-d).440,441 The obvious consequence of the possible occurrence of bimolecular 

mechanisms is the concomittant production of C3 and C5 compounds, indeed reported in many 
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works, and used a a tracer of bimolecular mechanisms.435,447 ZSM-5 was shown to promote this 

mechanisms with respect to the monomolecular one, more stringly than Ferrierite and HPM-1, 

presumably to due larger pore size and suitable shape.449 To the best of our knowledge, a single 

DFT theoretical work, published by Gleeson, addressed the competition between 

monomolecular and bimolecular mechanisms.445 In this study, cis-2-butene is reacted with 

isobutene in a cluster model of Ferrierite (thus addressing the autocatalytic situation), through 

a carbenium-based mechanism (in this case, the alkoxide-based mechanism appeared less 

favourable). According to this study, the rate limiting step is the oligomerisation reaction, but 

the barrier or this step appears to be lower than the computed barrier of the monomolecular 

mechanims. 

Finally, a pseudo-monomolecular mechanism was proposed, that implies the formation 

of benzylic carbocations (a kind of “active coke”) presumably formed from linear butenes, 

trapped close to the external surface, holding a butyl chain that isomerizes and releases 

isobutene.441,451 Such proposal is likely to be of relevance for aged catalysts, where a large part 

of the porosity is blocked by carbonaceous deposits. Coupling operando infra-red with 

gravimetry, it was indeed shown that the 8MR pores of Ferrierite are gradually blocked by 

carbonaceous deposits, whereas vacant sites are still present at the 10MR pores.452 Together 

with STEM-EELS results, this led to propose that the active site of aged catalysts are located at 

the pore mouth of 10MR.453 Post-treatment of Ferrierite samples have been proposed, such as 

desilication, to promote such mechanisms by creating new pore mouths.454 

 This last mechanism is more tentative in terms of nature of elementary steps. This, 

together with the absence of AIMD and high level of theory investigation of the competition 

between monomolecular and bimolecular pathways, makes the topic still open to many 

questions. 
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6. Monofunctional transformation of alkanes  

The success of zeolites in catalysis is in a great part due to the enormous performance 

breakthrough that the use of zeolites has brought about in the fluid catalytic cracking (FCC) 

process.56 It is, therefore, not surprising that a lot of research has been dedicated to 

understanding the paraffin cracking chemistry on zeolites. These reactions have been used right 

from the 60’s to establish the concept of shape selectivity.455 Cracking of alkanes can occur via 

two mechanisms: 

• cracking via carbonium ions (Haag-Dessau mechanism), 

• cracking via carbenium ions (also called the classical mechanism proceeding by beta-

scission) 

In spite of being an old topic, the carbenium/carbonium chemistry of cracking is still very 

relevant for understanding and explaining current research topics, like the production of 

sustainable aviation fuels from biosourced oils or the recycling of plastics. 456–459    

 

6.1. Carbonium ion cracking (Haag-Dessau mechanism) 

6.1.1. General aspects 

Although the carbenium ion cracking is certainly more relevant under practical 

conditions, the carbonium mechanism is detailed first because it is easier to explain and because 

it is probably involved in the initiation step of carbenium ion cracking mechanism. Moreover, 

many fundamental experimental and computational studies have been devoted to the 

investigation of the monomolecular Haag-Dessau mechanism.460–463  

The mechanism of cracking of alkanes via carbonium ions was developed for 

superacids.247 Haag and Dessau transposed this mechanism to solid acids, i.e. zeolites,464 

despite early contradictions in the favor of radical cation mechanisms,465 that have not been 
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substantiated further. The Haag-Dessau mechanism assumes that the alkane is protonated (at 

the most highly substituted carbon atoms) by a strong Brønsted acid to form a 5-coordinated, 

positively charged carbon atom, a carbonium ion. Carbonium ions can be represented as three 

centers-two electrons bonds, with an additional hydrogen bridging a C-H or a C-C bond. 

Carbonium ions are very unstable and probably only exist as transition states or as shallow local 

energy minima, as mentioned above (section 4). Because of their instability, they decompose 

very quickly by breaking a bond involving the five-coordinated carbon atom (-scission). The 

transposition of such a mechanism from the superacid media to zeolites was experimentally 

made based on the analysis of the cracking products of short alkanes at low conversion. 

Depending on whether a C-C bond or a C-H bond is broken, the carbonium ion leads to cracking 

or dehydrogenation, respectively.466 This is illustrated in Figure 26 for n-hexane cracking. 

 

Figure 26. Scheme of carbonium ion cracking of n-hexane. We have chosen a representation where the C-C bond, 

which is broken, is protonated. The detailed mechanisms of protonation and bond-breaking will be discussed later 

in this section.   

 

The formation of large amounts of CH4 and C2H6 is a characteristic feature of carbonium 

ion cracking. 462 In the classical cracking mechanism that will be developed later in section 6.2, 

CH4 and C2H6 are hardly formed because of the very low stability of the corresponding primary 

carbenium ions. Another characteristic feature is that equimolar amounts of paraffins and 
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olefins are produced, as expected from the stoichiometry of the cracking reaction. If long olefins 

are formed they may crack a second time, thus generating an excess of olefins in the products. 

Carbonium ion cracking is the dominating mechanism only under very specific conditions, i.e. 

at high temperatures and low pressures. In the literature it is sometimes called monomolecular 

cracking or protolytic cracking.  

 Narbeshuber et al. compared the product selectivities in the cracking of propane, n-

butane, n-pentane and n-hexane.467 Table 3 shows that for n-alkanes, the breaking of a C-C 

bond is more probable than the breaking of a C-H bond (leading to dehydrogenation). However, 

the statement that cracking is preferred over dehydrogenation does not generally hold. 

Isobutane tends to prefer dehydrogenation to H2 and isobutene vs. the cracking to CH4 and 

propene.19,468 This is because the dehydrogenation leads to a very stable tertiary tert-butyl 

carbenium ion.469 Vice versa, in the cracking of neopentane, the formation of CH4 generates a 

tert-butyl carbenium ion, which subsequently forms isobutene. Therefore, cracking to CH4 and 

isobutene is the main reaction pathway for neopentane, while no dehydrogenation occurs.   

  

Table 3. Selectivity to alkane cracking products in the Haag-Dessau cracking of propane, butane, n-pentane and 

n-hexane. Reaction rates were normalized to the formation of H2. Deduced from data reported in ref. 467. 

 

 Relative formation rate of cracking product 

Reactant CH4 C2H6 C3H8 C4H10 H2 

C3H8 1.83 - - - 1.00 

C4H10 1.32 1.29 - - 1.00 

C5H12 0.76 1.70 0.59 - 1.00 

C6H14 0.53 1.69 1.31 0.41 1.00 

 

Concerning the ranking of activation energy (or enthalpy) between cracking and 

dehydrogenation, the literature reports contradicting results,467,470–472 probably because the 

values depend on the properties of the zeolite and maybe also to experimental difficulties in 

determing precise dehydrogenation kinetics (carbonaceous deposits may be formed).473–477 
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Surprisingly (considering that the previously mentioned experimental difficulties should also 

impact the determination of activation entropies), a larger consensus however exists regarding 

a higher measured intrinsic activation entropy for dehydrogenation with respect to 

cracking.467,470,472,478 

 

6.1.2. What theory says about C-C versus C-H breaking 

The competition between C-C and C-H bond breaking at bridging OH groups was 

addressed in several computational studies. QM/MM simulations with the ωB97X-D functional 

for n-butane conversion in the MFI framework showed that dehydrogenation is more favorable 

in central positions of the chain, but the intrinsic barriers (at least 190 kJ.mol-1 in energy) are 

slightly higher than those of central C-C cracking (below 180 kJ.mol-1).479 Qualitatively, this 

trend is in agreement with previous studies using smaller and non-embedded cluster models, 

although the latter led to much higher barriers.480–483 These trends were confirmed more recently 

for a variety of zeolites.484 Intrinsic reaction coordinate (IRC) analysis show that 

dehydrogenation proceeds in a concerted way, involving protonation of the alkane, alkene and 

dihydrogen formation, and restitution of the proton to the framework.479 Notably, the concerted 

nature of such an elementary step questions the initiation mechanism of the carbenium ion 

cracking mechanisms that will be discussed in section 6.2, that needs carbenium ions to be 

formed at some stage. Static calculations such as the one discussed in ref. 472 are, however, 

likely to underestimate the stability of primary and secondary carbenium ions. The transition 

state for dehydrogenation is a late one, dihydrogen being almost formed (Figure 27).479 This 

late nature, conferring a loose nature to the transition state, explains why experimentally 

measured dehydrogenation activation entropies are positive.470,472,478 This loose nature also 

explains why static DFT calculations tend to underestimate the positive activation entropy in 

particular for large pore zeolites.484 
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Figure 27. Transition state structure determined by QM/MM calculations for the dehydrogenation of n-butane at 

the T10 sites in H-ZSM-5 via a methylene group (CH2, central dehydrogenation, left) or a methyl group (terminal 

dehydrogenation, right). Green: Al, Yellow: Si, Red: O, Blue: C, White: H. Reprinted with permission from ref. 
479. Copyright 2013 American Chemical Society. 

 

Accounting for dynamic effects thanks to a transition path sampling approach, Bučko et 

al. also found in the case of n-propane dehydrogenation in Chabazite, that the dehydrogenation 

of the methylene group (at the center of the chain) is faster than that of the terminal methyl 

group,483 which may be linked with the respective stability of the carbenium ions formed. This 

trend cannot be easily compared to experiments (for alkanes longer than C3), as in alkane 

cracking conditions, alkenes very quickly isomerize in terms of C=C bond position. Notably, 

in the course of some trajectories, cyclopropyl cations were observed before the formation of 

the dehydrogenation product.483 This observation could explain the 13C scrambling observed 

thanks to NMR by Ivanova et al.485 on H-ZSM-5. However, to the best of our knowledge, the 

quantification of the intrinsic activation entropy of dehydrogenation by AIMD is still lacking 

in the literature. 

 

6.1.3. Protonation of C atoms or C-C bond before cracking 

A significant amount of computational work has been devoted to elucidating the 

orientation of the approach of the proton on the alkane, to the definition of the structure of the 

carbonium ion itself, and to its definition as a transition state or a reaction intermediate. As 

mentioned in section 4, earlier studies performed on small clusters found carbonium ions as 
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transition states,32,281,329,330 but more recent studies find a shallow local energy minimum for 

these species.290,298,331–335 

The species found recently by Berger et al. in the case of propane cracking on various 

zeolites are shown in Figure 28.335 In this work, the two types of protonation (terminal versus 

on the C-C bond) were compared, and an alternative concerted mechanism was also proposed. 

The energies, enthalpies and free energies of all intermediates and transition states were 

determined thanks to a hybrid simulation scheme, at the MP2/DFT+D2 level, with CCSD(T) 

corrections. The C-C bond protonation (via TSCC in Figure 28) appears to be the less activated 

process in terms of energy, with an energy barrier of 184 ± 5 kJ.mol-1, versus 195 ± 5 kJ.mol-1 

for the terminal protonation (via TSterm) and 197 ± 5 kJ.mol-1 for the concerted mechanism. This 

is qualitatively in agreement with previous DFT reports, although energy barriers appeared to 

vary strongly from one study to another, as a consequence of the chosen active site model and 

level of theory.479,481,486 These barriers close to 190 kJ.mol-1 are in very good accordance with 

recent experimental estimates.474 However, entropy contributions lower the preference for the 

TSCC pathway, which likely explains why Bučko et al.487 find a preferred terminal protonation 

by AIMD (via a Transition Path Sampling approach), in the case of propane cracking in 

Chabazite. The reverse trend was, however, obtained by the same computational techniques in 

Mordenite.96 With AIMD, dynamic effects are taken into account better than in ref. 335, thus 

entropic components are likely more accurate, but the level of theory (GGA versus 

MP2/DFT+D2+ ΔCCSD(T)) is lower. Thus, combining AIMD with higher levels of theory than 

GGA will be required in the future to completely solve this question, for which no experimental 

data exist. 
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Figure 28. Steps of monomolecular propane cracking over a bridging OH group, following a C-C protonation 

(TSCC) or protonation of a terminal C atom (TSterm), or concerted path (TSconc). Reprinted with permission from 

ref 335. Copyright 2021 Elsevier. 

 

6.1.4. Internal versus terminal C-C bond cracking 

Concerning the cracking selectivity, the product distribution reported in Table 3 

suggests that the cracking of internal C-C bonds (leading to C2H6 or C3H8) is favored over the 

cracking of terminal C-C bonds (leading to CH4).
467 This is substantiated by lower (by 10 to 30 

kJ.mol-1) C-C breaking intrinsic barriers as computed by DFT for various alkanes and 

zeolites.332,334,484,486,488 Notably, energy barriers are lower for central cracking but entropic 

terms compensate a portion of this effect, being in favor of terminal cracking.19 The terminal 

cracking transition state indeed exhibits looser nature with respect to the central one, as already 

revealed by earlier DFT cluster calculations,488 and confirmed by more recent and refined 

estimates.484 However, by static calculations, the entropy loss at the transition state appears to 

be better estimated for central cracking than for terminal cracking with respect to 

experiments,478 due to a more constrained nature of the central cracking TS.484  
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Note also that the fact that central cracking is favored is not completely general: in the 

case of n-butane cracking by 8MR sites of Mordenite, terminal cracking was suggested to be 

quicker than central cracking due to a partial access only of 8MR side pockets to the butane 

reactant.470 Such rationale, based on the access of central/terminal bonds to the active sites, 

motivated a recent large scale computational Monte Carlo screening of zeolites and active site 

locations, to promote a bond-selective adsorption, analyzing both enthalpic and entropic 

components to the adsorption.489 Optimal hypothetical zeolite structures could be found, that 

penalize terminal adsorption due to too small pore sizes, and favor central adsorption due to 

sufficiently large pore size.  

 

6.1.5. Sizes of alkanes and alkenes products 

The breaking of internal C-C bonds preferentially generates a short alkane and a long 

carbenium ion (which then desorbs as an olefin).467  Narbeshuber et al. justified this observation 

with a supposedly higher entropy of the transition state, if a longer carbenium ion is formed. 

This question has not been deeply analyzed by quantum chemistry calculations, that have been 

focusing more on the very first steps of the reaction (protonation of the alkane to form the 

carbonium, known to be the rate determining step from isotope effects measurments490). Quasi-

classical trajectory (QCT) calculations were undertaken in the case of n-hexane cracking in 

ZSM-5 and Y, that provides the correct trend with respect to experimental selectivities491,492 

(C4H8 and C2H6 being more abundant that C4H10 and C2H4 at 773 K), but does not elucidate the 

origin of it.334 A previous similar approach for pentene cracking in ZSM-5 failed in reproducing 

the experimental selectivities467 in ethane versus propene, even if the QCT estimation was found 

more accurate than the static one.332 
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6.1.6. The role of adsorption and confinement 

An important factor that contributes to the specificity of zeolites in the conversion of 

alkanes is the predominant role of adsorption (as already invoked in section 5.3). The strong 

adsorption of alkanes in zeolite micropores lowers the apparent activation energy of cracking 

and contributes to the high activity of zeolites. The seminal works of Narbeshuber et al.467 and 

Babitz et al.491, followed by others,493–495 suggested that the activity differences of different 

zeolites (effect of the pore size) versus different n-alkanes (effect of the chain length) could be 

entirely explained by the differences in the adsorption enthalpy of the reactant on the zeolite 

catalyst: longer alkane chains are more reactive because of their more negative adsorption 

enthalpy467 and small pore zeolites have higher TOFs because their stronger confinement leads 

to more negative adsorption enthalpies491 (up to the limit where the pore size becomes too small 

to allow the alkane to fit in). The rationale was extended to amorphous silica-alumina, shown 

to exhibit similar intrinsic activation energy for propane cracking that ZSM-5, but much lower 

heat of adsorption.496 The nature of the active sites on amorphous silica-alumina remains 

unclear, and the behavior of the surface sites depicted in Figure 2-b to f in alkane cracking has 

not been investigated.  

However, more recent work has shown that these adsorption enthalpy arguments may 

not be sufficient to explain reactivity; in some cases, the adsorption entropy may be the decisive 

factor.19,468,470,474,497,498 Gounder and Iglesia analyzed the rate of propane cracking (by 

carbonium ion cracking) on a series of Mordenite catalysts, where they varied the distribution 

of acid sites in the 12MR main channels and the 8MR side pockets by Na+ exchange (Na+ 

preferentially exchanges the acid sites in the 8MR side pockets, according to FTIR spectroscopy 

of the bridging OH groups).470 By linear regression, they were able to determine the rate 

constants as well as the apparent activation energies of the acid sites in the 8MR side pockets 

and in the main channels. As expected from a simple pore size argument, the sites in the side 
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pockets had a higher site-specific activity. Dehydrogenation was not even detected in samples, 

which contain bridging OH groups only in the 12MR channel. However, propane does not 

perturb the 8MR OH groups at 323 K,211 suggesting a low adsorption equilibrium constant with 

respect to 12MR sites. 8MR pockets also induce a higher apparent activation energy.470 Thus, 

the high activity of the side pockets was not due to a more favorable adsorption in the side 

pockets, but rather to a less negative activation entropy. The authors explained this surprising 

result by the fact that propane was not fully confined in the side pocket, but protruded into the 

main channel, thus, leaving the adsorbed molecule with a high degree of freedom. 

Later on, Bucko and Hafner offered an alternative explanation for the decrease in TOF, 

when H-Mordenite is Na-exchanged.96 From AIMD calculations, they contradict the 

assignment of the 8MR as the most active sites, due to a free energy cost for propane moving 

from the main channel to the side pocket. The assignment of Gounder and Iglesia470 is mainly 

based on the hypothesis that Na+ preferentially occupies the side pocket, which is monitored by 

infra-red. This hypothesis is also contested by Bucko and Hafner, who claim that the assignment 

of the infra-red bands to OH groups in the 12MR and 8MR sites is not straightforward.96 They 

argued that Na+ cations were rather mobile at the reaction temperatures of cracking and, thus, 

not specifically located in the side pockets. In their view, the negative effect of Na+ was not due 

to a selective removal of highly active sites in the side pockets, but due to the strong adsorption 

of the reactant on the Na+ cations, which indirectly led to a lower coverage of the acid sites. We 

note that this hypothesis might explain the “poisoning” effect of Na+ cations, which has been 

frequently observed in acid catalyzed reactions. 499  

Although the DFT results of Bucko and Hafner are not in line with the Gounder’s 

interpretation, they also confirm the idea of a site specific reactivity (in the case of Mordenite 

in the main channels and the side pockets), which depends on the location of the acid sites in 

the zeolite pore structure. This contrast with the paradigm that all acid sites in a zeolite would 
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contribute equally to activity, based on the seminal work of Haag,74 who showed that the turn 

over frequency of n-hexane cracking over (EFAl-free) ZSM-5 (probably under conditions 

where carbenium ion cracking prevails) was constant over a very wide range of Si/Al ratios.500 

Indeed, more recent work has corrected that picture and shown that TOFs of different ZSM-5 

samples in alkane cracking can vary up to a factor of 8.470,472  This was attributed to the fact 

that increasing Al content also increased the fraction of acid sites in the channel intersections, 

providing an advantage in terms of activation entropy. DFT calculations undertaken so far do 

not confirm the preferred activation entropy at intersection sites,335 but the determination of this 

term is tricky. Slight differences between channel and intersection sites in activation energies 

were reported in previous DFT studies,479 but not systematically confirmed.335 Recently, the 

proximity between framework sites was observed as a source of enhancement of protolytic 

cracking and dehydrogenation activity in CHA and MFI,501,502 which was assigned to a higher 

activation entropy at paired sites than at isolated sites, likely due to a later transition state. 

Finally, recent 27Al NMR works suggest that an Al species partially dislodged from the 

framework could be related to higher catalytic activity in n-hexane cracking in ZSM-5, with 

respect to other kinds of Brønsted acid sites.503 Thus, even if the precise environments are not 

always understood, and the origins of the effects not clearly known, site specific reactivity is 

more and more documented.  

For a detailed analysis of turn over frequencies in alkane cracking, the rate constants 

normalized by the number of acid sites are decomposed into the contribution of adsorption 

enthalpy and entropy as well as of activation energy (or enthalpy) and entropy, as outlined in 

Eq 3. As mentioned above, differences in the apparent rate constants were often successfully 

explained by differences in the adsorption enthalpy term. However, one must keep in mind that 

the adsorption enthalpy describes the temperature dependence of the adsorption constant Kads. 

An adsorbate/adsorbent system with a strongly negative adsorption enthalpy usually has a very 
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high adsorption constant at low temperature, but the value of Kads quickly decreases as the 

temperature rises. As nicely illustrated by Figure 29 for various n-alkanes adsorbed in ZSM-5, 

there is a temperature where a cross-over occurs between the adsorption constant of the high 

enthalpy adsorbent-adsorbate couple and the low enthalpy adsorbent-adsorbate couple.474 At 

the temperatures, where carbonium ion cracking is carried out, we are close to this cross-over 

temperature. Hence, the adsorption constants of the low and the high enthalpy systems become 

similar478 and it becomes difficult to establish a reliable ranking of the Kads values under 

reaction conditions, especially if the Kads values under reaction conditions are extrapolated from 

room temperature measurements. For reliable interpretations of the role of adsorption, it is, 

therefore, very important to measure (or calculate) adsorption parameters under or close to 

reaction conditions, as done in several recent computational Monte Carlo 

investigations.478,504,505  

 

Figure 29. van’t Hoff plots of alkane adsorption constants on H-ZSM-5 measured by IR spectroscopy: propane 

(□), butane (x), pentane (◊), hexane (∆), heptane (°). Reprinted with permission from ref 474. Copyright 2016 

American Chemical Society. 

 

The decomposition of adsorption/intrinsic reaction contributions and enthalpic/entropic 

components in the apparent cracking rate equation has motivated a set of works combining 

experimental and theoretical approaches. Following the rationale presented in ref. 486,504, Janda 

and coworkers have proposed an evaluation of the adsorption parameters at the Brønsted acid 



 

80 

 

sites, and at reaction temperatures by Monte Carlo calculations, first for various alkanes 

(propane to n-hexane) in ZSM-5,505 then in the case of n-butane cracking for a variety of 

zeolites.478 Notably, computing accurate adsorption (free) energies for alkanes in proton-

exchanged zeolites is still a current challenge.506–512 Janda et al. used a forcefield approach, 

some parameters being fitted by comparison with experiments.478 The intrinsic reaction 

parameters were determined in a second step, by subtracting experimental apparent kinetic 

parameters and computed adsorption parameters. In the end, according to Janda et al.,478,505 

intrinsic kinetic parameters determined by this method depend on the alkane size and on the 

zeolite framework. Terminal cracking and dehydrogenation of butane behave differently with 

respect to central cracking in terms of dependency to confinement.478 In the case of central 

cracking, both the intrinsic activation enthalpy and entropy decreased when decreasing 

confinement, which was assigned to a rather early transition state, more constrained than the 

reactant as confinement decreases. Terminal cracking and dehydrogenation intrinsic activation 

enthalpy and entropy increase by decreasing confinement, which was assigned to a late 

transition state, much looser than for terminal cracking (as shown by positive activation 

entropies), and much looser for large cavities. The dependence of intrinsic activation enthalpy 

on confinement discussed by the authors is inconsistent with previous reports (see above). Janda 

et al. assign this inconsistency to the need of considering adsorption parameters at the Brønsted 

acid sites only, as done in their Monte Carlo approach, and not within the whole zeolite, as done 

in traditional adsorption measurements. One should note, however, that similar variations in 

intrinsic activation enthalpy have been qualified as constant or not constant, from one set of 

work to the other.513 

More recently, a similar decomposition exercise was undertaken by Travers and co-

workers following a fully experimental approach.474,497 They developed an operando IR system, 

which allowed them to monitor the alkane coverage of the acid sites at temperatures of around 
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673 K, while at the same time recording the cracking rates (from propane to n-heptane) on MFI, 

CHA, FER and TON zeolites. From the temperature dependence of the coverage, they could 

deduce the adsorption enthalpy and then calculate the adsorption entropy, specifically at the 

Brønsted acid site, and not in the whole zeolite, which, in line with Janda et al.,478 appeared to 

be crucial for a correct decomposition. The temperature dependence of the rate constant yielded 

the apparent activation energy. They could, thus, evaluate the contribution of all four factors in 

Eq. 3. The result for various alkanes in MFI is shown in the waterfall plot in Figure 30.474 

Similar plots are reported as a function of the zeolite structure in the case of propane and butane 

cracking in ref. 497. At the reaction temperatures used in the study, the adsorption constants of 

n-alkanes still slightly increased with chain length, but this increase could not fully explain the 

increase in the rate constants. Since the intrinsic activation energy was the same for all alkanes, 

the increase in the rate constants was attributed to a more favorable activation entropy for the 

longer alkanes.474 This may be related to the fact that longer chains offer more possibilities for 

breaking the carbon chain at central positions, which is preferred in terms of selectivity. 

