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Abstract 

Microporous zeolite-type materials, with crystalline porous structures formed by well-

defined channels and cages of molecular dimensions, have been widely employed as 

heterogeneous catalysts since the early 1960’s, due to their wide variety of framework 

topologies, compositional flexibility and hydrothermal stability. The possible selection 

of the microporous structure and of the elements located in framework and 

extraframework positions enables the design of highly selective catalysts with well-

defined active sites of acidic, basic or redox character, opening the path to their 

application in a wide range of catalytic processes. This versatility and high catalytic 

efficiency is the key factor enabling their use in the activation and conversion of different 

alkanes, ranging from methane to long chain n-paraffins. Alkanes are highly stable 

molecules, but their abundance and low cost have been two main driving forces for the 

development of processes directed to their upgrading along the last 50 years. However, 

the availability of advanced characterization tools combined with molecular modelling 

has enabled a more fundamental approach to the activation and conversion of alkanes, 

with most of the recent research being focused on the functionalization of methane and 

light alkanes, where their selective transformation at reasonable conversions remains, 
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even nowadays, an important challenge. In this review we will cover the use of 

microporous zeolite-type materials as components of mono- and bifunctional catalysts 

in the catalytic activation and conversion of C1+ alkanes under non-oxidative or oxidative 

conditions. In each case, the alkane activation will be approached from a fundamental 

perspective, with the aim of understanding, at the molecular level, the role of the active 

sites involved in the activation and transformation of the different molecules and the 

contribution of shape-selective or confinement effects imposed by the microporous 

structure. 

 

 

Keywords: zeolite, zeotypes, alkane C-C scission, alkane isomerization, alkane 
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1. INTRODUCTION 

Environmental and sustainability concern are being the driving forces for the progressive 

implementation of alternative energy sources , such as solar and eolic, in substitution of 

traditional fossil raw materials such as oil, coal or natural gas.1 However, their 

contribution to the total energy demand is still small and they are considered as longer 

term solutions. In the meantime, it is necessary to develop strategies for making a better 

use of existing fossil resources, minimizing their CO2 impact and improving existing 

processes in the chemical industry. Among the different possibilities, cost-effective 

processes for natural gas and oil upgrading to chemicals are gaining attention, due to 

the huge increase of proven natural gas reserves in the last decades,2,3 the decrease in 

the demand of fuels and the need to face the fast growth of the chemicals market.4,5 

Some traditional conversion processes, such as catalytic cracking, have already been 

adapted for the latter purpose4 and, in the same line, an important effort is directed 

towards the conversion of low value fractions, most of them rich in alkanes, into building 

blocks for the petrochemical industry such as light olefins and aromatics.6  

From the sustainability perspective, the final goal in the chemical industry is a process 

involving maximum conversion and selectivity to the desired product that can be 

performed under environmentally friendly and energetically viable conditions, being 

catalysis a key tool for approaching this ambitious objective. Indeed, catalysis has been 

playing a major role in the chemical industry since the 1960’s, and more than 90% of the 

nowadays processes producing commercial chemicals, including fuels, involve at least 

one catalytic step.7 Catalysts can be homogenous and heterogeneous, and although the 

former present full accessibility to the active sites dissolved in the reaction media and 
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are highly selective,8,9 their separation from the products is a serious drawback. Ease of 

separation, reutilization and high thermal stability are the main advantages of most 

heterogeneous catalysts, and among them, microporous crystalline materials, such as 

zeolites and zeotypes, may present high selectivity when the appropriate combination 

of topology and active sites is selected for a specific reaction.10–13 Indeed, the great 

advantage of these microporous crystalline materials lies on their structure, formed by 

channels and cavities of molecular dimensions, on their compositional flexibility that 

enables the creation of different type of active sites, and on their thermal and 

hydrothermal stability.14–18 This is the reason for their wide application as catalysts in a 

large variety of processes, including catalytic upgrading of alkanes.19–25  

Along the last decades, an important effort is being made by the catalysis research 

community into a better understanding of the catalytic processes at the molecular level. 

Identification of the active sites and a thorough comprehension of the reaction 

mechanisms will allow the “ab-initio” design of more efficient catalysts for particular 

processes,10,26 enabling the conversion of chemically more stable raw materials, such as 

methane or higher alkanes. Computational studies are being extraordinarily helpful 

when combined with experimental work,27,28 and the development of increasingly 

complex characterization tools for in-situ and operando study of the catalytic reactions 

has also contributed to a deeper knowledge, not only of the catalysts, but also of the 

individual reaction steps and intermediates involved.29,30 The fundamental knowledge 

acquired for a specific catalytic system may be then extrapolated to other reactions.  

The aim of this review is to cover the use of microporous zeolite-type materials for the 

catalytic conversion of alkanes, ranging from methane to long-chain n-paraffins. Thus, 
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before moving into Sections 3 to 5, where the different catalytic processes will be 

discussed, we will summarize in Section 2 the main properties and main synthesis routes 

of zeolite-related materials, highlighting some of the new trends in this area. In Sections 

3 to 5, we will revise the State of Art on the use of these microporous crystalline 

materials as catalysts for the conversion of alkanes. The most recent advances achieved 

in this field will be discussed, not only because of their industrial interest, but we will 

look at them from a fundamental point of view, directed to understand, at the molecular 

level, the role of the structure and the active sites of zeolite-type materials in the 

activation and transformation of alkanes to higher value products. 
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2. ZEOLITES AND ZEOTYPES 

2.1.  Definition, properties and preparation 

Zeolites and zeotypes are crystalline oxides characterized by their microporous structure 

formed by well-defined pores, channels and cages with free diameters of less than 2 

nm.31–33 They differ in their chemical composition, with zeolites being limited to pure 

silica and silicoaluminate materials, whereas zeotypes incorporate other heteroatoms 

such as P resulting in families of aluminophosphates (AlPOs) or silicoaluminophosphates 

(SAPOs),15,17,18,34 and/or metals, such as Ti, Sn, Ga, Fe, Zn, V or Co.18,23 Some of these 

zeotypes are isostructural to specific zeolite topologies, others present unique 

structures. The framework elements are in tetrahedral coordination, reason why they 

are also known as T-atoms, and linked by oxygen bridges. Zeolite-type materials can be 

classified according to the number of T-atoms forming the largest opening giving access 

to the channels or cages of their structure as small, medium, large and extra-large pore 

when these windows are defined by 8, 10, 12 and more than 12 T-atoms, respectively. 

On the other hand, depending on their interconnection and spatial disposition, these 

channel systems may run along one, two, or three directions, leading to one-, two-, or 

three-dimensional pore structures, respectively. A particular type of zeolites are those 

presenting interconnected channels of different dimensions.35 

Regarding zeolites, when the framework is formed by TIV atoms, the structure is 

electrically neutral, and the incorporation of trivalent aluminum (TIII) in these framework 

positions generates a negative charge in the lattice that has to be compensated by an 

extra-framework cation. When this counter ion is a proton, the zeolite presents 
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Brønsted acidity, while when the counter ion is an alkaline cation the neighboring 

oxygen presents a basic character. In the case of zeotypes, AlPOs present a neutral 

framework, but the incorporation of Si4+ generates Brønsted acidity whereas the 

introduction of transition metals will generate redox activity. These acidic, basic and 

redox properties have allowed the application of zeolites and zeolite-related materials 

as catalysts in a large variety of processes, as will be shown in Sections 2.2 and 2.3. The 

need for compensating the negative lattice charge by extra-framework cations and the 

high cation exchange capacity of zeolites is the basis for their main application in terms 

of production volume. Thus, Linde Type A (LTA) and gismondine (Zeolite P, MAP), used 

as water softeners in detergents, are the synthetic zeolites produced in larger amounts, 

accounting for over 70% of the total production in 2013.21 The rest is directed to their 

use as adsorbents and heterogeneous catalysts, as will be detailed later. 

Zeolites can be found in nature, and their formation has been related to volcanic activity. 

Over 90 different minerals with varying composition and belonging to 44 different 

framework types have been identified as natural zeolites.36,37 Although more than 60% 

of natural zeolites are used as cement additive,21 the interested reader can find several 

reviews on their use in environmentally related applications, such as waste water 

treatment or soil pollution control.38,39 Despite the availability and low-cost of some of 

these natural zeolites, the need for tailored compositions, specific topologies and high 

phase purity has directed many efforts into the preparation of synthetic zeolites. 