Gounder and Iglesia suggest a gain of one-dimensional rotation degree of freedom at the 

cracking transition state to be at the origin of this chain length dependance of the activation 

entropy.19 From one framework to another, the more favorable activation entropy was recorded 

for smaller pore zeolites (FER, TON)497 which, according to the adsorption entropy 

measurements, can be assigned to entropy variations of the reactant (and not of the transition 

state). The reactant is more constrained in small pores, as constraint (if not more) than the 

transition state, whereas for larger cavities (MFI and CHA in 497), the reactant state is much 

looser than the TS, leading to negative activation entropies. The case of MOR is not included 

in the series; in that zeolite more subtle effects come into play as previously discussed.     
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Figure 30. Decomposition of the measured rate constants of alkane cracking over H-ZSM-5 into the contributions 

of adsorption enthalpy and entropy (and the resulting adsorption constant Kads) and of the intrinsic activation 

energy and activation entropy. Reprinted with permission from ref 474. Copyright 2016 American Chemical 

Society. 

  

Thus, depending on the approach chosen (coupling adsorption measurements at low 

temperature with apparent kinetics, coupling Monte Carlo adsorption simulations with 

experiments, or operando measurements of both adsorption and kinetic parameters), different 

conclusions are obtained with respect to the confinement effect on intrinsic activation enthalpy, 

showing the high sensitivity of adsorption and kinetic data to the various experimental 

parameters. In these conditions, from the theory side, using high level approaches is more than 

ever required. De Moor et al quantified adsorption enthalpies and entropies of ethane to n-

octane in FAU, *BEA, MOR and MFI frameworks, using a hybrid MP2/Forcefield QM/MM 

approach.511 Getting accurate adsorption free energies required to adopt correction factors for 

FAU, and to assume given numbers of free rotation and translations of alkanes in the cavities. 

Within such assumptions however, the identification of the relevant kinetic parameter 

(activation entropy) impacted by confinement, agrees well with the conclusions of Travert et 

al.474,514 Regarding activation enthalpies, Berger et al.335 recently revisited the case of propane 

cracking, on the same series of zeolites (FER, MFI, CHA, FAU) as the one considered by 

Travert et al.474,497 Computed335 and experimental enthalpic data compare reasonably well, 

provided a hybrid simulation scheme, at the MP2/DFT+D2 level, with CCSD(T) corrections is 

employed (PBE+D2 results in higher differences), as illustrated in Figure 31. Over the series 
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of zeolites considered, the intrinsic activation barrier is observed not to vary much (less than 10 

kJ.mol-1). In a more recent study, the hybrid ωB97X-D functional also appeared to perform 

reasonably well for adsorption and activation enthalpy terms.515 Regarding activation entropy 

components, as mentioned previously, much more remains to be done, combining AIMD with 

high levels of theory. This will be highly useful to fully decipher the respective roles of enthalpy 

and entropy in protolytic cracking, after decades of continuous efforts. 

 

Figure 31. Comparison of propane adsorption enthalpies (diamonds), apparent (squares) and intrinsic (circles) 

propane cracking enthalpy barriers (black symbols and lines) of computed at 773 K (MP2, corrected at the coupled 

cluster level, ref. 335) and experimental results (blue symbols) (refs. 208,211,467,470,507,514,516–520). Experimental results 

from the IR operando study of Kadam et al.497 are shown as red symbols. Reprinted with permission from ref. 335 

Copyright 2021 Elsevier. 

 

 

6.2. Carbenium ion cracking 

6.2.1. Deviation from the selectivity pattern predicted by the Haag-Dessau 

mechanism 

The cracking of n-hexane at lower temperatures leads to a very different product pattern 

than the one illustrated above. Figure 32 compares the selectivity to cracking products obtained 

under conditions where carbonium ion cracking is favored (ZSM-5, 773 K467) with data 

obtained with large pore zeolites at lower temperatures.521 In the latter case, the main cracking 
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products are propane and iso-butane, while very little propene, n-butene or ethane is formed. 

The paraffin to olefin ratio is much higher than one, although the stoichiometry of cracking 

imposes that equal amounts of paraffins and olefins should be formed. Moreover, pentanes 

(without concomitant formation of methane) and isobutane are produced. As illustrated in 

Figure 33, these products cannot originate from a direct cracking of n-hexane; it must be 

preceded by isomerization and oligomerization reactions.  

   

Figure 32. Molar selectivity to cracking products in the cracking of n-hexane. The Figure compares data by Miale 

et al.,521 obtained with large pore zeolites at fairly low temperatures (RE FAU = Rare Earth Faujasite and H-MOR 

at 589 K, H-FAU at 644 K) and by Narbeshuber et al.,467 obtained at 773 K with H-ZSM-5.  

 

The product distribution can be qualitatively explained by the rules of carbenium ion chemistry, 

which were established by seminal work in the 1940s.365 These rules, already mentioned in 

section 5.2, are based on the simple principle that reactions involving unstable carbenium ions 

(tertiary carbenium ions being the most stable, primary carbenium ions the least stable) will 

have a higher activation energy and will, therefore, be slow.   
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Figure 33. Possible cracking pathways of a C6 carbenium ion. 

 

For example, a linear alkane like n-hexane can form a secondary carbenium ion (we will discuss 

this initiation step in section 6.2.2), which can crack into an olefin and a primary carbenium 

ion. This D-type cracking is possible but occurs very slowly. If the carbenium ion isomerizes 

to a methyl-branched species, C-type cracking to a secondary C3 carbenium ion becomes 

possible, which is a lot more favorable than D-type cracking. This explains the high selectivity 

to C3 in the carbenium ion cracking of n-hexane. To explain the formation of isobutane and of 

C5 species, alkylation reactions must be invoked. Carbenium ions can react with olefins 

(produced by initiation steps, vide infra, or from parallel cracking reactions), to produce larger 

carbenium ions. For example, the C6 carbenium ion can react with the cracking product C3
= to 

form a branched C9 carbenium ion, which can then readily crack to isobutane and C5. 

Alternatively, the C6 carbenium ion can dimerize by reacting with a C6
= olefin created by 

dehydrogenation to a C12 carbenium ion, which will also very readily crack into smaller 

fragments. Abbot and Wojciechowski522 showed that compounds larger than C6 are never found 

in the product of the alkylation/cracking route, because the long carbenium ions very readily 

crack to C3, C4 or C5. This can be easily understood since from C7 onwards, the carbenium ions 
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may isomerize to di-branched species, which can then very favorably crack according to a type 

B beta-scission (Table 2). It is also striking that the products of the alkylation/cracking routes 

appear as primary products of cracking, although they are secondary products from a 

mechanistic point of view. At extremely low conversions it is indeed possible to detect the 

products of the dimerization as the primary reaction products, but they disappear already at 2% 

conversion. 523 That means that the dimerization/cracking route is extremely fast, compared to 

the diffusion of the primary cracking products out of the zeolite pores (see the discussion in 

section 5.3).    

 

6.2.2. The initiation step of carbenium ion cracking 

We have not yet discussed the initiation step of carbenium ion cracking, i.e. the question 

of how carbenium ions are formed from the reactant paraffin. Several initiation mechanisms 

have been proposed:524 

• Protonation of the alkane to a carbonium ion followed by cracking or dehydrogenation 

(Figure 26), with mechanisms detailed in section 6.1. 13C NMR scrambling  results are 

indeed compatible with such an initiation route. 485 

• Abstraction of a hydride ion by a Lewis acid site. 

• Thermal dehydrogenation or cracking to olefins. 

It is now generally accepted that the “Haag-Dessau” pathway via carbonium ions contributes 

to the initiation step of carbenium ion cracking. However, the hydride abstraction by Lewis acid 

sites may also play a role. It may notably explain the beneficial role of Lewis acid sites on the 

TOF of cracking, which was frequently observed.475,525–527 Section 6.4 is dedicated to the role 

of EFAls in that respect. The thermal mechanism is of minor importance at moderate 

temperatures, but probably plays an important role in the industrial FCC process, which 

operates at very high temperatures. Note that all the above-mentioned initiation mechanisms 
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formally correspond to a dehydrogenation of the paraffin to an olefin, followed by its 

protonation on an acid site. 

   

6.2.3. The propagation of the carbenium ion cracking cycle: hydride transfer steps 

Cracking of a carbenium ion, formed by one of the initiation mechanisms mentioned 

above, leads to an olefin and a smaller carbenium ion, which should in fine desorb as olefin, 

thereby regenerating the acid site. 6 However, under the conditions of carbenium ion cracking, 

the carbenium ion produced by cracking undergoes a hydride transfer reaction with the reactant 

paraffin. The cracked carbenium ion desorbs as a paraffin and a new carbenium ion of the 

reactant is created. This closes the catalytic cycle. Since the cycle involves a bimolecular 

hydride transfer step, it is frequently described as bimolecular cracking, as opposed to 

monomolecular cracking for the Haag-Dessau mechanism.  

 

Figure 34. Propagation cycle of carbenium ion cracking. 

 

The net reaction of the cycle in Figure 34 is C6H14 → C3H8 + C3H6. 

From computational investigations, hydride transfer between a carbenium ion (or a 

related alkoxide species) and an alkane molecule was described to proceed via a carbonium 

shared-hydride intermediate (Figure 35),331,528–531 whose formation is the rate limiting step 

(non-activated dissociation). The energy barrier from the {alkene, alkane} pair for C2 and C3 

species has been computed to be between 150 and 170 kJ.mol-1 (depending on the level of 

theory) on the basis of calculations done on small clusters.331,532 Starting from alkoxides instead 
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of alkenes, the computed barriers are much higher.329 More recent computational results show 

that increasing the degree of branching of the alkene/alkane partners decreases strongly the 

barriers, and so does the consideration of a periodic model of the zeolite catalyst (Mordenite, 

in that case), and the inclusion of dispersion corrections, bridging the activation barriers starting 

from alkoxides below 90 kJ.mol-1 when the H-donating species is isobutane for example. 528 

This is in line with the experimental observation that isobutene is a much better hydride transfer 

agents than butene. 533 In Faujasite, considering carbenium ions as the starting point, hydride 

transfer was computed to be aided by the co-adsorption of an additional olefin molecule, that 

forms a C-C bond with the carbenium ion formed after hydride transfer.534 Finally, the 

formation of the shared-hydride intermediate was computed to be impossible at the external 

surface of zeolite Beta, even in the neighborhood of bridging OH groups, with was assigned to 

the lack of confinement effect.427  

 

Figure 35. Transition state (center) and shared-hydride intermediate for the hydride transfer reaction between 

ethane and ethylene. Reprinted with permission from ref. 298 Copyright 2008 Elsevier. 

 

The hydride transfer cycle stops when the cracked carbenium ion desorbs as an olefin instead 

of undergoing a H-transfer reaction with a feed molecule. In that case, a new initiation step is 

required to start a new cycle. Shertudke and Hall535 have tried to estimate the number of 

propagation cycles before a termination step, by calculating the ratio of the carbenium ion 

cracking rate to the rate of initiation steps (via the Haag Dessau mechanism). For evaluating 

the initiation steps, they used the sum of H2, CH4 and C2H6; for the propagation steps the sum 

of C3 to C5 paraffins (the reactants were isobutane or n-pentane); for the termination steps the 
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sum of C2 to C5 olefins. These hypotheses are questionable, since on the one hand, olefins are 

also produced in the propagation cycle and on the other hand, they may be consumed by 

hydrogen transfer reactions forming coke and paraffins (vide infra). Nevertheless, one can 

assume that the order of magnitude of the estimation should be correct: depending on the 

system, each initiation step could be followed by up to 15 hydride transfer cycles.536  

It is a very common feature of carbenium ion cracking that the ratio of paraffins to 

olefins in the products very often largely exceeds 1,521,537 i.e. it does not follow the formal 

stoichiometry of paraffin cracking, which predicts the formation of equal amounts of paraffins 

and olefins. This is attributed to hydrogen transfer reaction of olefins, which disproportionate 

into paraffins and aromatics (and in fine coke).536,538 The importance of these hydrogen transfer 

reaction, which increase the fraction of paraffins in the products quickly increases with 

increasing conversion.539  

 

6.3. Carbonium versus carbenium ion cracking 

Carbonium ion cracking and carbenium ion cracking may occur in parallel. At minima, 

carbonium ion cracking (or dehydrogenation) is considered as the initiation step for carbenium 

ion cracking via a hydride transfer propagation chain. If we assume that each carbonium ion 

cracking event initiates a carbenium ion cracking cycle, estimating the relative contribution of 

the two mechanisms comes down to determining the chain length of the propagation cycle by 

hydride transfer. Pure carbonium ion cracking occurs when the chain length is zero. It is very 

difficult to estimate the relative contribution of the two mechanisms precisely,524 since major 

products like propene may arise from both mechanisms. However, it is possible to describe 

some qualitative trends, by looking at the yield of products which can only arise from one or 

the other mechanism. Wielers et al. argued537 that C1, C2 and C2
= would be exclusively formed 

by the carbonium ion mechanism; in carbenium ion chemistry, the formation of these products 
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is very unfavorable. On the other hand, the formation of isobutane from n-paraffins is only 

possible, if the cracking was preceded by isomerization and/or dimerization steps, i.e. 

carbenium ion chemistry. Isobutane was, therefore, considered as a marker of the carbenium 

ion cracking route.  

Wielers et al. showed that the C1 and C2 selectivities sharply increased with temperature, 

while that of i-C4 decreases. In other words, at high temperatures the monomolecular carbonium 

ion cracking mechanism becomes dominating. This is not surprising, since the carbenium ion 

chain mechanism must be strongly related to the stability of the carbenium ion on the acid site, 

which decreases with temperature (increasing temperature favors the desorption as olefins). It 

was then further showed that the zeolite topology had a major impact of the relative contribution 

of the two mechanisms. Small pore zeolites like Ferrierite favor the monomolecular cracking 

route while large pore zeolites like Mordenite of Faujasite mainly favor the bimolecular 

route.537,540 Again, this makes sense since the hydride transfer step is sterically demanding and 

requires larger pore sizes, as confirmed by DFT calculations.529 Finally, the Si/Al ratio of the 

zeolite also plays an important role. The (C1+C2)/i-C4 ratio increases with decreasing Al 

content, suggesting that the bimolecular route needs adjacent Al sites (the order in Al sites is 2 

at low temperatures and changes to 1 as the temperature increases, i.e. as the monomolecular 

mechanism gains in importance).537,540 It was argued, however, that the 2nd order in Al content 

is not directly related to the adjacency of sites, but an indirect consequence of the impact of Al 

on the adsorption properties of the zeolite.541  

Miyaji et al. 500 went further than the qualitative analysis of Wielers and established a 

detailed reaction scheme of the cracking of n-pentane, which takes the contributions of 

carbonium ion cracking and of carbenium ion cracking (after hydride transfer) into account. For 

ZSM-5 the distribution of reaction products was in accordance with this reaction scheme up to 

a conversion of 30%; above that conversion a significant amount of aromatics was formed by 
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hydrogen transfer reactions, which had not been considered in the reaction scheme. The authors 

were, thus, able to precisely calculate the contribution of monomolecular and bimolecular 

cracking to the overall conversion. At the conditions used by the authors (high temperature and 

low pressure), monomolecular cracking was largely dominating, but when increasing the 

pressure, the bimolecular mechanism strongly gained in importance.  

A kinetic analysis of a reaction scheme comprising direct protolytic cracking as well as 

a hydride transfer propagation cycle 500 shows that the reactant (nP) conversion is the sum of 

two terms mentioned in Eq. 7.  

   −
𝑑[𝑛𝑃]

𝑑𝑡
= 𝑘1[𝑛𝑃][𝐻

+] +
𝑘2𝑘1

𝑘3
[𝑛𝑃]2[𝐻+]                               Eq. 7      

k1 is the rate constant of the carbonium ion cracking (or dehydrogenation) step, which is at the 

same time the initiation step of the hydride transfer propagation cycle, k2 is the rate constant of 

the hydride transfer step and k3 the rate of the termination step (i.e. the desorption of the 

carbenium ion as an olefin). The first term in Eq. 7 corresponds to the carbonium ion cracking 

and is first order in the reactant, while the second one represents the hydride transfer cycle and 

is second order in reactant.466 Both are first order in the acid site concentration (but as mentioned 

above, one can envision that the acid site concentration has an indirect effect on the paraffin 

concentration in the pores by increasing its adsorption)  

Regarding confinement effects, under conditions where both monomolecular and 

bimolecular cracking are possible, significant differences in the product selectivities of small 

and large pore zeolites are observed.500,537,542 In small pore zeolites, formation of dimerization 

products is impossible, so the cracking proceeds mainly via the monomolecular Haag-Dessau 

mechanism. The selectivity to products issued from a hydride transfer propagation cycle or 

from dimerization/cracking is generally higher for large pore zeolites. The competition between 

monomolecular cracking and dimerization/cracking also exists in the cracking of short alkenes. 
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Again, small pore zeolites favor monomolecular cracking, while large pore zeolites favor 

dimerization/cracking, thus leading to different product distributions. Baba and co-workers 

tried to rationalize these activity and selectivity trends by considering the cavity volume of the 

pore systems and its fit with respect to the volume of the key carbenium ion intermediates.523,543  

 

6.4. Roles of EFAls, synergy between Brønsted and Lewis acid sites  

The seminal work of Lago et al.526 showed that mildly steamed ZSM-5 zeolites had a 

higher turn-over frequency in n-hexane cracking than unsteamed zeolites. This activity increase 

was attributed to the presence of EFAl species in the zeolite. Such observation has been 

confirmed many times afterwards, for a variety of zeolites and of alkanes. As already mentioned 

above, in a hydride transfer cracking cycle, the role of EFAl species can be explained by their 

contribution to initiation steps. Guisnet et al. moreover suggested that EFAl enhanced hydrogen 

transfer mechanisms more strongly than cracking.527 However, the EFAl also affect protolytic 

cracking rates.527 A specific role of the EFAl species has been discussed, either in terms of 

direct implication of the EFAl in the cracking and/or dehydrogenation reaction steps, 475,476,525–

527 or in terms of confinement effect tuned by the presence of EFAl,544 or increase of the initial 

heat of adsorption of alkanes resulting in higher coverages thanks to the EFAl,493–495 or by a 

synergy between EFAl and Brønsted acid sites (BAS), the later corresponding to an increase in 

the reactivity of BAS close to EFAls.476,527,545–550 In recent work, a perfectly linear correlation 

was observed between the TOF of pentane cracking in ZSM-5 and the fraction of BAS species 

in proximity to EFAl.551 Since the adsorption properties were not affected by the presence of 

EFAl, the increase of the TOF was attributed to a more favorable transition state entropy, which 

is probably related to a “later” transition state in the presence of the EFAl.551,552    

The origin of the synergy between EFAl species (seen as Lewis acid sites) and BAS has 

been the subject of debate. DFT calculations were undertaken to understand this. Some of these 
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studies suggest that the intrinsic Brønsted acidity of bridging OH groups is reduced upon 

proximity with an EFAl but that the conjugated base is stabilized by hydrogen bonds thanks to 

the EFAl.169,170 Other DFT studies suggest an increase in Brønsted acidity of bridging OH 

groups close to an EFAl.168,546 More recently, the presence of oligomeric EFAls in the sodalite 

cage of Faujasite was computed to enhance the acidity of bridging OH groups in the 

supercages.166,167 It was assigned to an additional compensation of the negative charge of the 

deprotonated lattice sites by the multiply charged cationic EFAl cluster. Liu et al. moreover 

showed that this enhanced relaxation has a direct impact on the intrinsic energy barrier of the 

cracking of propane,166,167 lowered by up to 65 kJ.mol-1 in the case of trimeric EFAl. The 

mechanism invoked was, however, unchanged, no direct participation of the EFAl was 

simulated (being inaccessible in the sodalite cage), and no direct confinement effect of the EFAl 

being thought (also because the reaction takes place in the supercage, that is EFAl free in these 

models). To the best of our knowledge, the effect of EFAl on the cracking (and 

dehydrogenation) activation entropy has not been analyzed computationally so far. Considering 

the already strongly debated effect of the zeolite framework (without EFAl) on the activation 

entropy, and the difficulties in simulating relevant configurations for EFAl in zeolites, there is 

for sure a long way to go before this goal can be reached.  

 

7. Transformation of aromatic molecules 

7.1. Isomerization of alkylaromatics 

Transformations of aromatic molecules, especially monoaromatics, are of great 

industrial importance to produce petrochemicals.46,553 Since different positional isomers of 

substituted benzene rings have different properties, one must be able to produce the targeted 

isomer selectively, by using appropriate catalysts. Different types of isomerization can be 
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distinguished (Figure 36). The isomerization of the alkyl chain will not be detailed here as it 

involves similar mechanisms as those reported for the bifunctional isomerization of alkanes in 

section 5.1. Type A isomerization does not change the number of alkyl group of the aromatic 

cycle but either their position or the distribution of numbers of carbons of the alkyl chains. To 

the best of our knowledge the second one (Figure 36-c) has been scarcely studied and will not 

be detailed here. 

 

Figure 36. The various types of alkylaromatics isomerization. 

 

Type B isomerization corresponds to the modification of the branching degree of the 

aromatic cycle. A well-studied example is the isomerization of ethylbenzene to xylenes. This 

reaction is bifunctional554–556 and occurs via the contraction and expansion of the corresponding 

cyclo-olefin intermediate obtained by hydrogenation of the aromatic cycle. In this respect the 

isomerization mechanism is like the one depicted for cyclo-alkane with bifunctional catalyst in 

section 5.1. However, because of the reactivity of the aromatic molecule with acid sites, several 

other reactions occur in parallel:557,558 (a) the dealkylation of ethylbenzene (monofunctional 

acid) and the hydrogenation of the ethene produced (monofunctional metallic), see section 7.3, 

(b) the disproportionation of ethylbenzene (monofunctional acid), see section 7.2, (c) the 

transalkylation between ethylbenzene and xylenes (monofunctional acid), see section 7.2, (d) 

the hydrogenation of ethylbenzene (monofunctional metallic), (e) the isomerization of 
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corresponding ethylcyclohexane to other naphtenes (bifunctional), see section 5.1., (f) the 

cracking of the naphtenes  (bifunctional559), see section 5.2.. 

Different types of zeolites have been studied for this reaction.560,561 Among them, results 

obtained with EUO zeolites are noteworthy. EUO zeolites are intermediate pore size zeolites, 

as described previously (Figure 14). During the early stage of the reaction, bifunctional catalyst 

based on EUO zeolites experienced fast initial deactivation associated with a pronounced 

increase of the selectivity towards isomerization.562 The deactivation was caused by coking of 

the zeolite which resulted in a complete blocking of the microporosity.561 It was considered that 

on coked catalyst only the active sites located on the outer surface of the zeolite were operating 

and that pore mouth catalysis was at stake. Comparison of the fresh and coked catalyst 

selectivity was used to estimate the internal sites’ and outer surface sites’ selectivities (Table 

4). Active site located at the outer surface were found more selective towards isomerization 

than those located in the microporosity. The high selectivity of the outer surface active sites 

was proposed to result from an optimal access to these sites for the ethylcyclohexene olefinic 

intermediates.562 Later, Marques et al. confirmed that the activity of stabilized (i.e. coked) EU-

1 zeolites was markedly impacted by the amount and accessibility of external acid sites of the 

zeolite.563 

 

Table 4. Comparison of the selectivities of internal and outer surface sites of EUO zeolites, at 7-8% EB conversion, 

adapted from559. 

Zeolite Si/Al 

(mol/mol) 

Active site 

localisation 

Isom. (%) Dispropor. 

(%) 

Dealk. 

(%) 

Crack. 

(%) 

Transalk. 

(%) 

EU-1 15 

Inside 

micropores 
26 30 23 19 2 

Outer 

surface 
65 23 6 5 0 

EU-1 70 

Inside 

micropores 
21 36 26 13 3 

Outer 

surface 
37 20 38 4 2 

ZSM-50 62 

Inside 

micropores 
39 18 32 7 4 

Outer 

surface 
74 12 12 2 1 
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Many experimental works dealing with the isomerization of xylenes have been 

published. It is the prototypical example of type A isomerization. The reaction can be performed 

on acidic solids like zeolites, either via a monomolecular or a bimolecular mechanism564 as 

depicted in Figure 37. The monomolecular mechanism involves the formation of Wheland 

complexes by protonation of the aromatic cycle. Methyl shifts are reported to be the limiting 

step of this mechanism. In the absence of diffusional limitation, direct isomerization of ortho-

xylene into para-xylene is not possible according to the intramolecular mechanism, as reported 

for silica-alumina catalysts.565 Indeed, ortho-xylene produces meta-xylene as a primary product, 

while as para-xylene production requires two slow methyl shifts, para-xylene appears as a 

secondary product. In the presence of intracrystalline diffusion limitations, meta-xylene may 

isomerize quicker that it desorbs, making para-xylene be formed as apparent primary product. 

The bimolecular mechanism is a two-step mechanism. It was demonstrated to occur in large 

pore zeolites like FAU using catalytic experiments with deuterated paraxylene as reactant.566 

The first step of the mechanism involves xylene disproportionation to produce toluene and 

trimethylbenzenes. The second step of the mechanism involves the transalkylation of 

trimethylbenzene with xylene reactant to produce another trimethylbenzene and a xylene 

isomer. The detailed features of the bimolecular mechanism will be discussed section 7.2. as 

such mechanism involves disproportionation and consecutive transalkylation reactions. 

The effect of branched alkanes on the xylene isomerization rate is another way to assess 

experimentally if a bimolecular mechanism is at stake.567 Indeed, it was shown that isoalkanes 

inhibit xylene disproportionation (the first step of the bimolecular mechanism) but not the 

monomolecular isomerization of xylene.568 The inhibiting effect was ascribed to an hydride 

transfer between isoalkanes and the benzylic carbocations that are intermediate species in the 

disproportionation mechanism, (see later step A of the diphenylmethane mechanism, Figure 
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39-b), decreasing the concentration of the latter’s. Estimation of the relative contribution of 

each mechanism to overall isomerization is not an easy task. It was performed by Morin et al. 

for meta-xylene isomerization on FAU zeolites.569 Estimation was based on the fact that 

monomolecular and bimolecular pathways led to different para to ortho-xylene ratios.569 Later, 

an attempt to quantify the relative contribution of each mechanism was performed for the same 

reaction by Min and coll.570 Catalytic tests using deuterated experiments were performed, and 

sixteen zeolites with different structural codes evaluated. The pore topology of the zeolite 

markedly impacts the contribution of the bimolecular mechanism. The highest contributions 

(i.e. > 40%) are observed for three dimensional, 12MR materials such as the FAU and *BEA 

zeolites. Indeed, the bimolecular mechanism is more space demanding as it involves bulkier 

trimethylbenzenes571 as reactant and potentially diphenylmethane (DPM) cations as 

intermediates or transition state (see section 7.2.). For materials with lower dimensionality 

and/or pore size the bimolecular mechanism contribution was found to be marginal (i.e. less 

than 20%). It must be emphasized that the contribution of the bimolecular mechanism can be 

enhanced by the presence of acid sites at the external surface (unrestricted spatial environment). 

Passivation of such sites can be achieved by suitable treatments, as described for example for 

ZSM-5 nanocrystals572 or commercial Mordenite.573  

As the bimolecular mechanism inherently involves disproportionation and 

transalkylation reactions, maximal isomerization selectivity (versus disproportionation and 

transalkylation) should be obtained for materials favoring the monomolecular isomerization 

pathway, i.e. with restricted spatial environment. This is indeed well reported experimentally 

for the meta-xylene conversion.574,575 
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Figure 37. Xylenes isomerization via (a) monomolecular or (b) bimolecular mechanism. Reprinted with 

permission from ref. 564. Copyright 2000 Elsevier. 

 

To the best of our knowledge, the monomolecular isomerization pathway over zeolite 

has been scarcely studied by DFT simulation methods. Rozanska et al.291 investigated the 

monomolecular isomerization of xylenes and toluene catalyzed by Mordenite with periodic 

DFT. Two competing monomolecular pathways were considered (Figure 38). The first 

pathway involves one transition state associated to the direct shift of the methyl group after the 

protonation of the aromatic cycle. The shifting methenium ion is stabilized by oxygen atoms of 

the zeolite framework other than those neighboring the Brønsted acid site involved in the 

reaction. The second pathway involves demethylation of the protonated aromatic cycle to form 

an adsorbed aromatic cycle and a methoxy group bound to the zeolite, rotation of the aromatic 

cycle and methylation of the cycle by the methoxy group. The two transition states associated 

with the demethylation and methylation steps are similar. They are viewed as a methenium ion 

sandwiched between the aromatic cycle and the deprotonated acid site. 

(a) (b) 
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Figure 38. Isomerization of aromatic via monomolecular reaction mechanism catalyzed by zeolite. Two 

competing reaction pathways are considered. Reprinted with permission from ref. 291. Copyright 2001 American 

Chemical Society.  

 

The position of the non-shifting methyl group result in steric constraints that can destabilize the 

transition states and favor one reaction pathway. For ortho-xylene isomerization both pathways 

are found competitive with comparable activation energies. For meta and para-xylene 

isomerization the direct shift pathway is preferred.  

 

7.2. Disproportionation and transalkylation of alkylaromatics 

Alkyl group transfer between two aromatics molecules is usually proposed to occur via 

two possible mechanisms on zeolite (Figure 39, illustrated for toluene disproportionation). The 

first one, the “alkyl-transfer” mechanism, is monomolecular. It involves the formation of 

alkylbenzenium cation and the alkyl transfer from one aromatic molecule to another via the 

formation of an alkoxy group on the zeolite. It is very similar to the one proposed for the 

monomolecular isomerization (Figure 38). The only difference is that for the “alkyl-transfer” 

mechanism the dealkylated and alkylated molecules are not the same. The second one, the 

“diphenylmethane” (DPM) mechanism, is bimolecular. It involves the formation of 
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alkylbenzylic cations and the formation of alkyldiphenylmethane cation as key species, DFT 

calculations suggesting that it is a local energy minimum, thus a reaction intermediates.318,319,576  

 

 

Figure 39. Toluene disproportionation via (a) “alkyl-transfer” or (b) “diphenylmethane” (DPM) mechanism, from 

ref. 577. 
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Variants of the DPM mechanism, involving two or even three catalytic cycles with 

alkyldiphenylmethane species, have also been proposed, for ethylbenzene 

disproportionation578,579 and 1,2,4 trimethylbenzene transalkylation with toluene580 

respectively. Initiation of the DPM mechanism, i.e. the hydride abstraction step (step A) is 

expected to be the most difficult step. According to quantum chemical calculations, m-xylene 

could react with the Brønsted acid site of a FAU zeolite to form a benzenium cation and 

hydrogen.318 Energy barrier can be as high as 175-220 kJ.mol-1 according to simulations on 

various aromatic molecules and zeolites.318,319,576 It was suggested that Lewis acid sites, or 

defect sites could play a critical role for this hydride abstraction step for ethylbenzene,319,581 

which is like the discussion taking place for the activation of alkanes, see sections 6.2-6.4. A 

third mechanism, i.e. the direct methyl transfer from one aromatic molecule to another, has also 

been studied by DFT, for MOR and TON zeolite.319,582 Transition state associated with this 

mechanism is pictured as the methyl carbocation sandwiched between the two aromatic 

molecules. 

Experimental evidence for the DPM mechanism were provided by Xiong et al. for the 

toluene disproportionation reaction in a ZSM-5 zeolite.583 Introduction of small amount of 

diphenylmethane increased the rate of reaction as expected with the DPM mechanism. A kinetic 

isotope effect was observed comparing the kinetic of toluene-d0 and toluene-d8 

disproportionation. This is also in accordance with the DPM mechanism which involves two 

breaking of sigma C-H bonds (in step A and step E, Figure 39-b). The build-up of DPM 

compounds in the microporosity of ZSM-5 zeolite after exposure to toluene was also directly 

evidenced by Svelle and coll.584 To do so, the exposed ZSM-5 were dissolved in hydrofluoric 

acid and the CCl4 extract analyzed by GC-MS.  

The framework topology of the zeolite is expected to favor the disproportionation (or 

transalkylation) reaction via the alkyl transfer or DPM pathway according to transition state 
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selectivity. The DPM pathway involves bulkier transition states and is expected to be favored 

on large pore zeolites. Huang et all.585 studied the mechanisms of ethylbenzene 

disproportionation on large (i.e. FAU) and medium (i.e. MFI) pore zeolites. 13C MAS NMR 

were performed on the zeolites after exposure to ethyl [-13C]benzene at various temperatures 

and duration. On large pore zeolites, the formation of diphenyl ethane species was observed. 

By contrast, signals associated with ethoxy and oligomeric alkoxy groups were observed on 

medium pore zeolite. Demuth and coll.319 performed a DFT study to assess the effect of zeolite 

pores topology on the relative stability of various trimethyldiphenylmethane species (3mDPMs) 

inside the micropores. MOR (2D 12MR * 8MR pores) and TON (1D 10MR pores) were chosen 

for the study. One outcome was that the 3mDPMs were strongly destabilized in the 10MR 

structure compared to the 12MR. However, even in the 10MR structure, specific 3mDPMs 

could be stabilized, namely those leading to the formation of 1,2,4 trimethylbenzene and toluene 

as final products. In the 12MR * 8MR structure, all the studied 3mDPMs could be stabilized. 

Later on, in the context of m-xylene conversion, Byun and coll. investigated the stability of 

trimethyl and tetramethyldiphenylmethanes (4mDPM) species in nine zeolites (FAU and eight 

zeolites containing 10MR) with different framework topology using computational methods 

based on clusters models.576 Adsorption energies of the species were found to be correlated 

with their strain energies (Figure 40). Strain energy can be viewed as the energetic penalty cost 

associated with the deformation that the DPM requires to be accommodated in the void of the 

zeolite structure. Penalty cost is largely correlated to the deviation of the bond angles of the 

central sp3 carbon of the molecule. The strain energy and bond angles deviation were correlated 

with the maximum sphere diameter (Di) that could be included in the zeolite network,586,587 

considered as a quantitative descriptor of void of the zeolite structure (Figure 40). The DPM’s 

adsorption is strongly disfavored for Di values below 7 Å.  
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Figure 40. (a) Evolution of the adsorption energy of 3m and 4mDMPs with their corresponding strain energy in 

nine zeolites, and (b) evolution of the strain energy and the deviation of the central sp3 carbon bonds angle with 

the maximum included sphere diameter Di in the eight zeolites containing 10MR. Reprinted with permission from 

ref 576. Copyright 2014 American Chemical Society. 

 

Provided that dismutation and transalkylation reactions are occurring mainly via the 

DPM mechanism, the inability of a zeolite to stabilize 3 and 4mDPM species should be reflected 

by a lower contribution of the bimolecular isomerization pathway with respect to the 

monomolecular one for xylene isomerization. Figure 41 reports the evolution of the percentage 

of para-xylene bimolecular isomerization with the Di of the eight zeolites containing 10MR 

from Figure 40. The bimolecular mechanism is not the dominant one for all the zeolites of the 

panel. Its contribution decreases with the Di value, and indeed becomes marginal (i.e. less than 

5%) for Di values below 7 Å, in accordance with the strong increase of the strain energy of the 

3 and 4mDMP species. The high percentage of bimolecular isomerization reported for the H-

NU-87 zeolite was proposed to result from the significant contribution of external acid sites on 

this solid.570        

(a) 

(b) 
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Figure 41. Evolution of the percentage of bimolecular pathway for paraxylene isomerization with the maximum 

sphere diameter Di for eight zeolites containing 10MR. Data extracted from570,586,587.  

 

Stabilization of specific DPM species or associated transition states can result in the 

formation of specific disproportionation or transalkylation products.319,574 Reactant shape 

selectivity can also play a crucial role to obtain specific disproportionation or transalkylation 

products, and even mask actual transition states selectivity effects.588 A classic example of 

reactant shape selectivity, at the industrial scale, is the selective disproportionation of toluene 

to para-xylene and benzene using modified ZSM-5 zeolite.589,590 Research about zeolites with 

micropore channels of different dimensions is an active topic as such structures could favor 

specific reactants or products shape selectivities for reactions of interest.591 Recently, aiming at 

selectively transalkylating toluene with trimethylbenzenes to para-xylene, the diffusion of 

toluene and trimethylbenzenes in zeolites with intersecting dual pores system (10MR and 

12MR) was computed by molecular dynamics study to identify potential candidates.592,593 The 

UWY framework was proposed as a promising candidate as the 12MR channel of the structure 

can accommodate the DPM species whereas the 10MR channels favor the preferential diffusion 

of para-xylene.  
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Recent work investigated the impact of the zeolite pore structure on the preferential 

pathway at stake (i.e. “alkyl transfer” or DPM) for the ethylbenzene (EB) disproportionation 

reaction by combining DFT calculations and experimental catalytic tests.320 Four zeolites with 

three different structural codes were investigated. These include two MWW structures: MCM-

22 with 10MR pores, 12MR cavities and external 12MR hemicavities and DS-ITQ-2 with no 

12MR cavities and a higher proportion of 12MR hemicavities than MCM-22. 10MR ZSM-5 

(MFI) and 12MR Mordenite (MOR) were also studied. The crucial role of van der Waals 

interactions in the stabilization of the carbocationic intermediates, in addition to electrostatic 

interactions and spatial requirements was evidenced. Striking simulation results were obtained 

for the MWW structure. The “alkyl transfer” and the DPM mechanisms were investigated in 

the large hemicavities cups (7.1 * 7.1 * 7.1 Å) and within the more constrained 10MR channels 

(4.1 * 5.1 Å) of the structure. The counter-intuitive result is that the space-demanding DPM 

mechanism is favored inside the constrained 10MR channel, whereas the alkyl transfer one is 

favored in the voluminous hemicavities cup. Adsorbed EB is more stabilized in the 10MR 

channel than in the hemicavity because of a higher dispersion contribution (-168 kJ.mol-1 vs -

120 kJ.mol-1). But inside the 10MR channel, for the protonated EB the dispersion contribution 

changes less (-25 kJ.mol-1) whereas it becomes much stronger in the hemicavity (-76 kJ.mol-1). 

Indeed, the protonated EB is located deeper in the hemicavity and maximize its interaction with 

the zeolite framework (Figure 42-a). As a result, for the alkyl transfer mechanism, the free 

energy required for the EB protonation (first step of the mechanism) was found much higher in 

the 10MR channels (122 kJ.mol-1) than in the hemicavities (40 kJ.mol-1). Conversely, 

hemicavities cup were found less favorable for the DPM mechanism as the ethylbenzene 

molecule reacting with the ethylbenzenium cation (to form the first intermediate, see step b in  

Figure 39-b) is not sufficiently stabilized by the MWW hemicavity (Figure 42-b). Note that, 

as at several other occurrences mentioned in this review, considering the dispersion contribution 
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is crucial, otherwise the formation of the EB+ - EB complex is found to be unfavorable in the 

10MR channels. 

 

 

Figure 42. (a) optimized structures of adsorbed ethylbenzene (ZH-R) and protonated ethylbenzene (Z-RH+) in the 

10 MR channel and hemicavity of MWW and (b) optimized structure of adsorbed ethylbenzenium ion and 

adsorbed ethylbenzene in the hemicavity of MWW - adsorbed ethylbenzene interacts weakly with the MWW 

framework. Si and O atoms depicted as yellow and red sticks, Al, C and H atoms as purple, blue and white balls. 

The proton is highlighted with the green circle. Reprinted with permission from ref 320. Copyright 2019 American 

Chemical Society. 

 

The proper local environment of the active site can therefore favor one pathway by 

specifically stabilizing the associated key intermediates or transition states. The optimal zeolite 

structure (new or already existing) in accordance with the targeted mechanistic pathway may 

be synthesized by proper selection of the organic structure directing agent (OSDA). The OSDA 

should mimic the key intermediates or transition states of the reaction to have a subsequent 

optimal stabilization of such species in the zeolitic framework during the catalytic reaction.15 

Such an approach was recently illustrated for the transalkylation of diethylbenzene (DEB) with 

benzene to produce ethylbenzene.321 Transalkylation can occur via the alkyl-transfer or the 

DPM mechanism. The alkyl transfer pathway should be minimized as it is more favorable for 

side reactions like dealkylation or overethylation of DEB (see section 7.3). 

Diphenyldimethylphosphonium (DPDMP+) was viewed as a good mimic of the DPM 

intermediates and transition states associated with the DPM mechanism (Figure 43).  

10 MR channel hemicavity (a) (b) 

hemicavity 
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Figure 43. Zeolite synthesis using diphenyldimethylphosphonium, as mimicking OSDA of the DPM 

intermediates, to favor the DPM mechanism during diethylbenzene transalkylation with benzene, from321.  

 

DPDMP+ was previously used as OSDA for the synthesis of a new aluminosilicate zeolite, 

called ITQ-27, with a two-dimensional 12MR channel system594 (IWV structural code). ITQ-

27 indeed exhibited superior DEB conversion and EB selectivity compared to benchmark 

zeolites (FAU, *BEA and MOR). DFT calculations were performed to compare the energetic 

profiles for the alkyl transfer and DPM mechanisms for IWV and MOR structures. Results 

suggested that the DPM pathway is favored in the IWV structure whereas both pathways are 

competitive in MOR. Experimentally, a higher production of ethene (a hint of the occurrence 

of the alkyl transfer mechanism) was indeed observed for the MOR zeolite compared to IWV 

for a given DEB conversion. The lower experimental activity (per Al) observed of the MOR 

was also in agreement with the higher calculated activation barriers (superior to 80 kJ.mol-1 

versus 40-70 kJ.mol-1 for the IWV structure), Figure 44.  

The operating conditions also impact the relative contribution of both mechanisms at 

stake in a zeolite. Increasing the temperature favors the alkyl transfer mechanism as its 

activation energy is generally higher compared to the DPM mechanism. This was for instance 

experimentally reported for the n-propylbenzene disproportionation reaction over zeolites Beta, 

USY, Mordenite and ZSM-5.595 
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Figure 44. DEB transalkylation with benzene: DFT energetic profiles for (a) alkyl transfer and (b) DPM 

mechanism (direct proton transfer) pathways for MOR and IWV zeolites. IWV-T3 and IWV-T6 stand for the two 

most stable Al location in IWV structure, MOR-T4 for the Al location accessible from the 12MR channel in MOR 

structure. Reproduced from ref 321. Licensed under CC BY 4.0. 

 

7.3. Dealkylation of alkylaromatics 

When the alkyl chain is an ethyl or (iso)propyl group, dealkylation occurs by cleavage 

of the sp2 carbon sp3 carbon bond; i.e. the molecule is de-ethylated or de-propylated. When the 

alkyl chain is a methyl group dealkylation (demethylation) is not occurring.596,597 The essential 

features of the dealkylation mechanism are the same than for the “alkyl transfer” mechanism, 

except that the alkyl group adsorbed on the zeolite as an alkoxide desorbs as an olefin (after 

proton back donation). This is illustrated in Figure 45 for ethylbenzene. However, the olefin 

can readsorb and undergo secondary reactions like realkylation of an aromatic molecule, 

oligomerization and coke formation. In the presence of hydrogen, adding a hydrogenating 

function allows to quickly hydrogenate the olefin and avoid secondary reactions. Such a 

mechanism does not allow demethylation as the methoxy cannot desorb (no proton available 

for back donation to restore the acid site). Increasing the temperature is found to favor the 

IWV-T3 IWV-T6 MOR-T4

(a)

(b)

https://creativecommons.org/licenses/by/4.0/
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dealkylation mechanism as reported experimentally for ethylbenzene conversion over fourteen 

zeolites.579,598 A single event microkinetic model was developed for the ethylbenzene (EB) and 

xylenes hydroconversion over Pt/ZSM-5 and the activation energy was also found higher for 

EB dealkylation (194 kJ.mol-1) compared to xylenes’ methyl-shift (134 kJ.mol-1) and 

transmethylation (125 kJ.mol-1).599   

 

 

Figure 45. Ethylbenzene transformation via disproportionation (“alkyl transfer” mechanism) or dealkylation. 

Reprinted with permission from ref. 600 . Copyright 2019 Elsevier. 

 

According to Figure 45, the selectivity of a zeolite towards disproportionation (or 

transalkylation) compared to dealkylation should be profoundly affected by the presence of the 

hydrogenating function, if the disproportionation (or transalkylation) mainly occurs via the 

“alkyl transfer” mechanism, as hydrogenation of the olefin avoids consecutive readsorption and 

realkylation. Conversely, the impact of the hydrogenating function is expected to be less 

pronounced if the disproportionation (or transalkylation) mainly occurs via the DPM 

mechanism. This was elegantly demonstrated by Amelse601 and later confirmed by Silva et 

al.602,603 for the ethylbenzene (EB) hydroconversion over MFI and MOR zeolites. Under typical 

operating conditions of the studies, 14C labelled EB experiments demonstrated that 

disproportionation occurred mainly via the “alkyl transfer” mechanism with MFI and via the 
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DPM mechanism with MOR.601 Adding (by mechanical mixture) a hydrogenating catalyst 

improved consistently the (EB converted by dealkylation) / (EB converted by 

disproportionation-transalkylation) ratio by an order of magnitude for the MFI zeolites whereas 

the effect was much less pronounced for the MOR zeolites (Table 5).  

 

Table 5. Conversion of ethylbenzene (EB) on MFI or MOR zeolites – impact of a hydrogenating catalyst on the 

EB converted by dealkylation to EB converted by disproportionation-transalkylation ratio. 

Zeolite type Hydrogenating 

catalyst  

Feedstock 

composition  

EB converted by 

dealkylation / EB converted 

by disproportionation-

transalkylation* at 40-50% 

EB conversion 

Datas 

extracted 

from  

MFI 

(borosilicate)** 

Yes (catalyst not 

specified) 

15% EB, 

12% PX, 

49% MX, 

24% OX 

1.7 Ref 601 

MFI 

(borosilicate)** 

No 15% EB, 

12% PX, 

49% MX, 

24% OX 

0.1 Ref601 

MFI 

(aluminosilicate) 

Yes (Pt/Al2O3) Pure EB 11.5 Ref602   

MFI 

(aluminosilicate) 

No Pure EB 0.6 Ref602   

MFI 

(aluminosilicate) 

Yes (Pt/Al2O3) 20% EB, 

80% OX 

15.3 Ref602  

MFI 

(aluminosilicate) 

No  20% EB, 

80% OX 

0.5 Ref602  

MOR 

(aluminosilicate) 

Yes (catalyst not 

specified) 

15% EB, 

12% PX, 

49% mX, 

24% OX 

0.1 Ref601 

MOR 

(aluminosilicate) 

No 15% EB, 

12% PX, 

49% mX, 

24% OX 

0.04 Ref601  

MOR 

(aluminosilicate) 

Yes (Pt/Al2O3) Pure EB 0.8 Ref603  

MOR 

(aluminosilicate) 

No Pure EB 0.2 Ref603   

MOR 

(aluminosilicate) 

Yes (Pt/Al2O3) 20% EB, 

80% OX 

0.4 Ref 603 

MOR 

(aluminosilicate) 

No 20% EB, 

80% OX 

0.2 Ref603  

* Transmethylation and transethylation between EB and xylenes (if present in the feed) 

** AMS-1B604 
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Impact of the channel pore architecture for the selective EB conversion by the dealkylation 

route was also evidenced later by Serra and coll.605 Seven zeolites loaded with Rhenium as 

hydrogenating function were evaluated and major differences in the dealkylation selectivities 

and activities per acid site were observed (Figure 46). Zeolites with 10MR pores exhibited the 

highest dealkylation selectivities and activities whereas the presence of 12MR pores was found 

to decrease the dealkylation selectivities and activities. The high dealkylation selectivity was 

attributed to the low contribution of the DPM mechanism in the 10MR pores zeolites under the 

operating conditions of the study. Similarly, the high activities of the acid sites were proposed 

to be linked to a higher confinement of EB in the 10MR pores zeolites. 

 

  

 

Figure 46. Dealkylation (a) selectivity and (b) activity for ethylbenzene conversion with various zeolites loaded 

with ruthenium, extracted from605. EB conversion range: 68%-93%; Zeolites Si/Al range: 13-18 mol/mol. EB 

conversion below 7%; acid site considered as Al site. 

 

The impact of the channel pore architecture and crystal size was later studied by Marques Mota 

et coll.,606 for three different types of zeolites: *MRE (10MR 1D), MFI (10MR 3D) and MTW 

(12MR 1D). The results obtained with the bulk materials confirmed the ability of the MFI 

zeolite to significantly dealkylate EB. This was not observed for *MRE and MTW like zeolites 

(Figure 47). The very low dealkylation selectivity of bulk *MRE compared to MFI looks 
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puzzling at first sight as the pores diameters of the two zeolites are similar (5.3 * 5.6 Å in *MRE 

and 5.1 * 5.5 Å; 5.3 * 5.6 Å in MFI). This can tentatively be ascribed to an optimal geometric 

environment of the active sites in MFI, for instance at the intersection of the channels. 