Nowadays the International Zeolite Association recognizes around 250 different zeolite 

and zeolite-type structures.37 Among those, only a reduced number have been applied 

in commercial processes,21,40,41 and only a relatively small selection of zeolites are 

produced in large scale for catalytic purposes, chabazite and its iso-structural SAPO-34 
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[CHA], ferrierite [FER], ZSM-5 [MFI], MCM-22 [MWW], zeolite L [LTL], mordenite [MOR], 

beta [BEA] and Y zeolite [FAU] (see Figure 1).19 These zeolites are also the basis for many 

of the catalysts employed for alkane conversion, as will be shown along the following 

sections. 

 

Figure 1. Microporous crystalline materials applied as catalysts in commercial catalytic 
processes. Structures taken from IZA webpage.37  

 

Synthesis of zeolites and zeolite-related materials is usually performed under 

hydrothermal conditions in a temperature range of 100-200ºC.34,42,43 The precursors of 

the different elements are mixed in an aqueous solution with organic and/or inorganic 

cations and a mobilizing or mineralizing agent. The role of the latter, generally hydroxide 

but also fluoride anions, is to increase the solubility of the different species in the 
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synthesis gel. F- ions have an additional structure directing effect, as they stabilize small 

cage units such as double four rings (D4R), favoring the crystallization of zeolite 

topologies presenting these D4R. Alkali cations direct the synthesis towards formation 

of low Si/Al ratio materials. Not only extraframework elements but also framework 

cations, such as Ge, B, Zn or Ga can be considered as inorganic structure directing agents, 

as they are able to favor the crystallization of certain topologies not so stable in their 

silicoaluminate form. Moreover, the introduction of these elements has allowed the 

discovery of a large number of new low framework-density microporous structures.44–

48 The introduction of organic molecules in the early 1960’s by Barrer and Denny49 

enabled, not only the synthesis of known materials with higher Si/Al ratios, but also the 

discovery of new high silica zeolites such as beta, ZSM-5 and ZSM-11, which were 

synthesized in the presence of tetraethylammonium (TEA), tetrapropylamonium (TPA) 

and tetrabutylammonium (TBA) ions, respectively.34 A large effort has been done since 

then to understand the role of these organic compounds as structure directing 

agents.45,50,51 Initially they were thought to play a true templating effect, as their 

confinement within the microporous structure leads to a thermodynamic stabilization 

of the organic-inorganic system by means of weak interaction such as van der Waals 

forces, and their size and shape seemed to have some control on the final pore 

architecture. Although OSDAs are not as specific as could be expected and different 

zeolite structures can be obtained with the same organic molecule, important advances 

have been made in the last decade by rational design of specific OSDAs. Simple 

quaternary tetraalkylammonium cations used in the early years such as TEA or TPA have 

evolved towards new, more complex quaternary and diquaternary SDAs.52–55 The 

substitution of alkylammonium cations by tetralakylphosphonium cations, more stable 
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towards degradation, allowed zeolite synthesis under more severe conditions,56 and the 

use of superbasic phosphazenes was seen to favor the crystallization of multipore 

zeolites with interconnected large and medium pores.57 The use of self-assembled 

aromatic OSDAs forming a supramolecular complex by π-π interactions allowed the 

synthesis of the LTA material in its pure silica form, ITQ-29,58 and as 

silicoaluminophosphate SAPO-42 with isolated Si sites in the framework.59 Bulky 

aromatic diamines, also known as proton sponges, were successfully employed as 

OSDAs for the synthesis of extra-large-pore zeolites.60  The use of ionic liquids such as 

imidazolium salts, not only as OSDAs but also as solvents, allowed the synthesis of 

microporous materials at atmospheric pressure,61,62 and the design of OSDAs mimicking 

the transition state of selected reactions led to the synthesis of highly active and 

selective zeolites for that particular process (see Figure 2).10,63 

 

Figure 2. Adamantane synthesis. (a) Reaction mechanism for the endo-tricyclodecane 
isomerization; (b) Proposed transition state mimics (TSM) as OSDAs for the endo-

tricyclodecane isomerization. Figure reproduced from ref.10 with permission from the 
American Association for the Advancement of Science, copyright 2017. 

 

Despite the advantages described before regarding the use of complex specifically 

designed OSDAs for the synthesis of highly efficient zeolite based catalysts, the addition 

of these organic molecules may involve a direct impact on the zeolite costs, which is not 
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always affordable. Different approaches have been proposed to overcome this issue, 

not only from an economic but also from an environmental perspective, such as using 

low-cost,53 low-toxicity64 organic molecules, including OSDA recycling steps65 or 

performing the synthesis in the absence of organic molecules.66–69 Two excellent reviews 

on greener routes for synthesizing zeolites were recently published by Meng and Xiao70 

and Liu and Yu.71 

Besides hydrothermal and ionothermal synthesis routes, a third approach is synthesizing 

the microporous materials by means of solvent-free procedures, as first presented by 

the group of Xiao.72 Both, the ionothermal and the solvent-less routes present the 

advantages of avoiding the generation of aqueous wastes and the need for high-

pressure conditions.73 

Microporous crystalline materials are successfully applied to different fields, such as ion 

exchange, gas separation and catalysis. In the particular case of catalysis, this has been 

the driving force for a rational approach to their synthesis, focusing on the discovery of 

new structures, on the discovery of alternative, more sustainable synthesis routes as 

described above, or on the synthesis of zeolites with optimized morphologies, such as 

2D zeolites74–78 or nanocrystalline materials.79–81 Besides the rational design of OSDAs, 

other synthesis strategies have been proposed in the last two decades. Some of them 

are the combination of different treatments (dehydration, condensation, intercalation, 

dation or disassembly-reassembly) for the topotactic transformation of a precursor 

zeolite topology into another structure, employed, for instance, in the ADOR 

methodology,82 or the 3D-3D topotactic transformation described recently for 

aluminophosphates by the group of Hong.83 These methodologies have provided 
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alternative synthesis routes of targeted molecular sieves, whose crystallization was not 

feasible by conventional methods. Other approaches involve the heteroatom 

substitution in aluminosilicates, phosphates and germanates,45,84 or the use of 

precrystallized units for building new zeolites.85 Several recent reviews cover in more 

detail the most important advances in the synthesis of zeolite and zeolite-related 

materials.16,45,51,70,80,86–90 

Despite the advances made in rationalizing the synthesis of microporous crystalline 

materials, the crystallization of a specific structure will be governed by a large number 

of interconnected variables and their influence on the complex nucleation and crystal 

growth mechanisms is still not fully understood. This makes zeolite synthesis a perfect 

field for application of Machine Learning methodologies.91,92 The integration of 

theoretical modelling approaches has also been very useful for the discovery of new 

zeolites, enlightening the crystallization mechanism at the molecular level, selecting 

stable hypothetical structures, or predicting the most suitable framework elements or 

OSDAs for designing topologies with specific features.27,45 

2.2.  Microporous crystalline materials as heterogeneous catalysts 

Zeolites and zeolite-related materials have been widely employed as catalysts since the 

first application of Y zeolites as acid catalysts for catalytic cracking in the early 1960’s. 

Since then, the fields of application have been diversified and nowadays they range from 

classical refinery and petrochemical processes to fine chemicals or biomass conversion. 

15,17,19,93 In addition to their environmentally benign nature and their high hydrothermal 

stability, their flexibility regarding topology and chemical composition allows tailoring 

these microporous crystalline materials towards optimum performance in specific 
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processes and in a wide range of experimental conditions. Traditionally, their application 

has taken advantage of the shape selectivity imposed by their microporous channel 

systems in order to maximize the production of the desired products,14,94,95 and classical 

examples are the selective production of p-xylene by isomerization of a C8 aromatic 

fraction catalyzed by ZSM-5, or the isomerization of a mixture of linear butenes to iso-

butene in the presence of ferrierite. Besides the contribution of molecular sieve and 

shape-selective properties of the zeolite’s structure to the chemical process, the 

dimension and shape of pores and cavities play an additional role, contributing by means 

of confinement effects.15,96–100 In fact, the effect of confinement on the kinetics and the 

thermodynamics of a catalytic reaction and, therefore, on the diffusion and adsorption 

of the molecules involved was assessed by Smit and Maesen by means of the free-

energy landscape approach. 95 This thermodynamic analysis quantifies the influence of 

the zeolite topology, independently of its chemical composition, on the free energies of 

formation of the reactants, intermediates and products participating in the process. This 

enables the identification of the main processes and interactions controlling the shape 

selectivity of a specific reaction, e.g., a molecular understanding of the reactions’ shape 

selectivity. 