Evaluation of MFI with controlled location of the active sites in the framework should be of 

interest to explore this concept further.112 Downsizing of the MFI crystals (nanosponge) also 

results in a huge loss in the dealkylation ability of the zeolite, which can be associated with the 

loss of the optimal geometric environment required for the reaction. Typically with nanosponge 

MFI 30% of the Brønsted sites are located at the external surface and the total acid strength 

distribution assessed by 13P NMR of adsorbed phosphine is shifted to lower values.607 

 

 

Figure 47. Dealkylation, disproportionation, transalkylation, hydroisomerization and hydrocracking selectivities 

at ca. EB hydroconversion over *MRE, MFI and MTW zeolites (bulk and nanosponge form). Zeolites Si/Al range: 

70-110 mol/mol. Zeolites in mechanical mixture with Pt/Al2O3 hydrogenating catalyst. Reprinted with permission 

from ref 606. Copyright 2016 Royal Society of Chemistry.  

 

Note that for polymethylsubstituted aromatics, like hexamethylbenzene, dealkylation can also 

occur via the paring reaction,608 as will be discussed in more details in section 10.4. 

 

 



 

113 

 

8. Dehydration of alcohols and polyhydroxy molecules 

8.1. General aspects 

Following the precursor works of Knözinger dealing with alcohol dehydration on 

alumina,609,610 this set of reactions was investigated on many kinds of oxides, including proton-

exchanged zeolites.36 The dehydration of alcohols produces two main kinds of products: (i) 

ethers, upon intermolecular dehydration, (ii) alkenes, obtained by intramolecular dehydration 

or by the decomposition of ethers, as shown in Figure 48 in the case of isobutanol. Depending 

on the structure of the alcohol reactant, the reaction network may also encompass double-bond 

isomerization reactions and skeletal rearrangement, which are also catalyzed by Brønsted 

acidity. Notably, in the present section, we focus on mechanisms that do not involve the 

formation of C-C bond between alcohol molecules. The latter family of mechanisms refers to 

alcohol to hydrocarbon reactions, which are discussed later in section 10 in the case of 

methanol. 

 

Figure 48. Schematic reaction scheme for isobutanol dehydration. 
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Several families of solids can catalyze these reactions, with various selectivities. Most of the 

time, they exhibit either Lewis or Brønsted acid sites. Protonic zeolites are highly efficient for 

these reactions.611,612 Beside industrial attractivity,613,614 the dehydration of alcohols is also 

widely used as a model reaction for the characterization of the acidity of catalysts.36,615 In 

particular, the dehydration of 1-butanol versus isobutanol reactions in zeolites was used as a 

basis of the shape selectivity concept in the 60’s.455,616 Most investigations consider the major 

catalytic feature of protonic zeolites to be their Brønsted acidity, through the bridging OH 

groups. The rate of isobutanol dehydration was indeed shown to be correlated to the 

concentration of Brønsted acid sites determined by pyridine adsorption, for a series of ZSM-5 

zeolite samples.617 For ethanol dehydration in H-ZSM-5, it was suggested that weak acid sites 

are more selective to the direct formation of ethylene,618 whereas the stronger ones would be 

responsible for di-ethylether formation and decomposition.619 Lewis acidic sites are less often 

invoked in dehydration reactions, and for instance in ref.  620, the absence of role of Lewis acid 

sites was shown by co-feeding acetonitrile, believed to poison mainly Lewis acid sites, although 

acetonitrile is also a popular probe molecule for the quantification of Brønsted acid sites.22 

However, a synergetic role of Brønsted and Lewis acid sites was recently proposed for the 

production of ethylene from ethanol621 and butene from tert-butanol622 in H-ZSM-5 (from the 

comparison of the performance of samples exhibiting various amounts of EFAls such as AlIII 

characterized by TMPO adsorption), and of propylene from isopropanol on amorphous silica-

alumina (from DFT calculations compared with experimental measurements of activation 

enthalpies).623 In the proposed mechanisms of such a synergy, the low-coordinated aluminum 

atoms assist the dissociation of the C-O bond. Finally, the role of the external surface sites is 

still debated. In the case of butanol dehydration in Ferrierite, which will be developed in 

section 8.6, a specific role of the external surface of the crystallites is invoked,624,625 while in 

the case of the formation of dimethylether from methanol at the external surface of SSZ-13, no 
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evidence of a specific role of the external Brønsted and Lewis surface sites is provided by 

computational studies.626 

 

8.2. Adsorption state of the alcohol molecule 

The first reaction step to be considered is the protonation of the hydroxyl group of the 

alcohol molecule. The stability of this protonated state, called oxonium (and sometimes a 

Eigen-like configuration, see Figure 49) has been strongly debated, in particular by quantum 

chemistry calculations. Cluster investigations, up to the MP2 level, conclude that methoxonium 

does not constitute the local energy minimum for methanol,627  consistently with NMR spectra 

recorded for the H-Rho zeolite.628 However, the shape of the potential energy surface was 

shown to depend on the level of theory, on the type of zeolite model, on the zeolite framework, 

on the position of the Brønsted acid site, and on the alcohol under consideration.629–640 The 

proton affinity of the alcohol, itself a function of the degree of substitution of the alcohol, was 

shown to be a relevant parameter to quantify its propensity towards protonation by the 

zeolite.635 Methanol in Ferrierite at 300 K,641 ethanol642 and 1-propanol in H-ZSM-5 643 close 

to 500 K, were show by AIMD to be easily protonated. Below 400 K, ethanol was shown to 

form a Zundel-like structure at low loading, where the proton is equally shared between the 

oxygen of the zeolite and the oxygen of the alcohol (Figure 49).618,642 The protonation of the 

hydroxyl group of the alcohol elongates the C-O bond, making it more prone to undergo 

elimination. At higher loadings in ethanol, AIMD shows that a second alcohol molecule 

stabilizes the protonated ethanol (Figure 49).618,642 Similar propensity of the dimer (or higher 

clusters) for protonation with respect to the monomer was also observed by static DFT 

calculations in the case of methanol644 and butanols,632 and by molecular dynamics in the case 

of methanol in ZSM-5.645 This is in agreement with the experimental observation at room 

temperature by infra-red spectroscopy of protonated methanol and ethanol dimers at high 



 

116 

 

loadings in H-Y, H-Mordenite and H-ZSM-5, while at low loading the dominant features are 

that of non-protonated alcohol monomer.646 Similarly, at 398 K, isobutanol in Ferrierite leads 

to the appearance of a typical ABC spectral structure in infra-red, showing that the alcohol is 

hydrogen bonded to the OH group of the zeolite.624 However, most bridging OH groups of 

Ferrierite appeared to be unaffected by adsorption, showing that the interaction of isobutanol is 

restricted to the external surface of Ferrierite crystallites. In conditions where the dehydration 

reaction takes place, the internal bridging OH groups interact with reaction products only (in 

particular, water).624 

Comparing the properties of 3D and 2D (nanosheets) H-ZSM-5 samples and  relying on 

operando infra-red analyses, Kadam et al.647 concluded that the ethanol dimer could be formed 

with a larger equilibrium constant at the external surface than in the bulk of the zeolite. The 

authors assigned this effect to a higher acid strength of the external surface sites with respect to 

the bulk, but one may wonder whether this could also be explained by a confinement effect that 

would be more suitable at the external surface considering the size of the ethanol dimer. 

 

Figure 49. Most stable structures (at 0 K) of the adsorbed ethanol monomer of (a) a Zundel-like configuration, (b) 

a Eigen-like configuration, and (c) dimer on the Brønsted acid site of H-ZSM-5.  

 

8.3. Monomolecular mechanisms: direct formation of alkenes 

After protonation of alcohol molecules, water elimination and proton restitution to the 

framework are expected. Referring to the traditional textbook terminology, this may proceed 

by a E1 (with a carbenium ion intermediate, or to its alkoxide equivalent), E2 (synchronous – 

often called concerted- water and proton release, with participation of the base site that catches 
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the proton back, hence the name “bimolecular” and the E2 terminology) or E1cb mechanism 

(with a carbanion intermediate).648 E1 or E2 are more likely than E1cb on Brønsted acidic 

catalysts such as zeolites. For the E2 mechanism, an anti-periplanar conformation of the 

breaking C-H and C-O bounds is in principle preferable, so as to align the corresponding σ 

orbitals.648 However, as will be discussed later, such a conformation is not always possible, in 

the case of cyclic alcohols, or in the case where the protonation site (of the HO- moiety) and the 

deprotonation site (hosting the H+ moiety from the breaking C-H bound) are constrained to be 

located on the same side of the molecule. The latter situation is likely in catalysis by proton-

exchanged zeolites. 

Such a mechanism is not possible from methanol. Thus, ethanol is the smallest alcohol 

to be considered in this case. To the best of our knowledge, in the case of protonic zeolites as 

catalysts, the E1cb mechanism was never found to be relevant. Among E1 and E2, the most 

likely mechanism depends strongly on the nature of the alcohol, and on its ability to generate 

stable carbenium ions. The stability of the latter with respect to alkoxides is also a key question 

in such mechanisms, as mentioned in section 4.  

Infra-red and 13C MAS NMR spectroscopies show that alkoxide species are formed by 

contacting various alcohols with a variety of zeolites.24,266,267,271,274–276,611,649–652 Such 

experimental observation is not trivial, as in analysis conditions, oligomerization products are 

often formed.258,275 Alkoxides were proposed to play a key role in the formation of alkenes, thus 

being in favor of the E1 mechanism.275,611,652–654 However, one may wonder whether such a 

mechanism could not coexist with the E2 one, as in the latter case no intermediate is expected 

to be experimentally observed. 

Whereas some computational studies consider the E1 mechanism only, passing through 

alkoxide intermediates and carbenium-like transition states,618,655,656 other DFT comparative 

investigations suggest that the E2 mechanism is favored in the case of 2-propanol dehydration 
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into propene in H-ZSM-5.657,658 A E2 mechanism was also computed on pseudo-bridging 

silanols of amorphous silica-alumina, depicting an activation enthalpy fully compatible with 

experiments.623 In this case, however, both the Brønsted and Lewis acidity of the sites were 

shown to play a role, at variance with zeolites. The case of ethanol in H-ZSM-5659,660 is less 

clear. Some studies659 conclude to a preferred E2 (synchronous) mechanism (called E1-like in 

ref. 660), while others find lower free energy profiles for the E1 mechanism (alkoxy-

mediated).660 The case of 1-propanol643,661 is also ambiguous, with highly competitive 

calculated enthalpy profiles for E1 and E2 pathways in ZSM-5. The computed activation 

enthalpy for E1 and E2 mechanisms are, moreover, both compatible with experiments.643 More 

recent studies performed with ONIOM models concludes to the preference for the synchronous 

mechanism for ethene production from ethanol658,662 and propene from isopropanol658 

(generalized for alumino-, gallo- and borosilicate forms of H-ZSM-5 in ref.662). In H-Mordenite, 

the mechanistic preference is suggested to depend on the acid site location (12MR versus 

8MR).663 As a simpler case, the bulkier tert-amyl alcohol was shown to induce a preference for 

a E1 mechanism without involving alkoxide, but a stable tertiary carbenium ion.658  

A series of synchronous dehydration mechanism were considered for 1-butanol in 1-

butene in various zeolites by John et al.,632,664–666 thanks to periodic DFT at the PBE+D2 level, 

in several zeolite frameworks (MFI, FAU, MOR, TON, FER). Focusing on mechanisms leading 

directly to butene (ether-mediated ones being also considered in this series of work, that will be 

detailed in sections 8.4 and 8.5), several options were compared. A first mechanism, called “E1-

like”, takes place in a single step, without carbenium nor alkoxide intermediate. The “E1-like” 

terminology was chosen, considering the cationic nature of the transition state. Following 

standard organic chemistry terminology, it may be rather qualified as an intramolecular E2, 

with a syn elimination of the H+ of the butanol molecule by the water molecule formed upon 

protonation of the HO- moieties (all synchronously). It is compared to a syn-E2 and trans-E2 
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mechanisms, where the proton of the molecule is abstracted by an oxygen atom from the 

framework, synchronously with the breaking of the C-O bond of the protonated OH moiety. 

Alkoxide-mediated mechanisms are also considered. Finally, a bimolecular mechanism, 

assisted by a second butanol molecule, but without ether intermediate, was investigated. At 400 

K, the latter offers the lowest apparent free energy barrier, but the lowest intrinsic barrier is 

provided by the anti-E2 pathway, which renders well the experimental activation energy 

measured in ZSM-5.653 More recent studies taking into account systematically the effect of 

temperature on the stability of intermediates and transition states have discarded alkoxide-based 

mechanisms, in favor of synchronous E2 mechanisms, starting from isobutanol, tert-butanol, 

and 2-butanol.667 

Considering bridging OH groups at the external surface sites of ZSM-5 for isopropanol 

dehydration, Prestianni et al. concluded to a similar preferred reaction pathway with respect to 

framework sites in ZSM-5 and Faujasite, namely a E2 synchronous dehydration mechanism.191 

The computed activation barriers are significantly higher at the external surface sites with 

respect to internal bridging OH groups. The catalytic sites were simulated thanks to a cluster 

approach, at the DFT and MP2 levels.  

The specific case of the dehydration of substituted cyclohexanols into cyclohexenes in 

water was the object of intensive experimental and theoretical work, pointing out effects of the 

substitution level, cycle conformation, and confinement effects on the preferred mechanisms 

and intermediates.668–672 E1 versus E2 mechanisms were discriminated Figure 50-a) on the 

basis of the following arguments: i) the observation of kinetic isotope effects thanks to the use 

of deuterium labelled reactant, the reincorporation rate with 18O labelled water,670,672,673 and the 

monitoring of 13C scrambling starting from 1-13C-cyclohexanol monitored by NMR and fitted 

with a microkinetic model,671 ii) in the case of a E1 mechanism, no significant reactivity 

differences should be observed when starting from isomers of the same substituted 
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cyclohexanol (for example, cis versus trans 2-methylcyclohexanol), thus when such differences 

are observed, a E2 mechanism likely takes place;669 iii) higher values of activation entropies 

are expected to correspond to a late transition state and could be an indication of E1 mechanism, 

at reverse E2 transition states are expected to be more constrained and earlier, so have lower 

enthalpies of activation,668,669 these trends correspond to the compensation effect depicted in 

Figure 50-a; iv) the observation of ethylcyclopentene from methylcyclohexanols suggests the 

existence of carbenium intermediates undergoing cycle contraction reactions.669 The existence 

of such cyclic carbenium species was indeed confirmed by DFT calculations (in the absence of 

water, however) in the EU-1 zeolite,115 although stabilizing some secondary carbenium ions 

appeared to be difficult.346 It may, moreover, be questioned whether this cycle contraction step 

could not take place once cyclohexene is formed, independently of the existence of a carbenium 

intermediate. In the presence of water as a solvent, the reaction is considered to be catalyzed by 

hydronium ions obtained by protonation of water by protons of the zeolite,107 and not 

necessarily by the proton bounded to the zeolite itself (as it will be discussed in more details in 

section 8.7). Thus, for E2 mechanisms in such conditions, the zeolite framework is not expected 

to restrict the elimination to the syn periplanar conformation, and the more favorable 

antiperiplanar elimination may be allowed. The observed differences in reactivity observed for 

trans and cis 2-methylcyclohexanols were thus assigned to the existence (in the case of the cis 

isomer) of absence (in the case of the trans isomer) of the antiperiplanar configuration leading 

to the Saytzeff (more substituted) versus Hofman (less substituted) products.669 The impact of 

the zeolite on the reaction mechanism was found to be low compared to a H3PO4 solution with 

respect to the mechanism involved, but confinement effects were found to play a role on the 

intrinsic enthalpy barrier for ZSM-5 catalyst (111 kJ.mol-1 versus 129 kJ.mol-1 in H3PO4 for the 

dehydration of cis-2-methylcyclohexanol).669,672 The FAU and *BEA frameworks usually leads 

to higher intrinsic activation enthalpies with respect to MFI, but to more positive activation 
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entropies, assigned to the larger pore size, smaller confinement effect, and much less 

constrained transition state, itself of larger size with respect to the reactant.669,672 In all cases, 

zeolites are much more active than a H3PO4 solution. Static DFT simulations of the E1 versus 

E2 dehydration paths of cyclohexanol were performed in zeolite Beta, and in the presence of 

water. They confirm the experimental deduction according to which the E1 mechanism is most 

probable in this case, the transition state for the deprotonation of the intermediate secondary 

carbenium ion being the limiting one (Figure 50-b).670 More recently, strong framework-

dependent solvent effects were reported both on the mechanisms and on the reaction kinetics 

for cyclohexanol dehydration.673 In apolar solvent (decalin) and in ZSM-5, the mechanism is 

likely an E2 elimination, with negative activation entropy, whereas it seems to remain E1 in 

*BEA and FAU. The reaction rates are much higher in decalin than in water for *BEA and 

FAU, which is tentatively assigned to a shift from carbenium-base mechanisms in water to 

alkoxide-based mechanisms in decalin. The lower rate measured for MFI, and the shift to a E2 

mechanism, is interpreted as the impossibility of decalin to co-adsorb with cyclohexanol in the 

MFI framework, due to the smaller pore-size, inducing a reduced stabilization of the alkoxide 

intermediates by van der Waals interactions with decalin compared to the situation in *BEA 

and FAU where decalin can co-adsorb.  

 

Figure 50. Dehydration of (substituted) cyclohexanol in water, catalyzed by zeolites: (a) compensation effect 

observed from various substrate, with H-ZSM-5 as a catalyst, and proposed mechanisms (E1 versus E2). Reprinted 

with permission from ref 669. Copyright 2017 American Chemical Society. (b) Energy diagram computed by 

periodic static DFT of cyclohexanol dehydration in zeolite Beta, in the presence of a H3O+(H2O)7 acid species. 
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The structure of TS3 (limiting in the case of the E1 mechanism) and TS4 (E2) are shown. Reprinted from ref. 670. 

Licensed under CC BY 4.0. 
 

 

 

Thus, from most recent experimental and theoretical works, the co-existence of E1 and 

E2 mechanisms appears to depend on the alcohol, zeolite, and location of active site under 

consideration. From the computational point of view, to the best of our knowledge, so far only 

static investigations have been reported. Further insight from AIMD will be welcome to 

conclude more firmly about the preferred reaction paths in the cases where this remains 

ambiguous from experimental considerations. Regarding the external surface sites, a wider 

investigation accounting for the variety of structures and confinement effects would also be 

useful. 

 

8.4. Bimolecular mechanisms: formation of ethers and their decomposition 

As two alcohol molecules are required, intermolecular dehydration of alcohols into 

ethers takes place in higher reactant concentration ranges with respect to the intramolecular 

mechanism, tuned by the operating conditions (pressure, temperature, conversion 

levels).611,653,660 A strong impact of the nature of the alcohol with respect to the pore size of the 

zeolite is observed. For example, the 8MR pocket of Mordenite was found to be unsuitable for 

the formation of ethers, contrary to the 12MR channel.674 The ether formation route is strongly 

inhibited in zeolites exhibiting 8MR pores (eg. Mordenite) for ethanol,674,675 1-butanol and 

isobutanol,676 where only the corresponding alkene is formed. In zeolites with larger pores, such 

as ZSM-5 and Faujasite, the intermolecular route is favored, and the ether is the major product 

in some cases, in particular with ethanol below 550 K.611,674 

Intermolecular dehydration is expected to take place by nucleophilic substitution. It may 

proceed through a SN1 mechanism, which, like the E1 mechanism mentioned in the previous 

https://creativecommons.org/licenses/by/4.0/
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section, exhibits a carbenium intermediate (or its alkoxide equivalent) that then undergoes a 

nucleophilic addition by a second alcohol molecule. This kind of proposal has also been called 

the “dissociative” pathway (Figure 51). Alternatively, a SN2 mechanism may take place, where 

the addition and the departure of the leaving group (here, water) take place synchronously. This 

has also been called the “associative” pathway. It is proposed to start from the protonated 

alcohol dimer depicted in Figure 49-c and Figure 51. 

It was often suggested, from IR and NMR considerations, that ethers are formed by 

condensation of alcohol with alkoxy species,611,650,653 meaning that a SN1 mechanism would 

take place. Earliest cluster theoretical studies considered the formation of dimethylether from 

methanol, and compared the dissociative and associative mechanisms.677,678 The methoxonium 

ion (CH3OH2
+) was found to be a transition state before formation of the alkoxide in the case 

of the dissociative mechanism, but this was contradicted later by periodic DFT calculations, 

which conclude to its reaction intermediate nature.679 However, in many studies, the associative 

mechanism appeared to be the most favorable from computed energy and free energy 

profiles.677,678,680 One exception is a periodic investigation performed for DME formation in the 

TON framework at the RPBE level, that favored a SN1 mechanism over SN2.681 Preference of 

the dimer mediated mechanism was also computed in the case of diethylether formation from 

ethanol,618,660 both by cluster and periodic DFT calculations, and in the case of 1-butanol 

transformation into butyl-ether.632  

Experimentally, the role of dimeric ethanol species in the production of di-ethylether, 

was addressed by Chiang et al.674 An ethoxy-mediated mechanism was excluded in MFI and 

MOR on the basis of co-feeding experiments with ethylene, the latter increasing the 

concentration in ethoxy species, but having no effect on the di-ethylether formation rate. 

Observing a zero-order in ethanol for the formation of the ether for MFI, MOR and FER, the 

authors again excluded the participation of an ethoxy mediated mechanism and concluded in 
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favor of an ethanol dimer mediated mechanism. Zero order indeed reflects the transformation 

of a dimer into a dimerized transition state, whereas first order would characterize the transition 

from a {methoxy, gaseous methanol} or {adsorbed methanol, gaseous methanol} pair into a 

similar dimerized transition state. Similar conclusions were made afterwards, for ethanol,647 

and methanol682,683  in various zeolites. Notably, one could imagine a zero order in the case 

where the kinetically relevant intermediate would be a {methoxy, adsorbed methanol} pair, but 

DFT calculations reported in Figure 51 show that such a species is less relevant than {methoxy, 

gaseous methanol} and {adsorbed methanol, gaseous methanol} pairs. 

Thus, theoretical and experimental findings generally concur in the associative 

mechanisms. Several factors appear to moderate such a clear conclusion. First, in the case of 

dimethylether formation from methanol, the preference for the associative versus dissociative 

mechanism in MFI and CHA was shown to depend on temperature680,683 and methanol 

pressure,644,680,683 thanks to periodic DFT calculations coupled with kinetic analysis relying on 

the free energy profiles. The dissociative mechanism dominates at low methanol pressure and 

high temperatures but the associative one becomes quicker at higher methanol pressures/low 

temperature (typically, 0.004 MPa at 415 K in CHA644). This shift indicates higher activation 

enthalpy but also entropy for the dissociative mechanism.  

In ZSM-5, the dependence of the transition temperature with respect to the location of 

the active site (straight versus sinusoidal channel, or their intersection) induces a temperature 

interval where both kind of mechanisms may co-exist in the same catalyst.680 Kinetic modelling 

fitted on temporal analysis of products (TAP) results indicate that the ethoxy-mediated 

formation of di-ethylether is dominant over the ethanol dimer one.684 The dissociative pathway 

was also shown experimentally to become quicker in the presence of paired aluminum sites 

versus isolated sites (tuned by the zeolite synthesis procedure).685 Similarly, the preferred 

mechanism was suggested by operando infra-red spectroscopy to differ depending on the Al 
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distribution in H-ZSM-5 samples (estimated by the Co2+ titration method mentioned in section 

2.2). The ethanol dimer mediated mechanism would be favored in case of isolated Al atoms, 

whereas ethoxy-based mechanisms (also producing ethylene) would prevail in the case where 

two aluminum atoms co-exist in a ring of the framework.686 This was assigned by the authors 

to the enhancement of hydrogen-bonds thanks to Al-O-(Si-O)-Al units, stabilizing the second 

ethanol molecule, although it is unclear why this should not stabilize the protonated dimer too. 

 

 

Figure 51. Free energy profile computed by periodic DFT for methanol dehydration into di-methylether in CHA 

at 415 K and 0.1 MPa of methanol. Reprinted with permission from ref. 644. Copyright 2019 Elsevier. 

 

Changing the zeolite framework tunes confinement effect, that appears to be influential 

for first order rate constants for DME formation (at low methanol pressure), but not at high 

methanol pressure, when the rate is zero order in methanol.687 At high pressures, the most 

abundant species is the dimer, and confinement effects indeed compensate between the 

dimerized reactant and dimerized transition state for the associative mechanism. Conversely, at 

low pressures, the monomer is the most abundant resting state, that is less sensitive to 

confinement effects than the transition state (involving the second methanol molecule), which 

makes the first-order rate constant increase as the van der Waals interaction energy with DME 

(used as a proxy for the transition state) increases, as probed on FAU, *BEA, SFH, MTW, 

MOR, MTT and MFI frameworks. Confinement effect changes were also believed to be at the 
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origin of variations in the local equilibrium constants in the pores for DME formation from a 

monomer of adsorbed methanol and gas phase methanol, comparing USY zeolites obtained by 

steaming or further treated by hexafluorosilicate: residual EFAls in the former sample were 

thought to re-inforce confinement, thus explain higher equilibrium constants in the pores.544 

One may, however, wonder whether a similar synergetic effect as that invoked for alkane 

cracking (section 6.4) could not play a role. 