Despite the benefits of the microporous crystalline structure of zeolite-related 

materials, the small dimensions of the channels may impose diffusional limitations to 

reactants and/or products leading to inefficient use of zeolite micropore volume and 

fast catalyst deactivation by pore blocking. This is particularly critical for small pore 

zeolites with cages and zeolites with one-dimensional channel systems, such as ZSM-22 

or ZSM-23, or with topologies that can be considered one-dimensional regarding the 

diffusion of the molecules in most processes, such as mordenite or ferrierite, which 
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suffer from larger pore diffusion constraints and higher crystallite length/width ratio. 

The high interest in expanding the application of zeolites as catalysts in processes 

involving bulkier molecules has been the driving force for developing new strategies for 

increasing zeolite accessibility. Different approaches have been proposed to reduce 

diffusional path lengths within the microporous structure. Accessibility can be increased 

by means of direct synthesis strategies, such as the synthesis of zeolites with extra-large 

pores,45 bi-dimensional or layered (2D) zeolites,74–78,89,101–104 or nano-crystalline 

zeolites.80 The use of hard or soft templates added to the synthesis gel will result, after 

removal of these templates, in hierarchical zeolites combining their characteristic 

microporous structure with additional mesoporosity. On the other hand, post-synthesis 

strategies such as delamination or pillarization of layered zeolite precursors or 

demetallation (dealumination or desilication) of microporous zeolites, or the 

preparation of composite materials with inter-component mesoporosity may also 

improve the textural properties from the accessibility point of view.105 Several reviews 

concerning hierarchization and mesopore generation in microporous zeolites are 

available 106–109 and the synthetic and post-synthetic methods aimed to improve the 

alkane transport within the zeolite crystals have been widely revised. 110–112. The 

importance of hierarchical structures in zeolite-catalyzed industrial processes has been 

reviewed recently by researchers from Sinopec.41 

Although the application of large and medium pore zeolites based catalysts started in 

the early 1960’s, the use of small pore zeolites or zeotypes in catalysis is significantly 

more recent.113 Especially those presenting structures with large cavities have received 

increasing attention because of their outstanding properties as catalysts for the 

selective catalytic reduction of NOx or the methanol-to-olefins (MTO), particularly, the 
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methanol-to-propene (MTP) reaction. The use of metals, stabilized by the zeolite 

framework or confined in the zeolite structure, is also a hot topic, as they have shown 

excellent catalytic behavior in processes such as selective oxidation of methane to 

methanol, selective catalytic reduction of NOx, or direct dehydrogenation of light 

paraffins. Some of these topics, related to the conversion of alkanes, will be covered in 

this review, but for a more detailed view on the range of application of zeolites as 

heterogeneous catalysts, the interested reader has available several reviews.17–

20,23,35,113,114 

2.3.  Microporous crystalline materials as catalysts for alkane conversion 

Alkanes are highly stable, low reactive molecules, difficult to activate, and this chemical 

stability increases when decreasing the length of the hydrocarbon chain. Although they 

may be converted even under mild conditions, as we will show in the following sections, 

the main problem for their upgrading derives from the higher reactivity of the products 

formed, especially in the case of methane and C2-C4 paraffins, which will have a direct 

impact on the selectivity of the overall process. Thus, alkane conversion is feasible, but 

the main challenge is to convert them selectively to the desired products with good 

yields, and this is where zeolites are playing a leading role. Independently of the 

activation route, e.g., by the zeolite Brønsted acid sites or by means of metals in 

framework or extra-framework positions, under oxidative or non-oxidative conditions, 

when microporous zeolite-type materials are used to catalyze the conversion of alkanes 

to higher value products, the materials’ topology will have a major influence on the 

reaction mechanism. Indeed, confinement will affect not only the adsorption and the 

diffusion of the hydrocarbons, but it will also influence the stability of certain reaction 
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intermediates and the nature of active sites formed when it comes to extraframework 

species, such as metal atoms, clusters or particles.  

Alkanes can be activated by zeolites in their acid form or by metallozeolites, with the 

metals either in framework or in extraframework positions. In the case of activation on 

Brønsted acid sites (BAS), the alkane will be protonated forming a high-energy penta-

coordinated carbonium ion that will react following a protolytic Haag-Dessau 

mechanism.115,116 The acid attack can be at the C-H bond, leading to H2 and a carbenium 

ion with the same size as the original alkane, susceptible to further reaction (route a in 

Scheme 1), or at the C-C bond, leading to a shorter carbenium ion and alkane (route b 

in Scheme 1). 

  

Scheme 1. Catalytic activation of alkanes over acid zeolites. 
 

Protonation of methane and ethane involves the formation of primary carbocations, 

highly disfavored. In fact, methane is not converted on H-ZSM-5 even at temperatures 

as high as 700ºC 117 and catalytic steam cracking of ethane requires severe conditions to 

occur, with temperatures around 900ºC.118 As we will detail in Section 3, methane can 

be converted on bifunctional zeolite-based catalysts under oxidative and non-oxidative 

conditions, with partial oxidation to methanol on Cu- or Fe- exchanged zeolites and 
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aromatization on Mo loaded H-ZSM-5, respectively, being the most representative 

processes. In both cases the nature of the active sites and the activation mechanisms 

are still under debate, and will be analyzed thoroughly in the corresponding sections. 

Main zeolite-based process for converting ethane is aromatization, which also proceeds 

through a bifunctional mechanism on Ga or Zn-zeolites 119,120. Ethane is activated on the 

metal species, dehydrogenated to ethylene, and the olefin is then oligomerized and 

cycled on the BAS of the zeolite. Propane and n-butane are also converted into 

aromatics following a similar bifunctional mechanism on metal-doped acid zeolites but 

at lower temperatures than in the case of ethane.120 

Light alkanes with chains formed by 3 or more carbon atoms may form secondary 

carbocations by protonation and their activation mechanism by acid zeolites has been 

studied thoroughly in order to understand the contribution of protolytic cracking to the 

overall cracking process. Iglesia studied the influence of acid strength and confinement 

on the cracking rates of light alkanes on isolated BAS located within different void spaces 

in different zeolite frameworks. They observed that the rates were only weakly affected 

by changes in acid strength but highly affected by solvation or interaction effects.97,121 

Comparable activation barriers for different alkanes in different environments point out 

to differences in the entropies of the transition states as responsible for the differences 

observed for dehydrogenation and cracking turnover rates.121,122 The zeolite topology 

will also affect the sorption of alkanes within their microporous structure. Lercher 

showed that, besides the higher heat of adsorption when increasing the size of the 

alkane or decreasing the size of the pore, the ordering of the sorbate molecules within 

the pores and the intermolecular interactions play an important role in the alkane-
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zeolite interactions.123 They also found a linear correlation between the sorption 

enthalpies and entropies, and this led to conclude that the interaction was similar in 

nature for the different alkanes, but characteristic for a specific zeolite.124 

As mentioned earlier, metal-doped zeolites are used in order to overcome the high 

activation energies of alkane activation by BAS. Thus, direct dehydrogenation of 

propane is catalyzed by noble metals loaded zeolites. Under the severe process 

conditions, metal sintering is a major problem that can be solved by encapsulation of 

the metal function in specific locations, such as cavities, of the zeolite structure.125–129 

Bifunctional metal-loaded zeolites are also employed for hydroconversion of C5+ 

alkanes. In these cases, the overall process involves a first activation and 

dehydrogenation of the n-paraffin on the metal side and further conversion by 

isomerization and/or cracking of the resulting alkene on the zeolite BAS, and the 

challenge for improved catalytic performance is to achieve an optimum metal-acid 

balance.111 

Alkanes can also be converted by selective oxidation in the presence of multifunctional 

catalysts. Kinetic control of the selective oxidation process is critical, as thermodynamics 

will tend to total combustion of the hydrocarbon into CO2 and water.130 

 

3. METHANE CONVERSION 

Methane, the main component of natural gas, is attracting increasing attention as 

transition raw material for current energy demands and chemicals production while 

moving from traditional fossil fuels, such as oil, into renewable energy sources, still 

under development.3,131–134 This interest is due to its smaller environmental footprint 
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and higher hydrogen/carbon ratio, but also because of its availability and low cost due 

to the recent discovery of large reserves of shale gas, coalbed methane and methane 

clathrates,135–138 and its presence in biogas.139 In all cases, the difficulties related to 

methane storage and transport make its on-site conversion to liquid hydrocarbons 

highly desirable. Moreover, the implementation of cost-effective processes for methane 

upgrading into higher-value chemicals liquid fuels would not only reduce oil 

dependence, but would also help lowering its shipping costs, higher than those of 

petroleum or coal on an energy-delivered basis.2 An additional advantage of those 

upgrading processes would be the possible harness of gas that is flared or vented from 

fossil reservoirs.2  

Methane is the most abundant paraffin, but also the less reactive.136 The methane 

molecule presents low polarizability, high ionization potential and very stable C-H bonds, 

with a bond dissociation energy of 439,3 kJ·mol-1. Because of the great energy costs 

required to overcome its high chemical stability, around 90% of its total production is 

directed to combustion for energy generation purposes.2,140,141 Still, methane is 

nowadays an important carbon source for the chemical industry through its conversion 

to synthesis gas (CO+H2) via steam reforming, partial oxidation or autothermic reforming 

(See Scheme 2).132,142–144 Syngas is then further converted into hydrocarbons by means 

of the Fischer–Tropsch synthesis (FTS) or by the methanol synthesis followed by 

methanol to hydrocarbons (olefins, gasoline or aromatics). 
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Scheme 2. Indirect and direct pathways for methane C−C Coupling to Olefins and 
Aromatics. Adapted from ref.136 with permission from the American Chemical Society, 

copyright 2017. 

 

The main inconvenience associated to this indirect route for methane upgrading is the 

high energy requirement due its strong endothermicity and, therefore, the inherent 

large CO2 emissions. Thus, direct routes for selective methane conversion into C2+ 

products, although highly challenging, have been actively studied along the last decades, 

and different Gas-to-Liquid (GTL) approaches have been proposed and thoroughly 

analyzed in several reviews,145–148 from an applied perspective135,137 and from a more 

fundamental point of view.136 Efficient methane upgrading by direct routes is a 

challenging task from the thermodynamic and from the kinetic point of view. Activation 

of the stable C-H bond requires high reaction temperature and leads to the formation 

of CHx or CHxO species, which have to be converted into the desired products in a single 

step process. The higher reactivity of the primary products formed, as compared to the 

starting methane, will result in their non-selective conversion unless they are selectively 

removed from the reaction media or kinetically protected.149 
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Direct conversion of methane can take place under oxidative or non-oxidative 

conditions.146,149–151 The oxidative routes overcome the thermodynamic limitations by 

removing the hydrogen formed by reaction with an oxidant, usually oxygen, and the 

formation of water. Oxidative coupling of methane (OCM) and selective partial oxidation 

of methane to methanol or formaldehyde are the two main options. The former is a 

highly exothermic process and heat-managing issues have prevented its commercial 

application so far. On the other hand, the direct conversion of methane to methanol by 

partial oxidation has received increasing attention and significant advances have been 

made in the last years towards a deeper understanding of the active site and the 

reaction mechanism.13,152,153 

Still, selective conversion of methane following direct oxidative routes is highly 

challenging, and the alternative non-oxidative conversion of methane to olefins or 

aromatics has gained importance in the last 25 years, despite the unfavorable 

thermodynamics of this endothermic equilibrium controlled reaction. Although the 

conversion levels achieved are low even at high temperatures, the process is highly 

selective to the desired hydrocarbons. However, the main problem is the rapid catalyst 

deactivation. This has opened a strong research line focused on the type of carbon 

species formed during the process and their more or less active participation in the 

methane activation step and in its further conversion into higher hydrocarbons.154–157 

An important effort has been directed towards productivity improvement by reactor 

and/or process design. Thus, membrane reactors for H2 recovery and equilibrium shift, 

fluidized bed or CH4-H2 switch operation to deal with the fast catalyst deactivation, or 

combination with a second reaction such as oxidative dehydrogenation are some of the 

approaches proposed.158–161 
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Despite the significant advances achieved upon the fundamental understanding of the 

direct methane conversion processes, the critical analysis made by Lunsford 20 years 

ago is still valid nowadays. Each of the alternatives proposed has specific drawbacks that 

discard their industrial implementation, but they have in common the low yields to the 

desired products and, thus, the need for inexpensive separation steps, oxygen from air 

in the case of the oxidative conversion or hydrogen or hydrocarbons from diluted 

streams in the case of the non-oxidative dehydrogenation.150 

The main advances in methane conversion processes catalyzed by microporous 

crystalline materials will be reviewed in the following section, emphasizing on the most 

recent and disruptive findings. 

3.1.  Methane conversion to syngas 

Methane can be converted into syngas by means of steam reforming (SMR) (Eq. 1), dry 

reforming in the presence of CO2 (DMR) (Eq. 2) and by partial oxidation (Eq. 3), with the 

former being the only one which is commercially applied.162–167 For increasing H2 

production, the steam reforming reaction (Eq. 1) can be combined with the water gas 

shift (WGS) reaction (Eq. 4).168 

 

𝐶𝐶𝐶𝐶4 + 𝐶𝐶2𝑂𝑂 ↔ 3𝐶𝐶2 + 𝐶𝐶𝑂𝑂                   ∆𝐶𝐶𝑟𝑟0(289 𝐾𝐾) = 206 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1  (1) 

𝐶𝐶𝐶𝐶4 + 𝐶𝐶𝑂𝑂2 ↔ 2𝐶𝐶2 + 2𝐶𝐶𝑂𝑂                 ∆𝐶𝐶𝑟𝑟0(289 𝐾𝐾) = 247 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1  (2) 

𝐶𝐶𝐶𝐶4 + 1
2
𝑂𝑂2 ↔ 2𝐶𝐶2 + 𝐶𝐶𝑂𝑂                   ∆𝐶𝐶𝑟𝑟0(289 𝐾𝐾) = −36 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1  (3) 

𝐶𝐶𝑂𝑂 + 𝐶𝐶2𝑂𝑂 ↔ 𝐶𝐶2 + 𝐶𝐶𝑂𝑂2                     ∆𝐶𝐶𝑟𝑟0(298 𝐾𝐾) = −41 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1  (4) 
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High temperatures, above 750ºC, are necessary for overcoming thermodynamic 

limitations involving, therefore, high energy requirements, and the harsh process 

conditions lead to metal sintering, fast carbon deposition and, eventually, to catalyst 

deactivation. High steam to carbon ratios are employed, in order to reduce catalyst 

deactivation by coke and this leads to production of H2-rich syngas, with H2/CO ratios 

around 3. Moreover, large amounts of CO2 are co-produced in the process, especially by 

the WGS reaction for increased H2 make. Industrial SRM catalysts are non-microporous 

transition metal-based materials, usually Ni supported on inorganic oxides.145,166,169,170 

These have also been the most studied catalysts in the literature171,172 and, as far as we 

know, only a few studies on zeolite-based SMR catalysts have been reported. An early 

work by Al-Ubaid and Wolf described the use of Ni/Na-Y for SMR and its deactivation 

due to surface oxidation of the active Ni species.173 De Lasa compared α-alumina, NaY 

and USY as supports for Ni-based SMR catalysts and, although the zeolite based catalysts 

gave promising results for dry reforming, they presented limited application for SMR, 

below that of Ni/α-alumina.174 An interesting approach is the use of core-shell type of 

composites, where zeolite membranes coat a steam reforming catalyst core. This is the 

case of silicalite-1 coated Ni/Al2O3175 or NiO/M176 or H-beta encapsulated Ce-Zr/Ni-

Mg.177 The core-shell catalysts showed in both cases improved catalytic activity as 

compared to the SMR catalyst alone. According to Cimenler et al.,177 a possible reason 

for this increase in methane conversion could be the increased residence time within 

the catalyst’s pores due to confined reaction effects. Al3+ promotion of the active sites 

was also suggested. Core/yolk shell catalysts have also been described as more resistant 

to metal sintering and coking.176,178 
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Dry (CO2) methane reforming shares some of the main disadvantages of SMR, such as 

the high endothermicity of the reaction and the severe deactivation by coke 

formation.167 However, it converts two abundant greenhouse gases, methane and CO2, 

it produces less CO2 as compared to SMR, and the syngas obtained has a H2/CO ratio ≤1, 

more suitable for the synthesis of methanol, and even for the Fischer-Tropsch synthesis 

of long chain hydrocarbons. Supported noble metals (Rh, Pt, Pd or Ru) and transitions 

metals are commonly used as catalysts for DMR. The former are less sensitive to coke 

formation but more expensive, whereas metals such as Ni present the advantage of high 

turnover rates at lower cost, but suffer fast deactivation due to coke formation via the 

Boudouart reaction (Eq. 5) or methane decomposition (Eq.6). 