At the external surface of the CHA framework, Lewis acid sites are expected, and were 

recently modeled by periodic DFT calculations corrected by a cluster CCSD(T) approach, as 

well as their reactivity in methanol dehydration into DME.626 The alcohol is adsorbed by 

coordination of the hydroxyl group to a surface tricoordinated aluminum atom (AlIII), and a an 

“associative” pathway is found for the formation of DME. However, the free energy barrier of 

this pathway is computed to be higher than that of a dissociative pathway catalyzed by the 

external surface bridging OH groups, and bulk bridging OH groups. Considering that lower 

dehydration rates are measured on 2D nanosheets compared to the 3D catalysts on H-ZSM-5 

samples in conditions where di-ethylether is formed from ethanol through the associative 

mechanism, Kadam et al.647 suggested that the transition state is less stabilized at the external 

surface than in the bulk, likely due to a decreased electrostatic confinement effect.80  

Finally, the effect of the acid strength was systematically addressed in the case of the 

MFI framework, along the (Al, Ga, Fe, B) framework atom series,362 revealing a significant 

dependence of DME formation first-order rate constant with the deprotonation energy, in line 

with a strong stabilization of the ion pair transition state as the acidity of the site increases (and 

consequently, the stability of its conjugated base also increases). This dependence is attenuated 

for the zero-order rate constant as the reactant state itself (the protonated methanol dimer) is 

similarly stabilized as the transition state. Such dependence of DME formation rate constants 

with acid strength was also demonstrated computationally for the TON framework substituted 
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by Al, Ga or In, with a linear dependence of the activation energy with respect to ammonia 

protonation energy, in the case of the dissociative pathway.681   

Notably, ether species themselves are likely reactive towards further addition of alcohol 

molecules. The triethyloxonium ion was indeed observed in ZSM-5 in the course of the 

dehydration of ethanol at 493 K, with a characteristic signal at 85 ppm (Figure 52) assigned 

thanks to the combination of 2D 13C-13C INADEQUATE MAS NMR and periodic DFT 

calculations.688 It was attributed to the ethylation of diethylether. It was also suggested that the 

decomposition of the triethyloxonium ion above 473 K gives rise to a diethylether molecule 

plus an ethoxy species, the latter being considered as the precursor of ethene (see section 8.3) 

in this study. Notably, similar trimers were observed in the case of methanol before.689  

 

Figure 52. 2D 13C-13C INADEQUATE MAS NMR spectrum of H-ZSM-5 reacted with 13C labeled ethanol at 

493 K for 4 seconds, revealing the presence of the triethyloxonium ion. Reprinted from ref 688. Licensed under 

CC BY 4.0.  

 

 

 

https://creativecommons.org/licenses/by/4.0/
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8.5. Ether decomposition versus direct alcohol dehydration 

Ethers other than DME can be decomposed into one alkene molecule plus one alcohol 

molecule. DFT calculations shows that this proceeds by protonation of the ether, followed by 

elimination of the alkene and alcohol desorption.632,660 When such a mechanism takes place, 

the alkene may thus be produced by two competitive routes: direct dehydration or ether 

decomposition.611,619  

Thanks to the combination of periodic DFT calculations and of microkinetic modelling 

based on the findings and data of the DFT calculations, Alexopoulos et al.660 showed that in the 

case of ethanol dehydration in H-ZSM-5, ethylene is produced mainly by monomolecular 

dehydration above 500 K, whereas below 500 K the decomposition of di-ethylether contributes 

significantly to the formation of ethylene. 5 kinetic parameters over the 40 determined from ab 

initio in ref. 660 were adjusted to improve the fit with experimental data obtained by TAP.684 

These adjustements lead to a predominance of the di-ethylether-mediated ethylene formation 

over a large temperature range (473-573 K), in line with cofeeding experiments with diethyl 

ether and 13C labeled ethanol, in the TAP operating conditions.  

A similar approach coupling DFT calculations and microkinetic modelling was 

undertaken in the case of dibutylether decomposition versus direct 1-butanol decomposition 

into butene in ZSM-5.632 It reveals that in the 400-460 K interval, the ether mediated mechanism 

prevails. Comparison with experimental selectivities653 indicates an accurate prediction of the 

ether formation rate, but an underestimation of the rate of formation of butene by one order of 

magnitude. A clear effect of the zeolite topology was later computed in terms of balance 

between direct dehydration of 1-butanol and the ether mediated one, comparing the FAU, MFI, 

TON and FER frameworks.664 Over the series, FAU and FER were found to induce larger 

butene/ether selectivity, but for very different reasons. FAU induces a too low confinement 

effect for the stabilization of the butanol dimer required for the formation of the ether, making 



 

129 

 

the direct dehydration of 1-butanol competitive. In FER, steric constraints within the 8MR 

channel destabilizes the ether that quickly decomposes into butene and butanol. MFI and TON 

offer the best stabilization of the ether, together with higher ether decomposition barriers, thus 

explaing their higher ether selectivity.  

Thus, reaction conditions, bulkiness of the starting alcohols and of the ether products, 

as well as framework topology, are key in controling the alkene/ether selectivity, itself a 

consequence of the prefered route for alkene formation (direct of via the ether). DFT coupled 

with microkinetics appeared to be a very powerful tool to unravel these questions. Together 

with the impact of the operating conditions, deviations with findings from experiments raise 

again the question of the impact of the level of theory and of the sampling method (static versus 

AIMD) on the values of free energy barriers. Small deviations may have a strong effect on 

selectivity predictions.  

 

8.6. Dehydration combined to skeletal isomerization 

Starting from alcohols containing four carbon atoms, the question of the alkene isomers 

obtained can be raised. Indeed, the propensity of skeletal rearrangements in dehydration 

conditions are commonly observed from bulky alcohols.690  

On catalysts such as alumina, isobutanol dehydration produces exclusively the expected 

isobutene isomer.609,624,691 However, variable yields of linear butenes are obtained with zeolite 

catalysts, that depend on the zeolite topology, and on operating conditions.676 The behavior of 

the Ferrierite zeolite was experimentally investigated in details in that respect, as a high 

selectivity (> 80%, higher than the equilibrium distribution) for linear butenes starting from 

isobutanol was measured.624,625 Conversely, it is known that Ferrierite is a very efficient catalyst 

for the skeletal isomerization of linear butenes to isobutene (section 5.5),436,442,692,693 which 

seems contradictory with the results obtained for isobutanol dehydration. It was moreover 
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shown that in similar reaction conditions, butene isomerization is much slower than isopropanol 

dehydration.624,694 For all these reasons, the a posteriori isomerization of isobutene into linear 

butenes cannot explain the formation of linear butenes from isobutanol. Notably, starting from 

butan-1-ol, isobutene can be obtained in other zeolites, such as Theta-1 and ZSM-23, in 

conditions where the isomerization of butenes is not expected.695 The isomerization was 

proposed to proceed right after the formation of primary carbenium ions from isobutanol, 

without the formation of isobutene as a primary product.624,625,694 It remains, however, unclear 

why this primary carbenium ion should be formed easier from the alcohol rather than from the 

alkene (section 5.5).  

In the periodic DFT calculations study of the dehydration of 1-butanol by John et 

al.665,666 monomolecular 1-butene isomerization steps, producing 2-butenes and isobutene, were 

also considered. The formation of isobutene in particular, was investigated through mechanisms 

involving alkoxides. This appeared to be a minor reaction route thanks to ab initio microkinetic 

modelling. Isobutanol dehydration was also addressed by the same research group in ZSM-5, 

but the formation of isobutene only was considered.696 Recently, new monomolecular 

dehydration routes of butanols were found by periodic DFT calculations performed on the 

model CHA framework, that are likely to explain the formation of linear alkenes from 

isobutanol, without relying on a posteriori isomerization of alkenes.667 The most likely ones 

consist either in first, isomerization of isobutanol into butan-2-ol, then dehydration of the latter 

into linear but-1-ene and but-2-enes (Figure 53-a). Following the energy span concept, this 

mechanism is more likely than alkoxide-mediated routes, whereas butene isomerization is 

shown to have a much larger activation barrier than the two latter options. A synchronous 

dehydration and skeletal isomerization mechanism was also discovered (Figure 53-b). 
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Figure 53. Mechanisms found by periodic DFT explaining the formation of linear butenes from isobutanol: a) 

isomerization of isobutanol into buta-2-ol, b) synchronous dehydration and isomerization. At the center, the 

structure of the transition state is depicted. Reprinted with permission from ref. 667 Copyright 2022 Elsevier. 

 

8.7. Effect of water in the dehydration of alcohols 

The effect of the presence of water in the reactions of dehydration of alcohols is of a 

large interest since a) water is one product of the reaction, and thus is inevitably present once 

the conversion reaches a significant level ; b) in many applications, alcohols originate from 

biomass, and more specifically from the fermentation of sugars that is carried out in water, i.e. 

water is always present in such alcohol streams unless a costly drying step is performed;697 c) 

from a process point of view, co-feeding water as a thermal buffer is a potential way to mitigate 

the endothermicity of the reaction. Additionally, the dehydration of some alcohols could 

advantageously be carried out in liquid water as a solvent, where specific behaviors are 

expected. Thus, several studies are devoted to deciphering the effect of water during alcohol 

dehydration in the porosity of zeolites.  

In most reports in the literature, water is found to have an inhibitory effect on the alcohol 

dehydration,698 which is typically demonstrated experimentally by co-feeding increasing 

quantities of water to the alcohol stream and monitoring a decrease in the reaction rate. This 

was observed for both intra- and intermolecular dehydration routes. However, the inhibition is 

less severe with zeolitic catalysts such as H-ZSM-5 with Si/Al ratio of 50 than it is for Lewis 

(a)

(b)
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acidic catalysts, such as γ-alumina, and it becomes almost negligible with a Si/Al ratio of 150.699 

The authors assign this observation to the fact that purely Brønsted acidic sites in H-ZMS-5 are 

actually not inhibited by water to a large extent, contrary to residual Lewis acidic sites that 

contribute to the reaction. It should also be noted that in some cases, especially when the alcohol 

partial pressure and the reaction temperature are relatively high, an increase in the activity, 

selectivity and/or stability in dehydration are observed upon co-feeding water.625,700,701 A 

proposed explanation lies in the moderation of the strong acidic sites of the zeolite by water, 

which limits the deactivation mechanisms such as the formation of coke. This partly explains 

why despite the intrinsic inhibitory effect, from a process point of view, the addition of water 

in the stream may still be beneficial.625,701  

Two main hypotheses are invoked to explain the inhibition effect : i) a competitive 

adsorption of water and the alcohols on the active sites and ii) an inhibition caused by the 

interactions between the alcohol and co-adsorbed water at the active site.643,661 Although the 

former would be compatible with the -1 partial order with respect to water observed in the frame 

of a Langmuir-Hinshelwood kinetic model,632,666,674,702 several reports have convincingly 

shown that water is essentially unable to displace alcohol molecules adsorbed on the acidic sites 

of the zeolites, at least when alcohol and water are present in the same range of partial pressures. 

This was proven by successive adsorption of water and alcohol (or reverse) monitored by IR-

spectroscopy,643,703,704 and is supported by the significantly more negative adsorption enthalpies 

of alcohols vs. water (typically -115 kJ.mol-1 for methanol, -130 kJ.mol-1 for ethanol, -120 

kJ.mol-1 to -140 kJ.mol-1 for 1- propanol vs. -55 kJ.mol-1 for water, from molecular modeling 

or calorimetry data).643,655 This is all the more true when the alcohol is heavy since the 

adsorption enthalpies typically decrease with alkyl chain.655,703  

An inhibition through the interactions between alcohol and co-adsorbed water was 

studied in details by Lercher and coworkers.643,661 Through a combination of kinetic analysis 
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and calorimetry,643 they demonstrated that the co-feeding of water causes the increase of the 

enthalpy of activation of both intra- and inter-molecular dehydration of 1-propanol in H-ZSM-

5 (to propene and dipropylether, respectively). This could be assigned to a strong energetic 

stabilization of propanol by co-adsorbed water in the porosity of the zeolite, while the transition 

state is little-to-no stabilized. The effect holds true whether considering a propanol monomer 

dehydrating to propene or a dimer dehydrating to the ether (Figure 54), and they tentatively 

assign this inhibition effect to the formation of water-alcohol dimers, or water-alcohol-alcohol 

trimers.  

 

    

 
Figure 54. Schematic energy diagrams for the intra-molecular dehydration (left) and inter-molecular dehydration 

(right) on H-ZSM-5 in the presence (solid lines) and absence of water (dotted lines). Reprinted with permission 

from ref 643. Copyright 2015 American Chemical Society.  

 

A later DFT study considered the effect of two to four water molecules in the vicinity of a 

Brønsted acid site on propanol dehydration.661 With two water molecules, they could confirm 

their previous experimental conclusions, and provide molecular models to substantiate the 

strong interaction through hydrogen bonding between water and alcohol co-adsorbates. The 
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presence of water stabilizes the alcohol adsorption (from -151 kJ.mol-1 to 188.kJ.mol-1 without 

and with co-adsorbed molecules) which causes an activation barrier increase from 135 kJ.mol-

1 to 172 kJ.mol-1. Further, using AIMD simulations and static calculations, they show that from 

three water molecules on, the proton from the zeolitic acid site is more easily transferred to the 

water cluster than to the alcohol, making of the protonated cluster H+·(H2O)n the active catalyst. 

The existence of protonated water cluster as active sites in zeolites when the presence of water 

increases was debated in a number of instances,107,669,670,705–709 and reports concur to show that 

they form from 3 or 4 water molecules on in the porosity. In the case of the dehydration of 

propanol, it was shown that this further stabilizes the system and yields even higher energy 

barriers (209 kJ.mol-1).661 

Water inhibition in gas-phase dehydration of alcohols is found to be of -1 order with 

respect to water on a large range of water partial pressures, however, increasing the water 

pressure (PH2O = 0.01-0.1 MPa) causes more severe inhibition.710 A molecular-level explanation 

for this phenomenon was proposed considering the formation of protonated water clusters. 

Increasing water pressure increases the size of these clusters, which eventually induce 

stabilizing interactions between neighboring clusters. Such interactions further stabilize the 

adsorbed state of alcohols with respect to transition states for their dehydration, which further 

increase the activation barriers and thus reduces the rates. The characteristics of the zeolite pore 

structures (pore diameter, undulation parameter) has a large effect in this regard, as in larger 

pore zeolites the interactions between clusters will occur at higher water partial pressures, and 

so does the severization of water inhibition.710 Likewise, acid site density is also expected to 

play a role, as increasing site density will shorten the distances between the clusters and hence 

favor their interactions.  

When the reaction is performed in liquid water, such as in the case study of cyclohexanol 

dehydration mentioned in section 8.3, water forms hydronium clusters with up to 8 water 
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molecules H+·(H2O)8  in H-ZSM-5.669,670 These clusters form hydrophilic domains that restrict 

adsorption of cyclohexanol to the water-free (nonpolar) domains (see Figure 55-A),711 hence 

reducing both adsorption capacity and affinity (adsorption strength). The effect is even more 

pronounced when the mean distance between BAS, hence between the clusters, is shorter. This 

was shown by measuring adsorption capacities for H-ZSM-5 of different Si/Al ratios (Figure 

55-B). Nevertheless, as mentioned above, the presence of coadsorbed water and the formation 

of such protonated clusters may have a positive effect on dehydration of cyclohexanol (and 

possibly other alcohols) by facilitating proton transfer and allowing antiperiplanar eliminations, 

which are typically kinetically more favorable compared to the water-free situation where the 

elimination is restricted to be synperiplanar.712  

 

 

  
Figure 55. A- Schematic representation of the polar (protonated water clusters) and nonpolar domains within the 

H-ZSM-5 channels; dh-n is the average distance between the two types of domains B- Chemical potential of 

adsorbed cyclohexane as a function of dh-n evolution with Si/Al ratio of H-ZSM-5. Reprinted with permission from 

ref 711. Copyright 2019 John Wiley and Sons. 
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8.8. Dehydration of polyols – the case of glycerol 

Polyols are molecules of increasing interest as they are typical products of biomass 

conversion, in particular hydrogenolysis of sugars or transesterification of vegetable oils. They 

can also undergo dehydration reactions, which may lead to various partially deoxygenated 

products of interest. In that case, the selectivity toward a given product depends on the first 

hydroxyl group that will undergo the dehydration, hence raises the question of the 

regioselectivity of the dehydration.  

Glycerol is a prototypical polyol originating from the transesterification of vegetal oils 

to form fatty esters. Converting glycerol with a dehydration catalyst yields several products, 

including acrolein which is very valuable for its application in the preparation of acrylic acid 

or DL-methionine.713–716 Zeolites have been considered as possible Brønsted acidic catalysts 

able to promote this reaction, typically in gas-phase dehydration carried out in the range 573-

673 K, i.e. relatively high temperatures.717–720 Figure 56 shows the different possible products 

from acid-catalyzed dehydration of glycerol. Depending on whether the primary or secondary 

hydroxyl group undergo the first dehydration, different intermediates are obtained. A first 

dehydration of the primary hydroxyl group yields 2-propene-1,2-diol, which tautomerizes into 

1-hydroxy-2-propanone (acetol or hydroxyacetone). This compound is not reactive towards 

dehydration (no hydrogen atom in β position), hence is found as a byproduct, usually less 

valuable than acrolein. If the first dehydration takes place on either of the secondary hydroxyl 

groups instead, propene-1,3-diol is obtained, which tautomerizes into 3-hydroxy-1-propanal 

(HPA). The latter product is susceptible to undergo a second dehydration that yields acrolein. 

It may also undergo a retro-aldolization reaction that yields acetaldehyde and formaldehyde. 

The former is also often observed as an undesired byproduct. Formaldehyde on the contrary is 

scarcely monitored, but it may decompose to H2 and CO under such reaction conditions. 

Alternatively, in liquid-phase reaction, the formation of ethanol is observed, which is proposed 
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to stem from the hydration of 3-hydroxypropanal followed by C-C bond scission. Other side 

reactions include the formation of polyaromatic products (within the zeolitic pores) or 

polyglycols (on the external surface) that generate catalyst deactivation.721–724  

 

 
 

Figure 56. Reaction scheme for acid-catalyzed dehydration of glycerol. 
 

In zeolites, like with many Brønsted acidic catalysts, acrolein is usually found as the 

major product, with only small quantities of 1-hydroxypropanone (acetol). Using FTIR 

spectroscopy, Yoda et al. observed the interactions of glycerol adsorbed from gas-phase on H-

ZSM-5.725 They conclude from their experiments that adsorption of glycerol on the BAS is 

favored on the secondary OH group and detected only acrolein as a product at low temperature 

(353 K). This observation was confirmed by DFT calculations using rather large cluster models 

(128 T sites), showing that adsorption on the secondary hydroxyl group is (slightly) more 

favorable than on the primary (see Figure 57, adsorption energies of -177 kJ.mol-1 

and -164 kJ.mol-1, respectively).726 Note that this is contradiction with the periodic DFT 

modeling results obtained by Yun et al.727 on an amorphous silica-alumina model based on the 

β-cristobalite model (adsorption energies of -152 kJ.mol-1 and -191 kJ.mol-1 for adsorption on 

the secondary and primary OH group, respectively). This might be due to the effect of the 

structure of the zeolite, particularly a more pronounced steric hindrance between the zeolite 
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walls and the glycerol in case of adsorption on the primary hydroxyl group. Regarding the first 

dehydration, the E1 mechanism with an alkoxide intermediate is found more favorable over the 

E2,726 concerted elimination. Surprisingly, the activation barrier for the formation of the 

alkoxide from either of the possible adsorbate (primary of secondary OH group) is competitive, 

and little difference of stability between the primary and secondary alkoxide is calculated, thus 

this step is not discriminating. However, the hydrogen abstraction from the alkoxide 

intermediate is kinetically more favorable from the secondary alkoxide than from the primary 

(Figure 57-c).  

 
(c) 

 

 
 

Figure 57.  DFT modeling of glycerol adsorption and reactivity on H-ZMS-5 (cluster model). (a) and (b): 

adsorption of glycerol on the primary (ads_1) and secondary hydroxyl groups (ads_2), respectively. (c) Energy 

diagram for acetol and acrolein formation pathways (first dehydration only is shown). In the case of the acrolein 

route, the pathway ends at the intermediate 3-hydroxypropanal, herein noted “keto_CO”. Reproduced with 

permission from Kongpatpanich et al.726 Copyright 2011 Royal Society of Chemistry.  
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Thus, overall, the energetic span for this first dehydration is in favor of the formation of the 3-

hydroxypropanal intermediate of the acrolein route. In fact, according to a number of 

reports,728,729 dehydration on the primary hydroxyl group, and thus acetol formation, 

exclusively occurs on residual Lewis acidic sites in zeolites. Additionally, Wang et al. showed 

an existing synergy between Lewis and Brønsted acidic sites in the production of acrolein in 

ZSM-5 zeolites, by showing an increased catalytic activity in zeolites with purposely added 

EFAl species (Al/H-ZSM-5) compared to the parent H-ZSM-5 catalyst.730 The authors 

proposed that the additional EFAl species act as Lewis acidic sites and promote the second 

dehydration on the primary hydroxyl group of 3-hydroxypropanal. 

The side routes involving the cleavage of C-C bond, including the formation of 

acetaldehyde or ethanol, are currently poorly understood, as very few works address their 

formation on a mechanistic point of view, although these products may account for a significant 

part of the conversion. Noticeably, Lin et al. proposed and calculated several possible C-C 

cleavage mechanisms, including direct retro-aldolisation like mechanism or rehydration to 

1,1,3-trihydroxypropane (THP) followed by elimination of formic acid and ethylene, the latter 

compound yielding ethanol upon rehydration.731 However, they surprisingly considered that the 

retro-aldol condensation as well as the rehydration to THP should occur in homogeneous phase, 

ie that they do not involve the participation of the zeolite catalysts, although one may argue that 

both reactions can be catalyzed by solid Brønsted acidity. Under this assumption, they conclude 

from their calculations that C-C cleavage occurs more favorably through THP as an 

intermediate rather than through direct retro-aldol condensation, which explains the formation 

of ethanol in their experiments. This pathway is competitive with direct dehydration of 

hydroxypropanal, or alternatively to dehydration of THP, both leading eventually to acrolein. 

Corma and coll.719 discarded the retro-aldolisation mechanism as the origin of fragmentation 
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species such as acetaldehyde from their experimental observation that very little quantities of 

formaldehyde or methanol are observed. Besides, the measured H2/CO molar ratio is much 

lower than unity, which is expected form decomposition of formaldehyde. They proposed that 

acetaldehyde is generated by a decarbonylation of a propanedione (1,3-propanedione or 1,2-

propanedione, although neither was observed experimentally) generated upon an unspecified 

hydrogen-transfer reaction (Meerwein-Ponndorf-Verley-like, supposedly) on either 

hydroxypropanal or acetol. No detailed, molecular-level mechanism is proposed, though.  

 

8.9. Dehydration of sugars 

8.9.1. General mechanistic aspects 

Moving further in complexity regarding Brønsted-catalyzed transformation of 

polyfunctional molecules is the field of the conversion of bio-based carbohydrates, and more 

specifically the dehydration of sugars into platform molecules.732–736 The most widely targeted 

molecules from sugars are the furanic compounds, furfural (FF) or 5-hydroxymethylfurfural (5-

HMF), usually (but not exclusively) obtained from a straight dehydration of pentoses (xylose 

being the most abundant in the lignocellulosic biomass) and hexoses (with glucose and to a 

lesser extent fructose being the most abundant in biomass), and levulinic acid stemming from 

the acid-catalyzed rehydration of 5-HMF, formic acid being the byproduct (Figure 58). The 

latter reaction occurs in the same conditions as the dehydration of hexoses to 5-HMF provided 

that enough water is present in the reaction medium (usually when water is used as the solvent 

of the reaction), so that levulinic acid is often observed as a secondary product in hexoses 

dehydration. Additionally, the reactions are accompanied with the formation of undesired 

oligomeric sugars or higher, more dehydrated compounds referred to in the literature as 

“humins”,737–739 which can possibly cause deactivation of a heterogeneous catalyst.  
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The interest of the molecules mentioned (5-HMF, FF, and levulinic acid) for a wide 

range of applications is well explained in a number of recent reviews,733,740–743 and their 

production can also be catalyzed by Brønsted acidic zeolites, which may present many practical 

interests. Herein, we will discuss the data available in the literature regarding the specificity of 

the reaction mechanisms in zeolites compared to the more widely studied homogeneous 

catalysis. 

 

 

 
Figure 58. General reaction schemes of (a) fructose/glucose and (b) xylose dehydration catalyzed by Brønsted 

acids. The representation of the sugars is in their most abundant tautomers in aqueous solutions and holds no 

mechanistic meaning. Dotted arrows indicate that the corresponding pathways are debated in the literature. 

 

The mechanisms of the dehydration of hexoses to 5-HMF by homogeneous catalysis 

has been studied extensively in the second half of the XXth century, complemented with more 

recent molecular modeling studies.744–748 Detailing these works falls outside of the scope of the 
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present article and has been summarized in dedicated reviews. 740,749,750. Only key features and 

conclusions are provided in the present paper. 

The dehydration proceeds faster with fructose than with glucose, hence most studies are 

devoted to this hexose. Two main mechanisms have been proposed and debated: 

1- The “cyclic” mechanism (Figure 59),751,752 in which the reactive intermediate is one of 

the fructofuranose tautomers of fructose. These species, although not the most abundant 

ones in solutions (which is the β-fructopyranose), indeed already holds the proper 5-

member cycle. It undergoes a first dehydration on the anomeric hydroxyl group, which 

yields the enol X that can tautomerize to the aldehyde Y. This intermediate then 

undergoes two successive dehydration yielding successively intermediate Z and 5-

HMF.  

2- The “acyclic” mechanism (Figure 60),753–756 in which the reactive intermediate is the 

linear, ketone tautomer of fructose. The key intermediate here is the 1,2-enediol form 

A, which is also an intermediate to the isomerization of fructose into glucose (and 

reverse) according to the Lobry-de Bruin-van Ekenstein mechanism, usually valid in 

basic medium. This intermediate can undergo the first dehydration, yielding another key 

intermediate which is a dione B called 3-deoxyglucosone. This intermediate can then 

undergo a second dehydration on this open form, which can lead, depending on the 

regioselectivity, to either an intermediate C that cyclizes (D) and finally undergoes the 

third dehydration to 5-HMF, or to another intermediate E called 2,5-dioxo-6-

hydroxyhexanal (DHH) that is suspected to be a precursor of humins in a number of 

studies.737,757 Alternatively, intermediate B can cyclize and undergo two successive 

dehydrations (intermediates F and Z) further to 5-HMF.  

Note that in none of these mechanisms the reactive tautomer is the most abundant one; 

however, the Brønsted acidic conditions required for the dehydration to proceed also catalyze 
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the tautomeric equilibria between tautomers of carbohydrates, hence these equilibria may be 

displaced continuously as the extent of the dehydration evolves.  

It is generally accepted that the cyclic mechanism is the most favorable pathway based 

among others on a number of experimental observations that (i) the reactivity of fructose is 

significantly higher than that of glucose,758,759 which should not be the case in the acyclic 

mechanism since the first dehydration involves an intermediate accessible from both sugars (ii) 

when the reaction is performed in heavy water (D2O) instead of standard water, no deuterium 

incorporation in 5-HMF is observed, although the acyclic mechanism features a series of ceto-

enolic tautomeric equilibria that should lead to isotopic scrambling on the third carbon atom 

that should transfer to 5-HMF751,760 and (iii) the observation on several instances by NMR 

spectroscopy of the main intermediates of the cyclic pathway, namely Y (although rather under 

its hydrate form than its aldehyde form) and Z.761–763  

 

 

 
 

Figure 59. Cyclic reaction mechanism proposed for the dehydration of fructose by Brønsted acidic catalysis. 
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Figure 60. Acyclic reaction mechanism proposed for the dehydration of fructose by Brønsted acidic catalysis. 
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In the case of the dehydration of glucose, a direct dehydration mechanism on one of the 

cyclic tautomeric forms is irrelevant since none of these structures are suitable for direct 

dehydration of 5-HMF. Thus the discussion regarding the mechanism comes down to either a 

primary isomerization to fructose, directly through a 1,2-hydride shift mechanism or through 

the 1,2-enediol intermediate mentioned above, or a dehydration of the open form of glucose, 

leading after tautomerization to the same 3-deoxyglucosone B as in the acyclic mechanism of 

the dehydration of fructose.753,756 Pathways involving the most abundant pyranose forms of 

glucose as intermediates and involving carbocation rearrangements towards the formation of 

the 5-membered ring are also proposed, but recent DFT modeling studies find them less 

favorable.744,747,764 Here the consensus on the favored pathway is not as broad as in the case of 

fructose, and still under debate despite the help of computational studies.  

Finally, let us note that the discussion regarding the reaction mechanisms of the 

transformation of glucose or fructose to 5-HMF can essentially be transposed to the conversion 

of xylose or its isomer xylulose, respectively, to furfural.765–768 We will mainly discuss the 

conversion of hexoses in the following.   

 

8.9.2. State-of-the art in zeolite catalyzed dehydration of sugars 

Although a large number of studies aimed at showing the feasibility of using zeolites to 

catalyze the dehydration of carbohydrates,769–773 or at optimizing the reaction conditions 

towards better yields, relatively little amount of work was dedicated to the elucidation of the 

reaction mechanisms specifically in zeolites, and thus how the mechanistic proposals 

mentioned above translate to zeolitic catalysts remains unclear. Potentially different 

mechanisms in the confinement of zeolites pores than in homogeneous phase might arise from 

either differences in protonation sites on the carbohydrate molecule, akin to the discussion 
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regarding the dehydration of glycerol (see section 8.8), order of dehydration steps, or reactant 

shape selectivity of the various tautomers of sugars.  

Overall, the general observation that fructose is converted much faster than glucose to 

5-HMF is still valid in the case of zeolites as catalysts, which would plead in favor of the cyclic 

mechanism.759 Besides, the activation energies measured in the range 120-140 kJ.mol-1 in 

homogeneous phase for fructose conversion758,774 are comparable with those measured with 

zeolites : 141 kJ.mol-1 in H-Mordenite,775 132 kJ.mol-1 in H-ZSM-5,776 which would tend to 

support similar mechanisms – although the latter value increases significantly to 190-

200 kJ.mol-1 at high Si/Al ratio, which the authors interpret as an effect of cooperative effects 

between neighboring Brønsted acidic sites, with no further mechanistic detail. However, several 

authors claim that the acyclic mechanism should be favored in zeolites by comparing the pore 

opening diameter of Y zeolites (0.75 nm) to the diameter of the cyclic tautomers (of either 

glucose or fructose, around 0.9 nm) and conclude that diffusion in the zeolitic pores of the cyclic 

forms should be limited while the open forms or 1,2-enediol linear intermediate should be able 

to diffuse more easily.775,777–779 They ultimately conclude to the reactivity of one of the open 

forms. However, this argument is debatable, as exclusively cyclic tautomers of glucose in the 

adsorbed state are observed by 13C MAS NMR in NaY zeolites at 298 and 343 K, showing that 

their presence in the micropores is possible despite their size being larger than the pore opening, 

although still shorter than the FAU supercage diameter itself of 1.2 nm, confirming that they 

do fit as cyclic forms in the microporosity.780 The explanation to this apparent inconsistency 

may be explained by the tautomeric equilibria that could be achieved within the micropores 

(e.g. in the large pore of a zeolite) due to the Brønsted acidity of the zeolite. In fact, Sauer and 

coll. proposed that the diffusion mechanism of sugars through a zeolite could be a succession 

of tautomeric equilibria between the linear form (for travelling through the micropore openings) 

and the more stable cyclic forms within the micropores.781 Thus, this observation is not 
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conclusive with respect to the reaction mechanism (cyclic vs. acyclic). Jow et al. observed an 

enhanced formation of levulinic acid with respect to 5-HMF while reacting fructose on a Y 

zeolite.779 They interpreted this observation on the basis of the molecular size of 5-HMF (0.82 

nm) that may be too large to diffuse outside of the micropores, which induces an increased 

contact time in the microporosity. This facilitates its rehydration to levulinic and formic acid. 

Here again, this argument is debated by Vlachos and coworkers that rather show, by measuring 

the experimental adsorption isotherms, a significantly stronger thermodynamic adsorption of 5-

HMF on the acidic sites compared to glucose or fructose.782,783 This also increases in principle 

the likelihood of rehydration using such a heterogeneous catalyst.   

Like in the case of glycerol conversion, the synergistic effect of Brønsted and Lewis 

acidity is discussed in several instances. In general, Lewis acidity, either in homogeneous 

phase784,785 or within the porosity of zeolites such as with Sn-Beta zeotype,786,787 is able to 

promote the isomerization of glucose into fructose (or xylose into xylulose) as well as 

fragmentation reactions (retro-aldolisations).788,789 Using a combination of Brønsted acidity 

from a zeolite and the Lewis acidity induced by Sn4+ moiety grafted in the zeolites significantly 

improves the yields of 5-HMF from glucose conversion, as well as the formation of C3 

fragments (mainly lactic acid) originating from retro-aldolisation of fructose.790 This 

incidentally pleads in favor of the cyclic mechanism since the authors propose that the Lewis 

moiety promotes the isomerization of glucose into fructose for which the dehydration is easier. 

In the absence of other elements such as tin, the synergy was also demonstrated in several cases. 

Vlachos and coll. convincingly showed that the presence of octahedral aluminum species 

present in the reaction medium using H-Beta zeolite as a catalyst is responsible for an increased 

activity towards isomerization and side-reactions.782 They could show by NMR spectroscopy 

using isotopic labelling strategies that the mechanism for this isomerization follows a 1,2-

hydride shift akin to what is observed with Sn-Beta zeolites.786 These observations are in line 



 

148 

 

with other results from Sels and coll. regarding the conversion of trioses (glyceraldehyde or 

dihydroxyacetone).791 They show that an increased presence of EFAl promotes the Lewis-acid 

pathways, in this case the conversion of pyruvaldehyde to lactic acid through an apparent 

intramolecular Cannizzaro-like rearrangement. The exact nature of the active Lewis acidic 

species is still unclear. While some authors incriminate the EFAl species,767,782 other reports 

show that non negligible dissolution of the zeolite occurs during the reaction, possibly due to 

the formation of homogeneous acidic species such as formic and levulinic acids, and the 

aluminum ions play the role of homogeneous Lewis acid catalysts.792,793 Note that Vlachos and 

coll. could not relate this leaching phenomenon to a loss in activity at reuse of the catalyst. 782 

The formation of undesired polymeric side-products (humins) is unavoidable in the 

conversion of sugars towards platform molecules, and zeolitic catalysts are no exceptions. The 

extent of their formation varies a lot depending on the reaction conditions (solvent, temperature, 

acid concentration…).737,738 Akin to the formation of coke in hydrocarbon processing using 

zeolites, the formation of humins may translate into deposition of these products on the surface 

of the catalysts, inducing active site covering, pore blocking and similar phenomena leading to 

the deactivation of the catalyst. While such phenomena are undesired, their existence usually 

does not prevent reaching reasonable dehydration products yields, comparable to those 

achieved by homogeneous catalysis, at least in batch reaction. The deactivation may be 

efficiently overcome by thermal treatment such as calcination, to which the zeolitic materials 

are resilient.794,795 Although some authors assign the mechanism of the formation of humins to 

degradation reactions of the furanic compounds,796,797 these species appear to be relatively 

stable in acidic conditions towards the formation of humins,798 and intermediates in the 

dehydration process should be incriminated instead.758,799 These intermediates may in principle 

form on every active sites of the zeolites, the formation of large oligomeric and polymeric 

species seems to occur rather on the external surface sites,800 as demonstrated for instance by 
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selective passivation of the external surface sites by silication.801 On such materials, the yield 

in 5-HMF is higher than on the unmodified catalysts. However other results show little effect 

of surface passivation, putting into question the exact role of the external surface.782  

Zeolites show a particular behavior in the conversion of glucose and fructose by 

promoting under some circumstances their transformation into furfural.759,765,798,802–804 This 

reaction is favored at relatively high reaction temperatures of 423-473 K and using solvents 

such as γ-valerolactone (GVL), γ-butyrolactone (GBL), tetrahydrofuran (THF), sulfolane, or 

1,4-dioxane, but much less in water and very little in dimethyl sulfoxide (DMSO) for instance. 

Although this reaction is of little practical/economic use, since furfural can be obtained more 

readily from the C5 sugars of the lignocellulosic biomass and in fact is often generated during 

the initial fractionation, it still presents an academic interest worth considering herein. Furfural 

is normally observed as a very minor side-product in dehydration of hexoses (typically less than 

5 % of selectivity) under catalysis by homogeneous Brønsted acids (HCl, H2SO4) or by non-

microporous heterogeneous catalysts such as sulfonic resins. Dumesic and coll. obtained 

however significant yields of furfural when using zeolites as catalysts. H-Mordenite, H-Beta, 

and H-ZSM-5 proved indeed able to achieve up to 37 % of furfural yield at 448 K in GVL 

containing 10 %wt of water.759 The same reaction performed in pure water achieved lower 

though still significant yields of furfural (up to 14 %). This reaction was further studied by 

Wang et al., who examined this reaction in more detail.798,803 They show a strong dependence 

on the zeolite topology employed, suggesting marked shape-induced selectivity. While the 

large-pore zeolite H-USY (7.5 Å) afforded a yield of 2.9 % of furfural only (57.1 % of 5-HMF) 

at 423 K in GBL containing 5 %wt of water, H-Beta (6.6 Å) allowed for reaching an impressive 

yield of 63.5 % of furfural (12.6 % 5-HMF). The smaller H-ZSM-5 (5.5 Å) afforded 17 % of 

furfural yield (26.7 % of 5-HMF). Not only the pore opening size matters, since H-Mordenite, 

that displays pore opening roughly similar to that of H-Beta (6.7 Å) afforded 18.7 % yield of 
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FF in this study (which is in disagreement with the results from Dumesic showing similar yields 

of FF in H-Mordenite and H-Beta, although in a different solvent GVL759). At higher 

temperature (443 K), the yields to FF increase but the results are qualitatively similar. The 

authors make several interesting observations regarding the mechanisms.798 (i) Furfural is not 

a product of 5-HMF decomposition since said 5-HMF conversion is low when treated under 

the same conditions (about 5 %) and no furfural is detected. (ii) The conversion of fructose 

labelled on the C1 position yields C1-labelled 5-HMF (akin to the homogeneous reaction) as 

well as C1-labelled furfural, as determined by NMR spectroscopy and mass spectrometry. This 

shows that the C-C cleavage required for the formation of furfural occurs between the C5 and 

C6 carbon atoms. (iii) A band at 1768 cm-1 is observed by contacting a fructose solution in water 

(the same observation is made in 1,4-dioxane with 5 %wt water) with H-Beta.805 The authors 

assign it to the ketone linear form of fructose present in the micropores of the zeolites. This 

band is not observed upon performing the same experiment with a H-Faujasite zeolite instead 

of H-Beta. The authors propose a mechanism for the generation of furfural from these 

observations (Figure 61). The acyclic form of fructose undergoes first a dehydration of the 

HO3 hydroxyl group (intermediate G) followed by a retro-aldol condensation yielding a 

formaldehyde molecule and a C5 intermediate H (although it is dubious how such an 

intermediate may eventually lead to furfural given the positions of the double bonds). The shape 

selectivity observed would thus be related to the ability of a given zeolite structure to 

accommodate, stabilize and convert the linear form of fructose. In H-Faujasite, the pores are 

large enough to accommodate the more stable cyclic tautomers hence no open form of fructose 

is observed, and lower yields of furfural are obtained. In the case of the H-ZSM-5 zeolite, the 

authors propose that the linear intermediates towards the formation of the furfural are generated 

within the channels of the zeolitic structure, while the cyclization to furfural, as well as the 

dehydration of the cyclic fructofuranose tautomers to 5-HMF occur either at the intersections 
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of the channels, which are larger than the channels, or on the external surface of the catalysts 

(Figure 61). The particular role of the solvent in the increase of the selectivity towards furfural 

is not very clearly understood, although some authors have shown the role of GVL as a solvent 

to increase the loadings of sugars in zeolites while still affording a decent solubility of the sugars 

in the liquid phase.780  Finally, the authors examine the role of Brønsted and Lewis acidity, and 

conclude that a higher density of Lewis acidic sites favors the C-C cleavage and formation of 

furfural, which is in line with the general observations regarding the role of Lewis acidity in 

fragmentation reactions such as the retro-aldolisation invoked here.798  

 

 

 

 
 

Figure 61. Proposed mechanism for the conversion of fructose to furfural in the porosity of zeolites (H-ZSM-5 

here), according to Wang et al.798,803 
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Remarkably, and to the best of our knowledge, little to no molecular modeling study address 

the dehydration of sugars in the porosity of zeolites while considering the problematic of the 

confinement effects. A study by Lin et al.746 does examine several reaction pathways for the 

dehydration of glucose on solid acid catalysts, but they consider as a model for the zeolite a 

12T cluster. Although they could infer some elements of discussion regarding the role of the 

surface oxygen atoms that seem to participate actively as Brønsted bases in some of the 

elementary steps, the effect of the confinement could not be discussed in this study. The reaction 

pathways leading to furfural from hexose, although quite intriguing, also did not trigger 

modelling studies so far, akin to the rehydration of 5-HMF into levulinic and formic acids, for 

which little to no mechanistic insight exist in the literature. Finally, the state of the zeolitic 

proton in the presence of water and the formation of protonated water cluster, as discussed in 

section 8.7, and its probable influence in aqueous-phase transformation of sugars, was never 

examined by computational chemistry. Although the task seems very challenging, significant 

insight can be expected from such studies.  

 

8.10. Concluding remarks 

The catalytic transformations of alcohols in zeolites have been the topic of a very large 

body of studies in throughout the course of the XXth century, up until these days. In the case of 

“simple” alcohols, i.e. monohydroxy species, numerous fundamental works have been carried 

out, experimental and theoretical. Quite precise knowledge has been achieved, regarding both 

the molecular level mechanisms for the various transformation routes (E1 vs. E2 mechanisms, 

intramolecular or intermolecular dehydration, skeletal isomerization…) and the entanglement 

of these various routes with the construction of ab initio-driven microkinetic models able to 

describe quite precisely the experimental kinetics. E1 or E2 intramolecular mechanisms are 

both likely, the dominant one depends on the zeolite topology, on the nature of the alcohol, and 
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on possible solvent effects. Operating conditions were shown to influence drastically the 

preferred alkene formation mechanism, ether-mediated (intermolecular) mechanisms being 

favored at high alcohol pressures and low temperatures over intramolecular mechanisms. Ether 

formation mechanisms themselves were shown to be strongly related to operating conditions, 

alkoxide-mediated mechanisms being the most likely at low alcohol pressure, whereas dimer-

mediated mechanisms are favored at high alcohol pressure. The effects of pore topology in 

regard of the nature of the alcohol molecule substrate are also quite well documented, in 

particular for what regards ether formation pathways, first order (alkoxy-mediated) mechanisms 

being more sensitive to confinement effects. Nevertheless, open questions remain on the 

location of acid sites able to transform alcohols longer than propanol, and on the origin of the 

topology-dependent selectivity in terms of linear versus branched alkenes. The most recent 

breakthroughs concern the influence of the accumulation of water within the zeolites 

micropores on the reaction. The findings show an actual change in the nature of the active sites 

as the water content increases, from the protonic site of the zeolite towards protonated water 

clusters. This may prove very relevant for further studies regarding the transformation of 

biomass-based substrates with high water content or even performed in water medium.  

The conversion of polyhydroxy molecules, such as glycerol or carbohydrates discussed in 

this review, was on the contrary far less examined on a fundamental point of view, despite a 

large body of experimental work in search of performance of catalytic activities. The 

experimental kinetics and mechanistic studies available in the literature so far do not allow, in 

our opinion, to obtain a complete description of the mechanisms at stake, especially considering 

the complexity introduced by the presence of several hydroxyl groups, and hence regio- and 

chemioselectivity issues more complex than in the case of mono-alcohols. Computational 

works are almost inexistent, and in no case consider the influence of water and protonated 

clusters as active site mentioned above. Hence numerous perspectives remain in this field.    
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9. Carbonylation reactions of alcohols, ethers and alkenes 

9.1. General aspects 

Carbonylation of methanol is one of the most attractive routes to produce acetic acid. 

The Monsanto806 (developed in the 60’s) and Cativa807 (developed in the 90’s) processes, 

making use of transition metal complexes, have been key players in that respect. Carbonylation 

reactions may also be performed in Brønsted acidic media, which is known as the Koch-type 

reactions.808 Since then, many works have dealt with the transposition of this reaction, reporting 

the formation of various acetyls thanks to the carbonylation of methanol, higher alcohols, DME 

or alkenes in proton-exchanged zeolites (Figure 62).809–815 The requirement for Brønsted acid 

sites was demonstrated by a stochiometric poisoning of the acid sites by 2,6-dimethyl-pyridine 

introduction in the feed, in the case of a H-Mordenite catalyst,812 even if a role of Lewis acid 

sites on the adsorption of CO was not excluded.812,816 Typically, isobutene conversion into 

trimethyl-acetic acid was reached in H-ZSM-5 at 296 K,809 whereas methyl-acetate formation 

from DME was performed at 423-463 K on Mordenite.812 Beside the intrinsic value of such a 

reaction for practical applications, it was recently found that it is one of the possible very first 

C-C bond formation steps in the Methanol-to-Hydrocarbon reactions,817–822 thanks to kinetic 

analysis, 13C-1H NMR and DFT calculations, as will be discussed later in section 10.   

 

Figure 62. Possible carbonylation reactions of typical substrates (alcohol, ether, alkene).  
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The generally admitted mechanism invokes the addition of the CO molecule on a 

carbenium ion or alkoxide obtained from the alcohol, ether or alkene, leading to an acylium 

ion.823 In the case of zeolite-catalyzed reactions, the latter then reacts with water to release 

carboxylic acid and regenerate the bridging OH group of the zeolite. Starting from DME instead 

of methanol reduces the inhibiting effect of water and makes reaction rates higher, after an 

induction period where the reaction rate growths upon progressive saturation of the acid sites 

with methoxides.812 Inhibiting effect of water was assumed to be linked to adsorption 

competition with CO, and to the decrease of the rate of formation of methoxy groups.813 In the 

case of methanol and DME carbonylation, a direct participation of methoxides was indeed 

suggested810 and demonstrated by in situ FTIR813,824 and 13C MAS NMR.825 Their formation is, 

however, not the rate determining step.812 From CO pressure effects, the rate determining step 

was shown to involve CO insertion in H-Mordenite,812,813 which is confirmed theoretically.826–

828 Computational studies report a transition state with a planar CH3 group (in the case of 

methanol carbonylation, see Figure 63) linking to CO and disconnecting from the zeolite in a 

single step.821,826–831 The computed free energy barriers for this step are higher than 100 kJ.mol-

1 and depend on the zeolite and active site under consideration.  

 

Figure 63. Reaction steps involved during methoxide (obtained from methanol or DME) carbonylation on protonic 

zeolites, though acylium, ketene and acetyl intermediates. Blue arrows depict the pathway followed by sites located 

in the 12MR channel of Mordenite and in SSZ-13, whereas red arrows depict the route followed by 8MR sites of 

Mordenite, according to metadynamics calculations. Reprinted from ref. 832. Licensed under CC BY 4.0. 

https://creativecommons.org/licenses/by/4.0/
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Although appearing in computational studies as a reaction intermediate,826,829 the 

acylium species was not observed directly in carbonylation conditions on protonic zeolites 

(whereas it was on metal-exchanged zeolites833), although reaction with ammonia led to the 

expected acetamide.825 The poor stability of acylium in practice can be explained by its very 

quick bonding to the zeolite, leading to acetyl groups, as shown by a very low computed 

transition barrier.827,829,830,834 Notably, a CH2=C=O ketene intermediate was also invoked, on 

the basis of DFT calculations in the case of Mordenite (Figure 63).832,834 This intermediate is 

expected to be formed from deprotonation of the acylium ion, and subsequently leads to 

adsorbed acetyls also with low barriers. Experimentally, the observation of CH2DCOOD after 

D2O introduction in the medium was interpreted as the proof of the existence of ketene, because 

the reaction of D2O with the surface acetate should only lead to a deuterated carboxylic group 

(but not deuterate the methyl group).834 A recent metadynamics study suggests that ketene is 

formed as a local free energy minimum along the CO carbonylation path at 12MR sites, but not 

at the 8MR site, before formation of the acetyl.832 From the structure of the acylium and acetyl 

species, one may expect that the direct C-Oframework formation should be faster than the 

formation of ketene, that requires deprotonation of the acylium (to transform the CH3 moieties 

into CH2), then re-protonation of the ketene (to transform CH2 into CH3). In ref. 832, this 

counterintuitive observation of ketene is explained by the rotation required to transform the 

acylium into the acetyl, which is costly due to electrostatic interactions between the reactant 

and the negatively charged zeolite framework. This cost for the rotation is significantly lowered 

when passing through a neutral ketene intermediate. From the AIMD study, ketene very quickly 

reprotonates at 8MR sites of Mordenite due to spatial constraints.  