2𝐶𝐶𝑂𝑂 ↔ 𝐶𝐶 +  𝐶𝐶𝑂𝑂2                                 ∆𝐶𝐶𝑟𝑟0(298 𝐾𝐾) = −172 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1  (5) 

𝐶𝐶𝐶𝐶4 ↔ 𝐶𝐶 +  2𝐶𝐶2                                 ∆𝐶𝐶𝑟𝑟0(298 𝐾𝐾) = 75 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1   (6) 

When the support is inert, such as SiO2, the mechanism is mono-functional and both, 

methane and CO2 are activated on the metal. However when the support is mildly acidic 

(Al2O3) or basic (La2O3, CeO2), the reaction mechanism is accepted to be bifunctional, 

with methane being activated on the metal, and CO2 on the support.167 As in the case of 

SMR, important efforts have been made in order to improve catalyst deactivation, which 

has been attributed to metal sintering and metal coking. One of the strategies proposed 

in the literature is the confinement or stabilization of the active metal-species within 

porous structures such as carbon nanotubes,179 silica nanotubes,180 ordered 

mesoporous materials,181 182 or zeolites 183,184, limiting in this way the growth of the 

metal nanoparticles. 
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Thus, Ni-loaded zeolites, Ni-ZSM-5 or Ni-Y among others, have been described for dry 

steam reforming of methane (see Table 1). One of their advantages as compared to 

other supports such as mesoporous MCM-41 or SBA-15, in addition to their higher 

thermal and hydrothermal stability, is their high CO2 adsorption capacity, which allows 

reducing reaction temperature while maintaining acceptable activity. However, the 

higher the activity of Ni-zeolites, the higher the coke selectivity.185 Fast deactivation of 

zeolite-based catalyst is the main drawback of these type of catalysts. 

 
Table 1. Catalytic performance of Ni Catalysts supported on different zeolites for the 
methane conversion (GHSV given for CH4+CO2 with 1:1 molar ratio). Adapted from 185 

Metal 
loading 

Support GHSV     
(mlg-1h-1) 

Temperature 
(ºC) 

TOS   
(h) 

CH4 
conv.(%) 

Carbon 
(mg/mg) 

Ni MCM-41 6000 600 – 42 – 

Ni/7 Zeolite A 30000 700 5 12.3 0.25 

Ni/7 Zeolite X 30000 700 5 71.5 0.24 

Ni/7 Zeolite Y 30000 700 5 91.6 6.83 

Ni/7 ZSM-5 30000 700 5 57.8 2.16 

Ni/8.7 USY 12000 650 6 78 – 

Ni/20 SBA-15 – 700 600 72 – 

 

A different application of zeolites for the methane reforming processes is as coatings of 

Ni/Al2O3 catalysts, where the microporous material acts as a membrane layer in core-

shell nanocomposite catalysts.178 The presence of the zeolite shell improves the product 

selectivity and enhances the stability towards sintering.177,186,187 Moreover, the 
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microporous coating acts, additionally, as a diffusion barrier against poisons such as 

alkali species.188 

3.2. Methane partial oxidation to methanol 

Methanol is one of the most interesting chemicals nowadays. Besides its high octane 

number and the possibility of its direct blending with conventional gasoline without 

modification of the vehicle fleet, it is an important C1 building block in the chemical 

industry and a convenient liquid energy carrier for hydrogen storage and 

transportation.189–191 In the late 1990’s Olah already introduced the concept of 

Methanol Economy, proposing methanol as the alternative energy source to oil and gas 

(see 192 and references therein). At present, around 90% of its overall production follows 

the indirect route comprising the conversion of methane to syngas in a first step and 

production of methanol from the CO+H2 mixture in a second step, a low-efficiency 

energy-intensive process. The high capital investment required for methanol production 

through the syngas route limits its economic viability to large-scale operations and 

makes it unsuitable for low capacity stranded natural gas exploitations. Thus, possible 

syngas-free alternatives have been intensively researched. 

In nature, iron and copper methane monooxygenase are able to selectively hydroxylate 

methane to methanol under physiological ambient conditions using atmospheric 

oxygen.193 The metal active sites are isolated and well defined, and the enzyme provides 

the appropriate structural and electronic stabilization. Following an enzyme-mimicking 

approach, copper and iron metallozeolites have been widely studied as catalysts for 

partial oxidation of methane to methanol, and the similarities between the structure of 
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the active sites and the hydroxylation mechanisms in enzymes and zeolite based 

materials have been thoroughly analyzed in several reviews published recently.13,152,153  

 

Figure 3. Comparison of Fe and Cu enzymes and zeolites that hydroxylate strong C−H 
bonds at low temperature, including their active site structures and catalytic 

intermediates defined from spectroscopy. Reprinted from ref.13 with permission from 
American Chemical Society, Copyright 2018. 

 

As described in detail by Snyder et al., despite the differences when comparing 

enzymatic and zeolite-based catalysis, there are also important resemblances, such as 

the high covalence of the metal−oxygen bond, the influence of second-sphere atoms on 

the reactivity of the metal site, and entatic effects associated to constrains imposed by 

the protein or the zeolite structure forcing an otherwise unstable, but highly active 

intermediate geometry (see Figure 3).13 Still, the performance of transition metal 
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exchanged zeolites is far below that of enzymes in terms of reaction rates and process 

conditions.194 

The use of metallozeolite based systems for selective oxidation of methane to methanol 

is a very active research field, and the number of publications on this subject is huge. 

The interested reader is directed to several comprehensive reviews, some of them more 

general describing the active sites and reactivity of different transition metal-exchanged 

zeolites,13,152,153,195–197 others presenting a theoretical approach to the selective 

oxidation process,153,198 or specifically focused on iron199 or copper-zeolites.200–204 An 

historical perspective on the evolution of methane selective oxidation from the point of 

view of the catalysts employed has been published by Ravi et al.,205 and the need for 

methanol protection to avoid its over-oxidation is concluded to be critical. Improving 

the low methanol selectivity and other challenges related to the zeolite-mediated 

methane oxidation to methanol are addressed in several critical perspectives recently 

published by Román-Leshkov152 and van Bokhoven.194,204 They assess on the viability of 

Cu- and Fe-, and of Cu- exchanged zeolites, respectively, as catalysts for performing the 

methane to methanol partial oxidation. After an in-depth analysis of the benefits and 

drawbacks of the process, in both cases it is concluded that despite the interest awaken 

by this topic in the research community and the advances made in the fundamental 

understanding of the active sites and reaction mechanism, the results obtained up to 

now are far from industrial implementation (see Table 2). Both, continuous and step-

wise stoichiometric operation lead to unrealistic low methanol productivity, and the 

main challenges remain the design of improved catalysts able to activate the stable C-H 

bond, perhaps not limited to zeolite based candidates, together with the design of novel 

methanol protection strategies. 
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Table 2. Status of zeolite-based gas-solid MTM concepts noting challenges to be 
addressed by further work and projected likelihood for success. Adapted from 204 

 

  

Conversion 
and 

Selectivity 

Methanol 
concentration 
in the product 

stream 

Methanol 
productivity 
(mmolg-1h-1) 

Challenges/Needs 
Likelihood 

for 
success 

Co
nt

in
uo

us
 o

pe
ra

tio
n 

ca
ta

ly
tic

 
ae

ro
bi

c 

Unfavorable Unfavorable Unfavorable 

Novel methanol-
protection  

strategies & Fast 
kinetics 

Unknown 

ca
ta

ly
tic

  
ae

ro
bi

c 

Unfavorable Unfavorable Unfavorable 

All of the above  
& Removal  
of H2 from 

reaction site 

None to 
low 

St
ep

w
ise

 o
pe

ra
tio

n 

st
oi

ch
io

m
et

ric
 

Not 
applicable Favorable Unfavorable 

Stable zeolites 
with Si/Al<2 

Alternative Cu-
loading methods 

 leading to 
increased no. of 

active sites 
Cycle time<15’ 

Low to 
medium 

qu
as

ic
at

al
yt

ic
  

ae
ro

bi
c 

Not 
applicable Unknown Unknown 

Collectors that 
capture several 

 mmol of 
methanol per gr.  