Acetyls connected to the zeolite framework, observed by in situ FTIR824 and 13C MAS 

NMR assigned thanks to DFT calculations,835,836 were shown to react with DME to form methyl 



 

157 

 

acetate and methoxides, giving a substance to the mechanisms proposed in Figure 64.813 The 

direct reaction of DME with acetates was computationally investigated, with contradictory 

conclusions depending on the functional. It is computed to be very unlikely in the 8MR pocket 

of Mordenite with a QM/MM approach with the B97D functional, suggesting that such a 

reaction mechanism may only take place in larger pores,826,827 or involve first the decomposition 

of DME into methanol. But the same barrier was computed to be low in all cases (8MR and 

12MR of Mordenite) with the BEEF-vdW functional.830  

 

Figure 64. Proposed reaction steps for the carbonylation of DME in protonic zeolites. Reprinted with permission 

from ref. 813. Copyright 2007 Elsevier.  

 

9.2. Consequences on confinement effect, specific role of 8MR sites for methanol 

and DME carbonylation 

A very strong effect of confinement was observed in the case of DME carbonylation. 

H-Mordenite appeared as the most active catalyst, whereas large pore zeolites such as USY or 

Beta were inactive.812 Based on the quantification of OH groups in 8MR of Mordenite and 

Ferrierite by FTIR and titration with alkanes and pyridines, Bhan et al. concluded that solely 

bridging OH groups located within 8MR are active for DME carbonylation,837 which was 
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assigned to a stronger electrostatic stabilization of the charged transition state thanks to electron 

density difference calculations.828 Since then, other zeolites exhibiting 8MR structures (H-EU-

12, H-ZSM-35, H-ZSM-57, H-SUZ-4, H-SSZ-13, Al-RUB-41 for instance) appeared as 

attractive for such reactions.816,838–841 The methyl acetate synthesis rate was even shown to be 

a relevant tool to monitor the increase in 8MR population of acid sites along a series of Ferrierite 

samples.842  

Several computational works were reported to confirm and better understand the 

specific reactivity of sites located in 8MR of Mordenite, starting from methoxides. Taking into 

account dispersion interactions (more stabilizing in the 8MR) appeared to be crucial to obtain 

a significantly lower barrier in 8MR versus 12MR.826 When not included, or with the BEEF-

vdW functional, activation barriers are only slightly different.826,827,830 A recent AIMD study, 

coupled to the machine learning perturbation theory (MLPT) approach, showed the importance 

of taking into account dynamic effects combined to dispersion forces to reproduce the 

preferential reaction in the 8MR side pocket (Figure 65).829 Indeed, the free energy of activation 

in the main channel increases by about 15 kJ.mol-1 (up to about 130 kJ.mol-1) with respect to a 

static approach, which is assigned to the poor description of translational and rotational modes 

in large cavities by static methods. Computational studies are scarcer for other 8MR zeolites, 

but the ones available confirm the lower activation barriers at sites of the 8MR, although some 

very subtle local effects make that specific sites in the 8MR are much more active than others 

(for example, those also shared by a 6MR in Ferrierite831).831,838,841  DFT calculations also reveal 

a higher carbonylation rate in the straight 10MR channel of ZSM-5, with respect to the 

sinusoidal channel, and their intersection. The latter was found to promote the formation of 

coke precursors.843  
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Figure 65. Free energy of activation of methoxide carbonylation in the 8MR side pocket (noted SP) and at 12MR 

main channel sites (noted MC) of Mordenite at 440 K, computed by AIMD at the PBE-D2 level, and with the 

MLPT approach for other levels of theory. The transition state structures at the 8MR (left) and 12MR sites (right) 

computed using a static approach at the PBE-D2 level are also shown. Reprinted with permission from ref. 829. 

Copyright 2021 Elsevier. 

 

The competition of methanol and DME carbonylation with other reactions, such as 

DME formation from methanol and hydrocarbon formation was computed in Mordenite by 

Boronat et al.,826,827 suggesting a much higher selectivity of 8MR side pockets towards 

carbonylation than the 12MR main channel, due to steric constraints. This is an additional 

argument in favor of the 8MR sites in terms of carbonylation selectivity, even if the 

experimental picture is not that clear.844 On top of intrinsic kinetics considerations, Monte Carlo 

and force-field molecular dynamics calculations have shown that adsorption and diffusion 

factors are also in favor of a higher reactivity of sites located in 8MR side pockets.845  

Accumulation of CO was found to occur close to methoxide species in 8MR pockets, whereas 

the methyl-acetate product diffuses rapidly from these zones once formed. Indeed, an inhibition 

effect by the methyl-acetate reaction products was observed experimentally for high pressures 

of product only,830 likely in a regime where it interacts strongly with active sites. All in all, 

several factors make the 8MR structure desirable for carbonylation reactions, that currently lead 

to synthesis and post-treatment efforts to remove 12MR sites (in Mordenite) and locate most 

Brønsted acid sites at relevant positions to improve DME conversion.842,846–851 Recently, 

surface barrier effects were invoked to explain the enhanced reactivity of Mordenite after 

surface etching,852 even if an effect of the possible variation in distribution of surface OH groups 
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cannot be excluded. Unfortunately, 1H NMR and FTIR spectra of the etched samples were not 

compared to that of the initial sample.  

 

9.3. Transformation of longer alcohols, alkenes or alkanes 

Carbonylation is faster than the dehydration of alcohols and than skeletal isomerization 

that may take place concomitantly when starting from butanols (see section 8.6). CO was shown 

to inhibit 13C scrambling (observed in the absence of CO258,274) by 13C MAS NMR in ZSM-

5.809,853 The observation of a fast carbonylation reaction of tert-butanol was interpreted as a 

proof of the existence of the tert-butyl cation, although the existence and participation of 

alkoxide groups could not be strictly excluded.853 The strong similarity of the 13C NMR spectra, 

starting from isobutene and tert-butanol in the presence of CO, suggests that the carbonylation 

reactions of alkenes and alcohols indeed have similar intermediates. Starting from isobutanol, 

trimethylacetic acid (similar as when starting from tert-butanol) forms preferentially over 

isovaleric acid (the expected product), meaning that intramolecular hydrogen transfer takes 

place faster than CO addition.853 Similarly, 2-methyl-butyric acid was mainly formed from 

butan-1-ol.853 To the best of our knowledge, possible synchronous carbonylation reactions, that 

would have neither alkoxides nor carbenium ions as intermediate, have never been invoked. 

Such a scenario is, however, not to be a priori excluded, by analogy with mechanisms computed 

for alcohol dehydration (see section 8).  

Finally, carbonylation was also observed in H-ZSM-5 from alkanes (propane, 

isobutane) between 373 and 473 K in the presence of CO and water, leading to carboxylic 

acids.854 This was assigned to the propensity of alkanes to generate carbenium ions in such 

conditions by protolysis, as developed in section 6, which also explains why CO inhibits H/D 

exchange of alkanes.855  At higher temperature, carbonylation of the alkane cracking products 

(eventually followed by decarboxylation of the carboxylic acids at 573 K) was also reported.854 
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10.  Methanol to olefins reactions 

The process for converting methanol to hydrocarbons (MTH), for producing gasoline, 

was invented by researchers from Mobil in the 1970s.856 The ZSM-5 catalyst produced a 

mixture of C2-C5 olefins and paraffins and aromatics. However, due to the restrictions of the 

aromatics content of gasoline and the high demand for olefins, the focus is now on making 

olefins (MTO). The MTO process has met a major commercial success since it allows 

circumventing the use of petroleum. While methanol is produced at present mainly from natural 

gas and coal, the sources might shift to biomass or waste products soon, thereby offering the 

possibility of a sustainable production of plastics or fuels. The MTO process is also a potential 

route for CO2 valorization. CO2 can be converted to syngas by the Reverse Water Gas Shift 

(RWGS) reaction, then be transformed to methanol and finally to olefins via the MTO 

process.857 There are also many on-going research works concerning the one-pot conversion of 

syngas to light olefins (or other products),858 the so-called OXZEO process. It employs a 

mixture of a (mixed) oxide catalyst (Zn, Ga, Mn, Cr, Zr, etc.) for RWGS and a zeolite catalyst. 

Its chemistry strongly resembles that of the MTO process. 

The chemistry of MTO is very complex and implies almost all the reactions described 

in the earlier sections of this review: carbonylation, dehydration, oligomerization of alkenes, 

cracking of alkenes as well as the transformation of aromatics. MTO chemistry has been 

extensively reviewed in recent years.29,859–863 We will, therefore, not try to provide an 

exhaustive account of all mechanistic aspects (especially concerning the first C-C bond 

formation, which is the focus of the current debate), but only point out some important 

principles and sum up the most recent discoveries.   

The MTO reaction comprises a sequence of different phases:864 



 

162 

 

1. The first step consists in an equilibration between methanol and dimethylether (whose 

mechanisms are discussed in section 8.4). This intermolecular dehydration reaction is very 

fast and usually reaches thermodynamic equilibrium.  

2. One systematically observes an induction period during which the activity for olefin 

formation is low. This induction has been associated with the time necessary to build up a 

“hydrocarbon pool” in the zeolite pores, consisting of a mixture of aromatic compounds 

trapped in the microporosity of the zeolite, which is source for the olefin production in 

steady state regime.  

3. The steady state period follows, during which methanol conversion is usually complete 

and olefins are produced via the hydrocarbon pool. 

4. Finally, a deactivation period where catalyst activity goes down due to plugging of the 

pores by carbonaceous deposits is observed.  

We will start by summing up the evidence which led to establishing the hydrocarbon 

pool mechanism, because it is a very instructive lesson of science. After that we will briefly 

turn to the question of the initial C-C bond formation, which is at the heart of the current 

scientific debate, but we will not go into detail concerning this point, since it has been 

exhaustively covered in a recent review.862 We will then cover recent insights into the induction 

period where the hydrocarbon pool is generated from the first olefins. Finally, we will discuss 

some recent results concerning the mechanism of olefin formation from the hydrocarbon pool 

and address the question of olefin selectivity.  

 

10.1. Direct vs indirect mechanisms: the hydrocarbon pool theory 

Initially, Dessau and LaPierre proposed that olefins were produced by the successive 

methylation (with methyl carbenium ions formed from methanol) of ethylene to higher olefins, 
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which then cracked to lighter olefins, i.e. C2
= to C4

=.865,866 Aromatics were thought to be formed 

by cyclisation of higher olefins, but did not participate in the olefin formation in this proposal 

(Figure 66-a).   

 

Figure 66. a) MTO mechanism proposed by Dessau and LaPierre for a ZSM-5 catalyst. Reprinted with permission 

from ref 865. Copyright 1982 Elsevier. b) Formation of olefins via the hydrocarbon pool, according to ref.867  c) 

Schematic illustration of the dual cycle mechanism. d) Scheme of the olefin cycle: short alkenes are methylated to 

longer alkenes (C6 or longer), which then crack. The choice of the olefin isomers and of propene as cracking 

product is an arbitrary example, for the purpose of illustration.     
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irrelevant, since the process would be autocatalytic once initiated (the cracking of a higher 

olefin generated by methylation generates two olefins, which can again be methylated, etc.). 

A mechanism based on the methylation of ethene by methanol was, however, 

invalidated by Dahl and Kolboe867 who showed by carbon labelling experiments that ethene 

was virtually inert under steady state MTO reaction conditions (using a SAPO-34 catalyst). 

They further demonstrated that the carbon labelling distribution of propene and butene products 

was close to random, which supported the idea that these products were indirectly formed via 

a “hydrocarbon pool” intermediate (Figure 66-b). The hydrocarbon pool consists mainly of 

multi-methylated benzenes (cyclopentenyl carbenium ions were also detected in NMR 

studies864). The first hint to the role of aromatics was given by the observation that co-feeding 

aromatics had a positive effect on the MTO reaction.868 Isotope labeling experiments showed 

that the aromatics undergo alkylation and dealkylation reactions under MTO conditions and the 

olefin products contain carbon atoms from the aromatic rings.869 In small-pore (8MR) zeolites, 

co-feeding experiments are not possible because aromatics do not diffuse into the pore system, 

but an analysis of the products trapped in the pores of SAPO-34 showed that the CHA cages 

contain mainly multi-methyl-benzene molecules.870 Isotope labeling proved that they are not 

simple spectators, but actively participate in the reaction, albeit the reactivity differs strongly 

depending on the degree of methylation as will be discussed below.871,872  In the case of SAPO-

34, hexamethylbenzene molecules are the most reactive species in the hydrocarbon pool.871   

However, Svelle et al. demonstrated that the mechanism needed to be complexified, at 

least for the case of ZSM-5.873 They measured the rate of isotope incorporation of labelled 

carbon into the products as well as into the products trapped in the pores upon a 12C/13C 

methanol switch. The 13C incorporation into C3-C6 olefins was much faster compared to the 13C 

penetration into ethene and the aromatic molecules. This result suggests that ethene has 

mechanistically a different origin than the higher olefins. Moreover, the highly methylated 
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benzene molecules were the least reactive ones, in stark contrast to the behavior of SAPO-34. 

A detailed analysis of the results led the authors to propose a new dual-cycle mechanism valid 

for ZSM-5 (at least).874 In this mechanism, ethene is predominantly formed from the 

dealkylation of xylenes or trimethylbenzenes (in the case of ZSM-5), as schematically 

illustrated in Figure 66-c. Part of the propene is possibly also formed from aromatics. The 

formation of higher olefins (C3-C6) is mainly attributed to a mechanism similar to the initial 

proposal of Dessau, namely the successive methylation of olefins by methanol, followed by 

cracking of the longer olefins. Since the methylation of ethene is very slow compared to that of 

propene or butene,875,876 it was supposed that the methylation cycle starts from propene as 

illustrated in Figure 66-d. The net reaction equation of this cycle is 3 CH3OH → C3H6 + 3 H2O. 

Methylation to a C7 olefin, followed by cracking to C3 and C4 olefins is also possible, but the 

generation of higher olefins is unlikely since C7 olefins crack very quickly (see section 5.3).522  

 

  

Figure 67. Reaction rate of alkene conversion (by oligomerization or cracking) in the absence of methanol, of the 

conversion of methanol in the presence of alkene and of the conversion of alkene in the presence of methanol. 

ZSM-5 (Si/Al = 200 mol/mol), 733 K. Data extracted from ref 877. 
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The information concerning the olefin cycle was complemented by Wu et al. who 

compared the rates of alkene oligomerization and alkene methylation by methanol under MTO 

conditions (Figure 67).877 They found that the fastest methylation reactions occur with C4 and 

C5, while that of C2 is very slow and higher olefins tend to undergo preferentially cracking. On 

this basis, they proposed a revised olefin cycle, which relies on the methylation of C4 and C5 

olefins.  

 Since the longer olefins (with at least 6 carbon atoms) can also cyclize (by hydrogen 

transfer reactions, which generate paraffins) to aromatics, the olefin cycle, leading to propene 

and higher alkenes, and the aromatics cycle, leading to ethene and aromatics, are 

interconnected. This so-called dual cycle mechanism874 is now generally accepted. Bhan and 

co-workers extensively studied the relative importance of the two cycles and the impact on 

product selectivity (for ZSM-5 catalysts). They showed that co-feeding toluene increases the 

selectivity to ethene and aromatics, by favoring the aromatic cycle over the olefin cycle.878 Co-

feeding propene had the opposite effect.    

  

10.2. The first C-C bond formation 

The hydrocarbon pool theory explains how olefins are formed under steady state 

conditions, i.e. once the hydrocarbon pool has been built up. However, it does not say anything 

about how the first aromatics or the first long olefins, which could then initiate the dual cycle, 

are formed. From an industrial perspective, the question may be considered as irrelevant since 

most industrial processes include a recycle of C4
+ olefins,863 which can be readily alkylated and 

initiate the hydrocarbon pool. However, the question is of fundamental interest and may also 

have a consequence on the deactivation process.819,879 

Most of the early mechanistic proposals for the first C-C bond formation seem 

energetically unrealistic, i.e. they have very high activation barriers. For examples, (i) alkoxy 
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chain growth by reaction of methanol with surface methyl groups, (ii) a pathway involving 

carbene species formed by decomposition of surface methyl groups,271 (iii) a pathway involving 

trimethyloxonium cation O(CH3)3
+, formed by reaction of DME with methanol (see also section 

8.4).880 This led Haw and co-workers to suspect that even for lab experiments the hydrocarbon 

pool was probably initiated by impurities in the feed and not by a catalytic C-C bond 

formation.864 This hypothesis was challenged by Hunger and co-workers who showed that the 

ethanol and acetone impurities in methanol were largely insufficient to explain the formation 

of the hydrocarbon pool.881   

Recent studies have provided much new spectroscopic evidence concerning the question 

of the first C-C bond formation. We will not treat these results in detail because they have been 

reviewed very recently.862 Interestingly, many of the new proposals involve an oxidized form 

of methanol, i.e. formaldehyde or CO. Certain amounts of CO and H2 have always been 

observed in MTO (i.e. reverting methanol synthesis to its initial reactants). They are very easily 

formed, also in the absence of acid sites,819 but were until recently considered as irrelevant side 

products. For example, Munson et al. showed that CO did not accelerate the MTO rate and that 

labelled CO was not incorporated into the products.882 However, the experiments were carried 

out in a NMR reactor at high conversion, i.e. under conditions relevant for the steady state of 

MTO, but not for the induction period. Still, Hutchings et al. later confirmed that CO had a 

negligible influence on the induction period of MTO.883   

Results of the Lercher group suggested that this paradigm should be changed.819 In TPD 

experiments where methanol was preadsorbed on the catalyst and then heated either in He or 

CO, the presence of CO clearly enhanced the formation of olefins. It should be noted, however, 

that these conditions differ from the continuous reaction, mainly with respect to the water 

concentration, which is much lower. Considering that zeolites are good carbonylation catalysts 

(section 9), the authors proposed an involvement of CO in the first C-C bond formation via a 
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nucleophilic addition of CO on the (electrophilic) surface methoxy group, forming a surface 

acetyl group. Surface acetyl groups were indeed identified on the surface of SAPO-34 catalysts 

under MTO conditions; methyl acetate molecules (formed by reaction of methanol with the 

surface acetyl) were simultaneously detected.818 Notably, the surface acetyl group can also be 

viewed as a protonated ketene (CH2=CO + H+ → CH3-CO+), see section 9.1.  

Wang et al. gave support to the role of oxidized forms of methanol in the initiation of 

the MTO reaction.884 They carried out the MTO reaction over ZSM-5 under mild conditions 

(573 K). At very short reaction times, they could detect formaldehyde (and methane) in the 

products. The formation of formaldehyde was enhanced by EFAl species in the zeolite; a ZSM-

5 catalyst without EFAl generated much less formaldehyde. Co-feeding of formaldehyde 

enhanced the reaction rate, with a high selectivity to ethene. EFAl are known to promote 

hydrogen transfer reactions (as already illustrated in section 6) and formate species were 

observed in the conversion of DME over -Al2O3.
885 The hypothesis is that EFAl species favor 

the decomposition of CH3OH into H2 and formaldehyde and subsequently into CO (although 

this decomposition is observed to a certain extent on almost any material819). CO subsequently 

reacts with CH3OH as suggested in Figure 68.  

 

Figure 68. Formation of a surface acetyl group (also called acetate in some papers) by carbonylation of the surface 

methoxy group, adapted from 819. 

 

Proposals for a direct reaction of formaldehyde with the surface methyl groups have 

also been made.884 Irrespective of the detailed reaction mechanism, the idea that either CO or 
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formaldehyde are involved in the formation of the first C-C bond was reinforced by recent 

work, which investigated the MTO process with a very sophisticated operando analysis 

technique, called photoelectron photoion coincidence (PEPICO) spectroscopy.886 Its high 

sensitivity for the isomer-selective detection of intermediates provided convincing 

experimental proof for the involvement of formaldehyde as well as of ketene in the initiation 

of the MTO reaction. 

Other studies reported on the role of aldehydes in MTO chemistry.887,888 Temperature 

programmed reaction data shows that acetaldehyde and methylacetate are formed 

concomitantly with the apparition of the first olefins (Figure 69). Surface acetate species and 

acetaldehyde were also detected on the catalyst surface. Acetaldehyde might be formed from 

the comproportionation of ketene with methanol, yielding CH3CHO and CH2O.886 In any case, 

acetaldehyde is already a C2 species. Therefore, its role in MTO chemistry is related to the 

question of how the hydrocarbon pool is formed from the first C2 species, which we will treat 

in the next section.  

 

Figure 69. Temperature programmed reaction profiles of methanol conversion over a ZSM-5 catalyst. WHSV = 

1 h-1.Reprinted with permission from ref 888. Copyright 2019 American Chemical Society.  
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10.3. From the first C2 species to the hydrocarbon pool  

In essence, the question is whether the hydrocarbon pool is generated by oligomerization 

and cyclisation reactions of oxygenates (formed, for example, by the carbonylation reactions 

mentioned above) or of olefins. According to some mechanistic proposals, olefins could be the 

product of the initial C-C bond formation,862 but they could also result from a reduction of 

oxygenates, by hydrogen transfer reactions, followed by intramolecular dehydration.889  

Theoretical work by Plessow and Studt proposed a mechanism where the surface acetyl 

group is successively methylated to form a dimethylketene, which would then decarbonylate to 

CO and propene (Figure 70).821,822 Propene then initiates the formation of the hydrocarbon 

pool. The ketene methylation reactions have very high energy barriers (above 200 kJ.mol-1), 

but the proposal recently found some experimental support: the PEPICO technique managed to 

detect methylketene (expected product in equilibrium with a surface propionyl species, see 

Figure 70) as an intermediate.890    

 

 
Figure 70. Formation of the first olefin by methylation of CO, followed by methylation of the formed ketene, 

based on ref822 

 

Aldol condensation is another possibility for forming the hydrocarbon pool from the 

first C2 species, via acetaldehyde, as mentioned above. The high propensity of aldehydes to 

cyclize to aromatic species was nicely demonstrated by Hoang et al. They compared the 
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reactivity of propanal and propene in cyclisation to aromatics.891 With propanal, cyclization 

reactions occurred under much milder conditions than with propene. With a propene feed, 

significant amounts of aromatics were only formed at 773 K, while the aldehyde generated 

aromatics below 673 K. Moreover, propene mainly led to benzene and toluene, while propanal 

produced preferentially C9 aromatics (trimethylbenzenes). The authors proposed that the C9 

aromatics were formed by aldol condensation, followed by cyclization (Figure 71-a). In the 

light of these results, it seems plausible that the hydrocarbon pool in the MTO reaction is (also) 

formed by aldol condensation of aldehydes and not (only) by oligomerization of alkenes.892  

a) 

 

 

 

b) 

 

Figure 71. a) Mechanism of formation of aromatics from propanal by aldol condensation and cyclisation, adapted 

from891. b) Transformation of aldehydes under MTO conditions. Reprinted with permission from ref 889. Copyright 

2016 American Chemical Society.  

 

Khare et al. studied the effect of co-feeding of acetaldehyde in the MTO reaction.889 The 

aldehyde influenced the MTO reaction in multiple ways. (i) It enhanced the formation of 

aromatics, via aldol condensation and cyclisation. The increased propagation of the aromatic 
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cycle increased the selectivity to ethene (see also ref. 887). (ii) Some ethene was directly 

produced by hydrogen transfer reactions of acetaldehyde, i.e. its reduction to ethanol, followed 

by ethanol dehydration. (iii) Decarbonylation products of aldehydes formed by aldol 

condensation were also detected. They would yield dienes and trienes, which can either undergo 

ring-closure to aromatics or contribute to the olefin cycle. However, since the overall effect was 

an enhancement of the aromatics cycle, the cyclisation reactions should be dominating (either 

via the direct pathway or indirectly, after decarbonylation). All possible reactions of aldehydes 

under MTO conditions are summed up in Figure 71-b.  

 

10.4. Dealkylation mechanisms in the aromatics cycle 

In a previous section we have discussed the contributions of the aromatic and the olefin 

cycle to the product distribution. The aromatic cycle produces olefins by dealkylation reactions. 

Two mechanisms have been proposed for these dealkylation reactions: (i) the paring 

mechanism, in analogy to seminal work of Sullivan et al.608 who proposed a mechanism for the 

dealkylation of aromatics under hydrocracking conditions, and the (ii) side-chain mechanism. 