High rates despite 
low methanol  

partial pressures, 
high T and 

presence of water 

Low to 
none 

 

Pioneering work on the use of metallozeolites for selective oxidation of methane was 

published by the group of Panov in the 1990’s. They reported the formation of a highly 

active oxygen intermediate by decomposition of N2O on Fe-ZSM-5 at temperatures 

below 300ºC. These active oxygen species, named as α-O, were capable of O2 isotopic 

exchange and irreversibly binding of CO and CH4.206–208 The same group elucidated the 

methane and benzene selective oxidation mechanism on these type of materials by 

kinetic isotope effect (KIE) measurements.208 Methane hydroxylation on Fe-ZSM-5, 
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using N2O as oxygen source, could be stoichiometric, quasi-catalytic or catalytic 

depending on the reaction temperature. Thus, single-turnover cycles of methane 

oxidation took place at room temperature, and the reaction products, methanol and 

DME, had to be extracted in a second step.209 At higher temperatures, up to 200ºC, the 

methanol formed was able to migrate from the α-sites, liberating them for starting new 

reaction cycles, and at 160 and 200ºC the turnover numbers were 3 and 7, 

respectively.210,211 However, the methanol formed remained on the catalyst surface, and 

temperatures above 200ºC were needed for the reaction to proceed following a true 

catalytic mode, with product desorption into the gas phase. Still, water was seen to 

significantly increase the selectivity to methanol, which reached values of 62% at 

275°C.211 

 

Figure 4. (A) Comparative reactivity of mononuclear Fe(IV)=O intermediates from DFT, 
including driving forces for O–H bond formation (ΔHO-H), estimated intrinsic barriers for 
H-atom abstraction from CH4 (ΔHint ‡), spin states of the Fe(IV)=O reactants and Fe(III)-

OH products, as well as the redox-active molecular orbital (RAMO) that ultimately 
accepts the electron following H-atom transfer; (B) Correlation of α-O to N4Py, with 

intermediate steps illustrating the effects of adding a trans axial ligand and then 
moving to an S = 1 ground state. Reproduced from ref. 212 with permission from the 

National Academie of Science, copyright 2018. 
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However, it was not until 2016 that the nature of the active site in Fe-exchanged zeolites 

was elucidated by Snyder et al.,213 using magnetic circular dichroism, a novel site-

selective spectroscopic methodology. Their studies on Fe(II)-BEA showed that the active 

α-Fe(II) site was a mononuclear, high-spin, square planar Fe(II) site and the α-O 

intermediate was a mononuclear, high spin Fe(IV)=O specie. Moreover, they confirmed 

the entatic effect produced by the topology of the host zeolite, evidencing that the high 

reactivity of this α-O site was directly related to the coordination geometry constrains 

imposed by the zeolite framework (see Figure 4).13,212,213 

Hutchings’ group has reported the hydroxylation of methane on Fe-ZSM-5 using N2O as 

the oxidant under continuous operation in a fixed bed continuous flow reactor. A 

thorough kinetic study led them to a tentative reaction mechanism (see Scheme 3) 

where H2O was shown to play a fundamental role in the product distribution, increasing 

the selectivity to methanol from 1 to 16% and reducing the formation of coke and, 

therefore, catalyst deactivation.214 Comparing Fe-MFI catalysts showing different acidic 

properties (Fe–ZSM-5, Fe–silicalite-1 and Fe–TS-1) and Fe-loaded H-ZSM-5 with different 

Si/Al ratios but constant Fe/Al ratio and, therefore, different Fe loadings, indicated that 

Brønsted acidity was necessary in order to form the α-oxygen active site required for 

the initial hydrogen abstraction step. However, the presence of Brønsted acid sites 

reduced the rate of methanol and DME desorption and favored their conversion into 

secondary products such as ethene or aromatics and, ultimately, coke.215 
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Scheme 3. Proposed reaction network for CH4 oxidation with N2O over Fe-ZSM-5 

catalysts according to delplot analysis. B is BAS and *indicates adsorbed or 
intermediate species not detected in the reactor effluent. Adapted from ref.214 with 

permission from Wiley-VCH, copyright 2018. 
 

Most of the studies on Fe-exchanged zeolites as methane hydroxylation catalysts are 

focused on medium pore zeolites, mainly ZSM-5, but other medium pore or large pore 

zeolites such as ferrierite or beta have also been reported. Regarding small pore zeolites, 

they have generated great interest in the last years due to their exceptional efficiency 

in industrially relevant applications such as methanol-to-olefins and selective catalytic 

reduction of nitrogen oxides in exhaust gases.51,113 The first application of small pore 

metallozeolites and zeotypes for selective oxidation of methane to methanol was 

reported by Lobo in 2015,216 and the microporous materials considered in the study 

were SSZ-13, SSZ-16, SSZ-39, and SAPO-34, although exchanged with copper and not 

iron. Some years later, Fe-exchanged SSZ-13 zeolites were also evaluated as catalysts for 

methane hydroxylation, and their capacity for low temperature activation of methane 

was confirmed.217,218 In these cases, the α-Fe/α-O active site was identified as a 

mononuclear isolated extraframework FeII species, which was stabilized by a six-

membered ring (6-ring) containing two Al atoms in opposite tetrahedral locations. The 

CHA topology of SSZ-13 was seen to influence the properties of the active site due to 
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differences in the geometry of the double 6-ring (d6r) containing the α-Fe site as 

compared to Fe-beta (see Figure 5). Moreover, conversely to other medium and large 

pore zeolite host, the small pore structure favored the formation of the α-Fe site over 

other iron species and at low Fe loadings this α-Fe site was the only one observed. By 

directing the synthesis of SSZ-13 towards a material with higher proportion of Al pairs 

and, therefore, higher capacity for divalent cations exchange, the methane conversion 

activity and the methanol production were substantially increased.218 

 

Figure 5. (a) Above: overlays of the B3LYP-DFT optimized α-Fe models in *BEA (d6MR) 
(left) and CHA (1ROPPOSITE) (right) and the corresponding B3LYP-DFT optimized models of 
the Al substituted 6MRs before Fe coordination. The empty 6MR models are shown in 
gray. Below: overlay of the Fe-CHA 1ROPPOSITE model (colored) and the Fe-*BEA α(T6T6) 
model (gray) overlapped at the α-Fe atom; (b) Overlays of the B3LYP-DFT optimized α-
O-CHA (colored) and α-O-BEA (gray) models. The models are positioned to overlap on 

the Fe atom and the F=Oax bonds of the models are aligned. Reprinted from ref.217 with 
permission from the American Chemical Society, copyright 2018. 

 

N2O is not the only oxidant described for activation of Fe-zeolites. Thus, in 2012 

Hutchings described the use of hydrogen peroxide as oxidant for the direct conversion 

of methane to methanol in aqueous media catalyzed by Fe-ZSM-5.219 Under the 
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appropriate reaction conditions, methane conversion of 10% and selectivity of 96% to 

partial oxidation products (CH3OH, CH3OOH, HCOOH) were obtained, but selectivity to 

methanol was only 8%. Addition of copper to the Fe-ZSM-5 did not contribute to the 

methane activation step, but promoted the selective formation of methanol by 

inhibiting the formation of OH·radicals and the derived over-oxidation reactions, 

increasing its selectivity to 93% at comparable conversions of 10%. Additional studies 

performed by this group on this low-energy route for methane partial oxidation with 

H2O2 on Cu-promoted Fe-ZSM-5 catalysts resulted in the elucidation of a detailed 

reaction network for the activation of methane and for the formation of the 

intermediate hydroperoxy species and hydroxyl radicals,220 and in the understanding of 

the specific roles of the Fe and Cu active sites (see Figure 6).221,222  
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Figure 6. (a) Potential reaction scheme for the oxidation of methane based on the time-
on-line profile. Methanol is formed through the conversion of the methyl hydroperoxide 
intermediate over the Fe sites present in the catalyst. COH radicals produced during the 
reaction are later responsible for the over-oxidation of methanol. The presence of Cu2+ 

inhibits undesired over-oxidation; (b) Catalytic cycle for the oxidation of methane to 
CH3OOH using H2O2, catalyzed by a binuclear Fe species in ZSM-5. The overall charge in 

each case is formally +2 as the species acts as an extra-framework cation within the 
zeolite. Reproduced from ref.219 with permission from Wiley-VCH, copyright 2012.   

 

The active components for methane activation were found to be extra-framework Fe 

oligomers present in the micropores of the ZSM-5 zeolite. The role of the zeolite 
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structure was the stabilization, by confinement, of the high-energy, high-spin 

[Fe(IV)=O+2] species, responsible of the C-H activation. The aqueous phase oxidation of 

methane to methanol was recently reviewed by Hutchings,199 who, in a recent 

publication, describes the selective oxidation of methane to methanol on AuPd loaded 

ZSM-5 by in-situ generated H2O2 from molecular H2 and O2.223 

Different drawback are associated to the methane to methanol process catalyzed by Fe-

exchanged zeolites, such as the cost of the oxidant in the case of N2O or the separation 

of low amounts of methanol from the aqueous media when employing H2O2. Although 

the use of inexpensive oxidants such as O2 would very convenient, the activation of Fe 

under mild temperature conditions using molecular oxygen has not been reported so 

far.13,152,204 This is not the case of copper, the active component of particulate methane 

monooxygenase enzyme. When exchanged in zeolite hosts, it is able to perform the 

selective oxidation of methane using N2O, as Fe-zeolites do, but also using molecular O2. 