In the side chain mechanism, a methyl substituent of the aromatic ring is alkylated with 

methanol to form an ethyl group, which can then split off ethene or be further alkylated to 

isopropyl and split off propene (Figure 72). The paring mechanism involves a ring contraction 

of the aromatic 6-membered ring to a 5-membered ring, creating a >C2 side chain, which can 

then be split off (Figure 73). Note, however, that in the original work of Sullivan the main 

product was i-C4, which can form a stable tertiary carbenium ion. The formation of smaller 

olefins by a paring route is, therefore, quite intriguing. Experimental evidence for the 

involvement of the paring route comes from isotope labelling studies. When aromatics, labelled 

on ring atoms, are co-fed with methanol or DME, the labelled atoms end up in the light olefin 

products864, i.e. ethene and propene, in SAPO-5893 and ZSM-5.894 This is compatible with a 
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ring-contraction/ring-expansion process, which leads to a scrambling of the carbon atoms in the 

ring and in the alkyl side chains. However, Haw et al. already pointed out that such ring 

contraction and expansion reactions, leading to scrambling of labels, could precede the 

dealkylation process (which might still happen via the side chains).864  

A recent study from Bhan’s group pushed the isotope analysis very far and could thereby 

quantify the importance of side chain and paring routes for a SAPO-34 catalyst.895 They 

compared the measured isotope distributions in the olefins to the theoretically expected results 

for either the side chain or the paring mechanism (according to Figure 73). In the case of ethene, 

the by far best match was achieved for the scenario of a side-chain mechanism starting from 

tetramethylbenzene. In the case of propene, the best matching mechanism was the paring route 

starting from penta- and hexamethylbenzene. This suggests that both mechanisms are operating 

in parallel, but their importance depends on the degree of methylation of the aromatic 

hydrocarbon pool. Moreover, the side-chain route would favor ethene and the paring route 

would favor propene. 
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Figure 72. Elementary steps of the side chain dealkylation leading either to ethene or propene, adapted from ref 
896.   

 

 

Figure 73. Side chain or the paring route for the dealkylation of hexamethylbenzene to propene: impact on the 

origin of the carbon atoms in the propene and aromatic product. Reprinted with permission from ref 895.  Copyright 

2019 Elsevier.  

 

The detailed mechanisms of the side chain route and of the paring route have been 

investigated by DFT, including by AIMD. According to the current state of the art,29,896 the 

elementary steps of the side chain route towards ethene are (Figure 72):  
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• a geminal methylation of (n)-methyl-benzene (A) to a gem-(n+1)-methyl-benzenium 

cation (B). Except for fully methylated benzene, this step obviously competes with ring-

methylation on a “free” position of the cycle (Figure 74). Ferri et al. recently calculated 

the Gibbs free energies of geminal versus ring methylation and found that the former 

was generally less favorable.315  

• The deprotonation to a (n+1)-methyl-methylene-cyclohexadiene (C). Note that only a 

gem-methylated benzene ring will deprotonate to form an exocyclic double bond, the 

ring methylation more favorably deprotonates to yield (n+1)-methyl-benzene (Figure 

74).897    

• Methylation of the methylene group to an ethyl side chain, forming a (n)-methyl-ethyl-

benzenium cation (D). 

• Migration of one of the gem-methyl groups to the ethyl side chain. The presence of 

geminal methyl and ethyl groups facilitates the splitting off of ethene because it weakens 

the C-C bond to the ring.896  

• Simultaneous elimination of ethene and deprotonation, which closes the catalytic cycle. 
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Figure 74. Illustration of geminal vs ring methylation of a substituted benzene ring. R1, R2, R3 = H or CH3. Only 

in the case of the gem-methylation, the final deprotonation step leads to an exocyclic methylene group.  

 

For the formation of propene, the ethyl side chain is methylated once more, forming an 

isopropyl side chain, which then splits off (after migration of a methyl group to form a geminal 

methyl-isopropyl configuration).  

Wang et al. compared the energy barriers leading to ethene and propene (via the side 

chain route) for SAPO-34 and concluded (in agreement with Bhan et al.894) that the side chain 

route should be selective for ethene.898 The rate determining step is the reaction of the 

methylene-cyclohexadiene species with methanol. A DFT study on ZSM-5 found that the 

formation rates of ethene and propene via the side chain mechanism should be comparable.899 

There is much less consensus on the elementary steps of the paring route. According to 

the seminal work of McCann et al., the ring contraction proceeds through a bicyclo-

intermediate, which then undergoes ring opening to a substituted cyclopentadienyl cation (as 

illustrated in Figure 73; this transformation also corresponds to the step from B to N in Figure 

75).900 Both steps are uphill in energy and have, on top of that, high activation barriers (Gibbs 
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free energy barrier for the formation of the bicyclic intermediate of ~220 kJ.mol-1).901  High 

energy barriers were also calculated for the subsequent step, i.e. the elimination of propene (in 

the order of 160 kJ.mol-1).899,902 The elimination transition state usually corresponds to the 

highest transition state on the potential energy surface of this mechanism. Overall, until 

recently, all DFT studies calculated barriers of at least 200 kJ.mol-1 were computed for the 

paring route899,901,902, suggesting that it would not take a significant part in the reaction.   

Plessow and Studt pointed out that the “traditional” paring mechanism involved the 

formation of an antiaromatic cyclopentadienyl cation (species N in Figure 75), which is 

energetically very unfavorable.903 They, therefore, proposed a different mechanistic route for 

the paring mechanism (for the case of the CHA structure). In their revised mechanism, they 

start from methylenecyclohexadiene (which is also the key intermediate in the side chain route), 

which is protonated and then undergoes ring-contraction (from C to J in Figure 75). This 

species can crack off propene without forming a primary cation (or a very energetic bicyclic) 

intermediate (Figure 75-b). The transition state of the new cracking mechanism has a Gibbs 

free energy of only 142 kJ.mol-1 (relative to protonated heptamethylbenzene), i.e. significantly 

lower than in all previous studies and close to the energy barriers commonly found for the 

methylation of aromatics. Interestingly, they also considered a pathway where a ring expansion 

back to a 6-membered ring occurred before cracking. In that case, the ring-expansion had the 

highest energy barrier (127 kJ.mol-1, i.e. of the same order of magnitude). Note that this would 

also be the barrier for a scrambling of carbon atoms by ring-contraction/ring-expansion.  
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a)  

 

b) 

 

Figure 75. a) Comparison of the revised and the classical paring cycle. b) Comparison of the transition states of 

the propene cracking step (which usually corresponds to the highest Gibbs free energy) in the original paring 

mechanism and the revised mechanism.903 Licensed under CC BY 3.0. 

https://creativecommons.org/licenses/by/3.0/
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10.5. Shape selectivity effects 

Very early on it was recognized that shape selectivity effects play a major role in 

governing the MTO product distribution.864 While zeolites like ZSM-5 and Beta produce 

significant amounts of aromatics, other small pore zeolites like SAPO-34 (or SSZ-13), ZSM-

22 or ZSM-23904 are fully selective to olefins. Aromatics still constitute the hydrocarbon pool 

inside the pores of these structures, but the bulky aromatic molecules cannot diffuse out of the 

pore system and are, therefore, not found in the products. Zeolites with very small cages (MCM-

35, ERS-7) have no MTO activity at all because they cannot accommodate aromatic 

hydrocarbon pool intermediates.905 The size of the cage governs the type of aromatic 

intermediates that can be stabilized and, thereby, influences the product selectivity.906 Current 

research on MTO catalysts strongly focuses on olefin selective 8MR cage-type structures, with 

the goal of controlling the selectivity towards ethene versus propene.  

The Davis group examined the selectivity of a large number of small-pore cage-type 

topologies and found that the olefin selectivity was quite well correlated with the cage-defining 

ring size, which is the critical diameter of the ellipse that can be inscribed in the cage (Figure 

76).907 The zeolites with the smallest cage-defining ring size had the highest selectivity to 

ethene versus propene, while very large cages produced longer olefins.908   
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Figure 76. Relation between the cage-defining ring size of the zeolite topology and the selectivity to C2/C3/C4 

olefins. Reprinted with permission from ref 907. Copyright 2019 American Chemical Society.  

 

Zhang et al. studied in more detail the small pore zeolite RUB-50 (LEV topology), a cage-type 

zeolite with a 8MR pore opening, having a very high ethene/propene selectivity.313 In order to 

rationalize the high ethene selectivity, the authors calculated with DFT the energy barriers for 

the side chain mechanism (the paring mechanism was excluded because of very high barriers) 

leading either to propene or ethene. They found that the additional side chain methylation step 

required for propene formation had a very high energy barrier, related to the steric constraints 

in the small levionite cavity. In CHA, much less selective for ethene, both ethene and propene 

formation had similar energy barriers (the CHA cage is larger than the LEV cage, see Figure 

76). The authors conclude that the host-guest interactions of the key intermediates in the 

catalytic cycle govern the product selectivity.   

In the same vein, Ferri et al.315 addressed the selectivity question by calculating the 

stability of key intermediates of the aromatic cycle in different zeolite topologies: CHA/AEI 

and RTH/ITE (these pairs are structurally related), all of which have cage structure with 8MR 

openings. In contrast to Zhang et al., who only looked at the propene/ethene selectivity within 
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the side chain route, they started from the paradigm that the selectivity towards propene/butene 

versus ethene is related to the relative importance of the paring and the side chain route: the 

side-chain mechanism favors the formation of ethene, while paring mechanism favors the 

formation of propene/butene. Their DFT calculations show that the ring-contraction step in the 

paring route, which leads to a bicyclic intermediate, is only energetically affordable for a fully 

methylated gem-heptamethyl species. In order words, only fully methylated benzene rings can 

initiate the paring cycle and yield propene, while a gem-methylation on a partially methylated 

benzene would favor the side-chain mechanism and formation of ethene. Thus, it all comes 

down to the probability of ring-methylation versus gem-methylation to occur (see Figure 74), 

that was found to depend on the zeolite topology and cage structure.  In order to quantify this, 

the authors propose a descriptor which can predict the relative importance of the two pathways, 

which is the ratio of the energetic stabilities of the gem-pentamethylbenzenium cation (partially 

methylated) and of the gem-heptamethylbenzenium cation (fully methylated) as calculated by 

DFT (called Eint(7/5)
 in Figure 77). Indeed, this descriptor very nicely correlates to the 

propene/ethene selectivity experimentally observed for several small pore zeolites (Figure 77). 

Typically, ITE and RTH types favor the most the fully methylated species and hence are more 

selective to propene while CHA and to a lesser extent AEI favor the partially methylated species 

and thus are more selective to ethene. 
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Figure 77. Correlation between the ratio of the stability of gem-heptamethylbenzenium and gem-

pentamethylbenzenium cation with the zeolite cage (calculated by DFT) and the experimental propene/ethene 

ratio. Reprinted with permission from ref 315. Copyright 2019 American Chemical Society.  

 

However, a follow-up paper showed that this correlation has some limits.909 The LEV 

topology has a very low Eint(7/5) parameter, reflecting the very low stability of the hepta-

methylated benzene ring in the small levionite cage, but experimentally significant amounts of 

propene, butene and even larger olefins were detected, which were produced by the olefin cycle 

(not accounted for in the theoretical model). On the other end of the confinement spectrum, the 

behavior of zeolites with very large cages is also not perfectly described because hydrogen 

transfer reactions (to alkenes and aromatics) consume part of the olefins.  

 

10.6. Concluding remarks 

The MTO chemistry is still a very hot topic of research, because of the industrial 

importance of the process, which offers a route for making olefins from many raw materials 

(not necessarily fossil). It is now generally agreed that short olefins are produced indirectly, via 

a hydrocarbon pool, either from the olefin cycle (cracking of longer olefins to propene, butene, 
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etc.) or from the aromatic cycle. According to the rules of carbenium ion cracking, the olefin 

cycle does not produce ethene, but only olefins with at least three carbon atoms. The aromatic 

cycle generates mainly ethene or propene, by dealkylation of multi-methylbenzene 

intermediates. Two mechanisms may be operating in the aromatic cycle: the paring mechanism 

and the side chain mechanism. The side chain route seems to favor ethene, while the paring 

route mainly makes propene. According to the current state of the art in DFT, both mechanisms 

rely on the formation of gem-methylated benzene. Theoretical calculations further indicate that 

the paring route is only energetically affordable for fully methylated benzene rings (which are 

the dominating intermediates in SAPO-34, but not in ZSM-5). By using zeolites with small 

cages, it is possible to block the paring route and drive the selectivity towards the side chain 

mechanism, resulting in a high ethene selectivity. However, this reasoning only works if the 

contribution of the olefin cycle (selective for propene and butene) is negligible, which is not 

the case for many zeolites, in particular for ZSM-5. The relative importance of the olefin cycle, 

the paring route and the side chain route in different zeolites has not been totally clarified and 

certainly requires further investigations.  

Concerning the induction period, which generates the hydrocarbon pool, the current 

consensus is that CO or CH2O are involved in the first C-C bond formation, by reaction of the 

latter with a surface methyl group. Acetaldehyde was detected as an intermediate, and probably 

contributes to the formation of first aromatic molecules via aldol condensation and cyclisation 

reactions.  

The research on MTO chemistry is a very nice example of how the combined used of 

intelligent kinetic experiments, spectroscopy and theory allows making sense of a very complex 

system and is also a very timely example of the fascinating shape selectivity of zeolites.  
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11.  Summary and future orientations 

In this review we have highlighted some of the key molecular aspects of Brønsted acid 

catalyzed reactions in zeolites. The main particularities of these catalysts over other 

heterogeneous or homogeneous catalysts, that transpire throughout the whole review, lie in (i) 

their ability to allow for a peculiar carbocation chemistry, (ii) the effect of the confinement 

within the zeolite pores that greatly affects the activity and the selectivity of the reactions.  

In many reactions catalyzed by proton-exchanged zeolites reported in the present 

review, the impact of carbocation chemistry has been discussed, i.e. it remains highly relevant 

for rationalizing the catalytic chemistry.25 Quite often, reactions involving C-C or C-O bond 

breaking or making are kinetically more limiting than protonation steps, although the intrinsic 

rate constants of some of the reactions discussed are not sufficiently well quantified to draw a 

completely general conclusion. A clear exception to this trend is the Haag-Dessau alkane 

cracking, for which the formation of the carbonium ion upon protonation of the alkane is 

limiting. This is due both to the very high stability of the reactant molecule (the highest of all 

reactants) and the poor stability of the carbonium ion. The stability of the carbocation itself in 

the porosity of the zeolite is a key question for all reactions, which is often addressed by means 

of ab initio calculations. It essentially depends on the substrate and nature of carbocation 

(carbenium vs. carbonium, primary, secondary or tertiary cation etc.) although we highlighted 

that care must be taken since the answer may diverge depending on the calculation methods 

used. State-of-the art methods should be employed when addressing such issues.  

The other recurrent feature that emerges from this review is the predominant role of 

adsorption and confinement in zeolite catalysis. It has been known for a long time that 

confinement effects have major influence on activity and selectivity, but the recent advances in 

molecular modeling have allowed to describe these concepts more precisely, sometimes in a 
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quantitative manner. With respect to activity, the role of confinement in the zeolite pores had 

formerly been mainly attributed to the adsorptive stabilization of the reactant on the acid sites. 

However, several examples in this review show that considering the adsorption of the reactant 

is not sufficient. It is essential to consider the stabilization of the transition states and/or the key 

intermediates. A particular feature of Brønsted acid zeolite catalysis is that after the first 

protonation step, the intermediate molecule is likely to evolve into species that are poorly 

covalently bond to the catalysts while still exhibiting high adsorption enthalpies due to the 

interaction in the pore through van der Waals and electrostatic interactions. These species 

additionally have significantly increased entropy in comparison with intermediates or transition 

states covalently bound at the surface of other types of catalysts (metals, oxides, etc.). 

Accounting for these entropy effects is a key requirement for rationalizing reactivity trends. 

Moreover, confinement effects depend on the local environment of the active sites. This is the 

basis of the site-specific reactivity of zeolites. A very prominent example is Mordenite where 

the acid sites in the main channels (12MR) and in the side pockets (8MR) have very different 

reactivity in alkane cracking, ethanol dehydration and methanol (or DME) carbonylation for 

example.  

In many cases, confinement effects also govern the selectivity of zeolite catalyzed 

reactions, i.e. they explain many unique features of zeolite catalysis, which are not found with 

other catalytic materials. Such effects have been known under the term “shape selectivity”. In 

particular, the term “transition state shape selectivity” was used to describe the fact that some 

zeolite pore system did not offer sufficient space to form some bulky transition states or 

intermediates but allowed the formation of others, thereby orienting the selectivity towards 

these products. Quantum chemical calculations now allow for a precise quantification of the 

stabilization of different transition states or of critical intermediates as a function of pore 

topology, thus, pushing the notion of transition state selectivity further.321,410,576  
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Overall, these particularities open in principle the way for tuning zeolite reactivity 

and/or selectivity by using synthetic methods in order to place the Al atoms (which generate 

the Brønsted acid sites) in the most adequate T-sites of the zeolite structure.112,115,842,910–912 

Modern methods of zeolite synthesis go even further and try to design the local environment of 

the acid sites, so as the maximize the stabilization of the targeted intermediates or transition 

states. This can be done by preparing zeolites with organic structure directing agents that 

resemble the transition state of the target reactions.15,59  

We also see that the degree of knowledge that was achieved so far in the understanding 

of reaction mechanisms strongly depends on the reaction under consideration. This can be 

explained, in part, by the amount of work devoted to some of the reactions rather than to others, 

partly for historical reasons. Cracking of alkanes, isomerization of aromatics and conversion of 

alkenes for instance, are typically involved in petroleum refining processes, hence many studies 

are available in literature. However, there are also more technical reasons. In several cases, it 

is possible, and relevant, to examine the behavior of the catalysts at low loading of the zeolite 

pores. This is the case of reactions in gas phase, where conversion can be maintained as low, 

thereby also hindering the occurrence of multi-molecular side reactions. For short alkane 

cracking reactions, in some instances, a full decomposition of the adsorption/reaction and 

enthalpic/entropic parameters has been provided. Also, the connection with computational 

studies is rather direct in these cases, as intrinsic kinetics is experimentally determined, and as 

theoretical studies are made affordable by the limited number of reactive molecules to be 

considered. Still, considering the dynamics of the intermediates and transition states in the 

porosity appears to be crucial for most of these reactions. In other examples, though, the 

reaction intrinsically must occur in conditions where the zeolite pore is highly filled, either by 

reactive molecules or because of the presence of the solvent. Examples of this kind can be found 

for the transformation of alkanes and aromatic molecules (depending on the operating 
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conditions), in the dehydration of sugars and polyalcohols, and in some of the MTO reactions. 

In such conditions, additional difficulties to get detailed information about the intrinsic kinetics 

arise. The definition of the Brønsted acid site changes in the presence of water as a solvent for 

example, with the intervention of protonated water clusters. Solvent or co-adsorbed reactant 

molecules moreover affect the adsorption strength, and diffusion barriers. From the 

computational point of view, the simulation of such reactions requires to consider many 

molecules per simulation unit cell, and their complex dynamic interplay. This makes AIMD 

studies required in first instances, which is much trickier than with a single reactant molecule.  

Despite recent progress made in all fields of research, experimentally and theoretically, 

the quest for deciphering reaction mechanisms, confinement effects and selectivity of zeolite 

catalyzed reactions still encounters numerous difficulties that are general to all the reactions 

mentioned in the present review. 

We have seen that a full rationalization of the selectivity of zeolites remains challenging. 

Many reactions discussed in this review can proceed via different pathways (monomolecular 

versus bimolecular isomerization of aromatics, direct dehydration of alcohols to olefins versus 

the indirect pathway via ethers, the aromatic versus the olefin cycle in MTO, and so on). Each 

pathway has its own transition state selectivity, i.e. it is strongly influence by the zeolite 

topology. However, the zeolite topology also changes the relative importance of one pathway 

versus the other. Both from an experimental and from a computational point of view, it is a 

paramount task to determine the contribution of different pathways as well as their selectivity 

pattern for a large number of zeolite topologies. Hence, it remains difficult to get the full picture. 

Also, the determination of the number and location of the acid sites that are playing a 

role in catalysis is still a challenge, despite the well-defined nature of zeolite catalysts with 

respect to other kinds of heterogeneous catalysts. Regarding spectroscopic approaches, 

difficulties are related to the short lifetime of key intermediates such as carbocations, and to the 
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occurrence of many side-reactions, which also complexify kinetic analysis. Distinguishing 

relevant intermediates from spectator species and poisons is generally not trivial and requires 

coupling operando spectroscopy with transient kinetics, but instrumental progress in IR and 

NMR spectroscopy as well as in other emerging techniques (like PEPICO) open new 

possibilities.  Second, care must be taken when interpreting differences in turnover frequencies 

of different samples of the same zeolite structure in terms of T-site specific reactivity, because 

other factors can influence the intrinsic reactivity of an acid site, such as the presence of Al 

pairs or the synergy with extra framework aluminum species. The crucial role of extra-

framework species has been demonstrated for several reactions, but the effects are not yet fully 

understood, mainly due to the lack of knowledge on the structure and location of extra-

framework species themselves. Third, the stabilization of intermediates or transition states does 

not explain all the selectivity trends in zeolite catalysis. In many cases, diffusion must be 

invoked to rationalize the observed rate constants and product distribution.226,410,589,913 These 

phenomena are known as reactant or product shape selectivity. Experimentally, possible 

intraparticle diffusion limitations are also only scarcely quantified,913,914 due to the difficulty to 

synthesize a given zeolite at various particle size, while keeping all other influential parameters 

(such as crystallinity, Si/Al ratio, location of acid sites) unchanged. Hence, significant progress 

remains to be made in unraveling precisely the role of diffusion in zeolite catalysis.  

Regarding the transformation of hydrocarbons, the most advanced achievements are 

reported for alkane cracking mechanisms according to the Haag-Dessau schemes. The approach 

undertaken to decompose enthalpy/entropy and adsorption/intrinsic kinetics component is 

worth being transposed to other transformations, although difficulties will emerge in the case 

of more reactive substrates to obtain relevant adsorption data at conversion temperature. 

Regarding the transformation of oxygenates, the main perspectives deal with the transformation 

of multi-functional molecules, such as polyols and sugars. In the latter case, the possible 
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conversion from linear to cyclic forms of the reactant within the zeolite further complexifies 

the analysis, as well as the practical impossibility of carrying out gas-phase reaction and thus 

the unavoidable implication of a solvent (generally water, but not exclusively so). More 

generally, the transformation of biosourced molecules usually involves mixtures with water, 

and/or the implication of solvents. Thus, a key-point will be the understanding of the effect of 

these additional molecules on the transformation mechanisms.  

Regarding first principles calculations, as illustrated by the evolution of the findings 

with respect to accessible computational resources, the models of the active site, the level of 

theory, and the methodology chosen for the reactivity investigations strongly influence the 

conclusions made. Whereas most simple small cluster models often failed in catching the 

chemistry of these systems, more reliable results have been provided by periodic and hybrid 

approaches. Still, efforts are needed to account for the role of defects and extra-framework 

species, the structure of which is not well known. For some of the reactions under consideration, 

high levels of theory (beyond DFT) and ab initio molecular dynamics techniques have been 

shown to be required for a proper quantification of intrinsic kinetics. Combining both is one of 

the most important challenges currently faced by the community. Recent developments making 

use of perturbation theory and machine learning open to door to such achievements.915,916 

Examples have been recently reported for catalysis by Brønsted acid zeolites.829,917 Another 

related axis of progress consists in the development of accurate interatomic potential that would 

make it much cheaper to acquire long molecular dynamics trajectories. Regarding the accuracy 

of such approaches, active learning schemes proposed recently are promising,918,919 but, to the 

best of our knowledge, have never been applied to zeolites so far. These developments would 

allow quantifying most accurately rate constants, that could then be integrated in multi-scale 

kinetic models to quantify macroscopic parameters such as activities and selectivities as a 

function of operating parameters. Such an approach is a very relevant tool to validate the 
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mechanisms proposed by ab initio calculations and to propose predictive models. Several 

promising examples of this kind of approaches have been reported in the case of reactions 

catalyzed by Brønsted acidic zeolites,346,350,534,632,665,666,820 but either with deviations from 

experimental observations, or with the need to adjust some of the DFT-predicted barriers to 

better fit to experiments. Finally, although significant progress has been made, the 

determination of diffusion coefficients for slowly diffusing molecules by computational 

methods remains challenging. Additional progress, for instance by using more systematically 

combinations of molecular mechanisms (e.g. Monte Carlo simulations) and ab initio modeling 

may improve the description of such phenomena at the molecular scale. Likewise, such 

techniques may also be helpful in cases where a solvent is present in order to propose realistic 

models of the pore occupation by solvent and substrate before performing mechanistic studies.   

Finally, for many zeolites catalyzed reactions, the zeolite catalyst operates in the 

presence of carbonaceous deposits or coke in the porosity. The coke modifies the diffusion and 

confinement properties versus the pristine zeolite and it has been shown that it can also 

intervene in the catalytic cycle.441 Characterizing the behavior of the real, coked zeolite is 

challenging, both experimentally and computationally, but will be a necessary step to the 

optimization of catalysts and processes catalyzed by Brønsted acidic zeolites. 
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