This transition metal is well known for its redox properties and widely applied as catalyst 

in a large number of processes and has been thoroughly studied for selective methane 

hydroxylation.200–204 
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Scheme 4. Possible catalytic cycle of methane hydroxylation by [Cu2(μ-O)]2+-exchanged 
zeolites. Reprinted from ref. 153 with permission from the American Chemical Society, 

copyright 2018. 
 

Most studies for the methane to methanol oxidation process catalyzed by Cu-zeolites 

have been performed using a stepwise stoichiometric process (see Scheme 4). This 

chemical-looping system involves three steps, a first activation of the Cu-zeolite by an 

oxidant, usually N2O or O2 at high temperature (~450ºC), reaction of methane with the 

activated copper-site at lower temperature (125-200ºC), and a final extraction of the 

methanol formed using steam at temperatures around 200ºC. The reaction step can 

proceed following a radical or a non-radical mechanism.153 

In order to avoid the final extraction step, Van Bokhoven proposed a cyclic batch-wise 

operation to recover methanol at the outlet of the reactor by on-stream water-assisted 

desorption of the product.224 Later, the same group demonstrated that the selective 

methane oxidation process could be performed in an isothermal cyclic mode.225,226 Thus, 

activation in O2 flow, reaction with CH4 and on-line methanol extraction with water 

enabled a continuous cyclic methanol production process. 
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Besides O2 and N2O, H2O has been proposed as oxidant for the selective methane 

oxidation to methanol.227 Methanol was produced under anaerobic conditions using 

water as the extraction agent which, at the same time, would regenerate the active site 

without the need for an additional oxidative treatment with O2 or N2O (see Figure 7). 

Moreover, the soft redox nature of H2O when used as an oxidant prevented undesired 

over-oxidation reactions leading to methanol selectivities as high as 97%. In line with 

this study, in a recent publication, Koishybay and Shantz demonstrate that H2O, and not 

dioxygen, is the main source of the oxygen present in the final methanol, by performing 

experiments in the absence of molecular oxygen and with the use of 18O-labeled 

water.228 

 

Figure 7. The mechanism of partial oxidation of methane using water as oxidant. (Top) 
Schematic representation of the reaction conditions. (Bottom) The DFT simulated 

pathway. Reprinted from ref.227 with permission from the American Association for the 
Advancement of Science, copyright 2017. 
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The first experimental evidence for the activation of methane by a Cu-ZSM-5 after O2 or 

N2O activation at temperatures above 623K was reported by Groothaert in 2005.229 The 

combination of different characterization techniques such as UV-vis, EXAFS, TEM and 

EPR allowed them to suggest the formation of a bis(µ-oxo)dicopper core, [Cu2-(µ-O)2]2+, 

in activated Cu-exchanged ZSM-5 and mordenite zeolites, species that were stabilized 

by the microporous structure. The active site strongly interacted with methane when 

the Cu-zeolite was exposed to the hydrocarbon at 398K, and further extraction of the 

used material with a 1:1 water/acetonitrile mixture led to the identification of methanol 

as the only reaction product. This work also demonstrated the influence of the zeolite 

topology on the methanol production capacity. Thus, zeolite Cu-Y presented low 

methanol yields whereas Cu-mordenite produced more methanol than Cu-ZSM-5. The 

poor behavior of the Cu-Y zeolite, comparable to that of a Cu-loaded amorphous silica, 

was related to the non-stabilization of the di-copper sites by these particular hosts. 

Unlike in Fe-zeolites, the active site in Cu-exchanged microporous materials is still, 

nowadays, a matter of controversy. Since the first paper on Cu-zeolites by Groothaert, 

different structures have been proposed for the active copper species, and an instructive 

chronological evolution was shown by Newton et al, in a recent review (see Figure 8).203 

Elucidation of the nature of these active sites has only been possible thanks to the 

combined application of sophisticated characterization techniques, mainly 

spectroscopic,201,203 and computation methodologies.153,198 
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Figure 8. Timeline of various suggested configurations of the Cu oxide active species in 
Cu-MOR. Reproduced from ref.203 with permission from the Royal Society of Chemistry, 

copyright 2020. 
 

Thus, the combination of isotopic studies and theoretical calculations led Sels and 

Solomon, some years later, to discard the a bis(µ-oxo)dicopper core proposed in 

2005,229 and to define a bent mono-(µ-oxo)dicupric species as the activated copper 

active site in Cu-ZSM-5 (see Figure 9a,b).230 The bridging oxygen was found to be highly 

reactive for low temperature cleavage of the stable C-H methane bond. The same group 

proposed a peroxo dicopper(II) species as the oxygen precursor to the mono-oxygen 

[Cu2O]2+ reactive site when the Cu-ZSM-5 was activated in O2 (see Figure 9c),231 a 

precursor that was not observed when N2O was used as the oxidant. When methane 

was oxidized in the presence of N2O, the latter was bridged between two CuI centers 

coordinated to framework Al bonded O atoms. It was shown that the two CuI centers 

had to be close enough to allow the formation of stable N2O bridging structures.232 
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Figure 9. Bent [Cu2O]2+ active site (a) and oxygen precursor (b) in Cu-ZSM-5; proposed 
process for the selective oxidation of methane to methanol in oxygen activated Cu-

ZSM-5. Reprinted from ref.230 and ref.231 with permission from the American Chemical 
Society, Copyright 2010. 

 

The mono-(µ-oxo)dicupric site was also described to be present in activated Cu-

mordenite, presenting similar spectral features assigned to this di-copper site and 

similar reactivities.233 This zeolite structure [MOR] presents parallel 12-ring channels 

connected by 8-ring side pockets. The (Cu2O)2+ site was seen to be stabilized in the 8-

ring windows of these pockets, and as they present two different 8-ring windows, facing 

the 12-ring and the 8-ring channels, two different sites were distinguished depending 

on the location of the Cu site.  

Also in 2015, a single site tri-nuclear Cu-O cluster was proposed by Grundner et al.,234 

for Cu-exchanged mordenite (see Figure 10). Following a meticulous preparation 

procedure, they obtained a Cu-exchanged mordenite with a well-defined uniform single 

copper site located at the pore mouths of the 8-ring side pockets, compensating the 

charge of 2 paired Al located in this 8-ring. This Cu-mordenite was shown to be more 

active for methane conversion to methanol than analogous metallozeolites described 
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previously. DFT calculations showed that binuclear Cu species were more stable at 0K 

and under relatively low oxygen partial pressures,235, but at 700K in a dry O2 atmosphere 

the stability of the tri-copper [Cu3(µ-O)3]2+ was higher. Spectroscopic measurements 

confirmed the optimized structure proposed by DFT and demonstrated that the single 

sites formed in this particular Cu-mordenite were different from those observed in Cu-

ZSM-5 prepared by means of conventional ion exchange procedure. The trinuclear Cu-

oxo clusters were hydrolyzed during the methanol extraction step but the sites were 

fully recovered by treatment in O2.  

 

Figure 10. Structure and location of [Cu3(µ-O)3]2+ cluster in mordenite predicted by DFT. 
The zeolite model contained paired (type I) and isolated (type II) Al atoms located at 

the pore mouth of the side pocket. The cluster is stabilized by two anionic centres due 
to AlISP lattice sites at the entrance of the MOR side pocket (b) so that the extra-

framework oxygens responsible for the initial C–H activation are pointing towards the 
main channel of MOR (a). The charge due to the remaining AlIISP is compensated by 

acidic protons resulting in BAS formation. Reproduced from ref.234 with permission from 
Springer Nature, copyright 2015  

 

This work evidences, again, the similarities of Cu-exchanged zeolites with p-MMO 

enzymes in the selective methane oxidation to methanol, with the steric constrains 

imposed by the 8-ring side-pockets of the MOR structure enhancing the activity of the 
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active copper clusters located therein. Still, the application of multivariate curve 

resolution analysis of X-ray absorption spectroscopy data by Beato and Borfecchia 

identified the active copper site to be a di-nuclear species.236 

Besides the di- and tricopper oxo species described so far, Palagin et al. showed that 

larger copper-oxide clusters, such as tetramers or pentamers, with CunOn2+ and 

CunOn−12+ stoichiometries, were also stabilized in the 8-ring channels of Cu-mordenite. 

Increasing the size of the cluster from dimers to pentamers increased the overall 

stability of the system due to the effect of multiple Cu-O bonds, and this allowed a better 

stabilization of the OH and CH3 species during the methane activation step.237 

For several years, the Cu-zeolites studied for methane hydroxylation were limited to 

microporous materials with medium and large pore structures. Besides ZSM-5 and 

mordenite, other topologies were also tested, such as ferrierite,238,239 Y, EMT or beta 

zeolite.238 Although ZSM-5 and mordenite were the only two structures able to stabilize 

the di-copper site and to hydroxylate methane to methanol at 150ºC, ferrierite and beta 

were capable of producing methanol at a higher temperature of 200ºC. This suggested 

the formation of a different type of Cu active site. Cu-exchanged EMT and Y zeolites, 

with structures presenting 3D 12-ring channel systems and large cages, were not active. 

It was not until 2015 that Lobo proved Cu-exchanged small pore zeolites and zeotypes 

to be also active for the selective oxidation of methane to methanol216, and the new 

materials studied, Cu-SSZ-13 [CHA], Cu-SSZ-16 [AFX], Cu-SSZ-39 [AEI] and Cu-SAPO-34 

[CHA], were claimed to yield more methanol per copper atom than Cu-ZSM-5 or Cu-

mordenite. Further studies from this group on Cu-SSZ-13 and Cu-SSZ-39 allowed them 

to identify di-copper species in both cases, although differing in their structure.240 Thus, 
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trans-μ-1,2-peroxo dicopper(II) ([Cu2O2]2+) and mono-(μ-oxo) dicopper(II) ([Cu2O]2+) 

were observed in Cu-SSZ-13 and Cu-SSZ-39, respectively, after O2 or He activation at 450 

°C. The concentration of Cu(II) located in the 8-ring windows was found to be related to 

the amount of [CuOH]+, species that were suggested as intermediates in the formation 

of the active [Cu2Oy]2+ sites. On the other hand, Kulkarni et al., combining 

thermodynamic analysis of the oxygen activation process with periodic DFT calculations, 

identified a mono-copper species located in the 8-ring windows/channels of Cu-SSZ-13, 

as the active site responsible for methane activation,241 and proposed the reaction 

mechanism presented in Scheme 5 that was consistent with previous experimental and 

spectroscopic data. 

 

Scheme 5. Reaction scheme for partial methane oxidation to methanol for 8MR-
[CuOH]+ active site in Cu-exchanged CHA. Reprinted from ref.241 with permission from 

the American Chemical Society, copyright 2016. 
 

The composition of the Cu-SSZ-13 material (Si/Al ratio and Cu loading) will affect the 

redox properties of the copper species formed and their location within the host 

structure. In this line, Pappas et al. showed that low Si/Al ratios and low Cu-loadings 

favored the formation of copper species located in the 6-ring windows of the SSZ-13 

structure, which are inactive for methane conversion due to their low reducibility. 

However, for intermediate Si/Al ratios, in the range of 12-15, and higher Cu loadings the 
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mono-Cu species were located in the 8-ring windows leading to optimal Cu reducibility 

and maximum methanol productivity (see Figure 11).242 

 

Figure 11. (a) Rationalization of the effect of composition (Cu/Al and Si/Al ratios) on the 
productivity for the methane-to-methanol conversion over Cu-SSZ-13,considering 

CuIIxOy formation from reaction of self-reduced ZCuI sites with O2 (b, top) and from 
internal pathways (b, bottom). Species indicated with grey labels have been previously 

detected in Cu-zeolites (4b) or proposed as intermediates (5) but are not directly 
observed here on Cu-SSZ-13 materials. Reprinted from ref.242 with permission from the 

American Chemical Society, copyright 2017. 
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In a recent paper the performance of two Cu-exchanged small pore microporous 

materials with the same CHA topology but different chemical composition, 

silicoaluminate SSZ-13 and silicoaluminophosphate SAPO-34, were compared in the 

step-wise methane hydroxylation. According to spectroscopic results, the different 

framework polarities, and different amount and distribution of ion exchange sites in the 

two isostructural CHA materials were seen to affect the location and coordination of the 

copper species and, consequently, their activity towards methane conversion.243 

The first evidences of a continuous, true catalytic process, carried out under mild 

conditions (atmospheric pressure and 483K) was reported in 2016 by Roman-Leshkov 

and his group.244 Methane hydroxylation was catalyzed by different Cu-exchanged 

zeolites using O2 as the oxidant, and although the reactions rates observed were low, 

isotopic studies demonstrated catalytic turnovers and, thus, catalytic oxidation of 

methane to methanol over copper sites stable in the presence of steam, sites that were 

also identified by Alayon et al. in Cu-exchanged mordenites.245 

Independently of the zeolite structure hosting the copper active sites, the presence of 

Brønsted acidity was seen to have a beneficial effect on the performance of Cu-zeolites 

for methane hydroxylation following the step-wise and the continuous operating 

modes.244,246–248 After activation and cleavage of the methane C-H bond on the active 

copper sites a surface methoxy species is formed, located at the zeolite BAS, surface 

methoxy groups that are key intermediates for the methane to methanol process.247. 

Regarding the influence of copper incorporation procedures or zeolite morphology, the 

interested reader can find additional studies, recently published.248,249 
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Besides iron and copper, other metals have been studied for the selective methane 

hydroxylation. Thus, Beznis et al. reported cobalt exchanged ZSM-5 for the selective 

conversion of methane to methanol,250,251 Shan et al. converted methane to methanol 

in the presence of bent mono(m-oxo)dinickel species in ZSM-5,252 and Huang et al. 

reported the low temperature selective oxidation of methane to methanol by H2O2 on 

Pd1O4 single-sites anchored to silicalite, the pure silica ZSM-5.253. In a very interesting 

approach, Xiao has recently presented a ZSM-5-based catalyst with AuPd alloy 

nanoparticles encapsulated inside of the zeolite micropores and a hydrophobic external 

surface achieved by anchoring of organosilanes.254 The hydrophobic molecular fence 

avoids the diffusion of the H2O2, generated in situ on the AuPd nanoparticles from 

molecular H2 and O2, out of the crystals, while allowing methane to diffuse into the 

zeolite channels increasing, in this way, the efficient methanol production and 

preventing its over-oxidation. Isolated rhodium Rh+ cations anchored on a ZMS-5 zeolite 

or titanium dioxide were used for methane conversion to methanol or acetic acid in the 

presence of O2 or CO, respectively.255 Acetic acid was also produced in an interesting 

approach by the group of Román-Leshkov, where the selective oxidation of methane to 

methanol was coupled with methanol carbonylation in Cu-exchanged mordenite.256 The 

specificity of the copper and BAS within the 8-ring side pockets of the MOR structure, 

responsible for the high acetic acid yield, was demonstrated by means of coupled 

spectroscopic and reactivity measurements. 

As mentioned at the beginning of this section, despite the huge amount of intense 

research performed in the methane to methanol conversion in the presence of metallo-

zeolites and -zeotypes along the last two decades, the results are still far from 
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commercial implementation. Besides improving activity of the catalysts, it is crucial to 

implement protection strategies that allow increasing the selectivity to methanol. 

3.3.  Oxidative methane coupling 

The first papers reporting on the oxidative conversion of methane to C2 hydrocarbons 

date from the early 1980’s and used alumina supported metal oxides.257,258 However, 

since the pioneering work by Ito and Lunsford in 1985 on the use of lithium-doped 

magnesium oxide for catalyzing the oxidative methane coupling (OMC),259 most of the 

research in this field has been focused on the use of basic oxides as catalysts for this 

process. When methane is contacted with these basic oxides in the presence of oxygen 

and at temperatures ranging from 650 to 950ºC, it is converted into ethane and water, 

and ethane reacts further to ethene and higher hydrocarbons by means of secondary-

consecutive reactions.260–262 Unfortunately, under these severe conditions close to 

those of catalytic combustion, the selectivity to the desired hydrocarbons is limited by 

their over-oxidation to CO and CO2, thermodynamically favored, and is closely 

dependent on the oxygen availability. 

Different approaches have been proposed in order to improve the hydrocarbon yield, 

such as the continuous removal of ethylene by operation in a recycle263–265 or the 

integration of a second catalytic process where ethylene is further converted into 

aromatics or higher olefins on a zeolite based catalysts, following a single-pass159,266 or 

a two-step strategy.264,267–269 The catalysts described for the second step conversion of 

the C2 hydrocarbons by aromatic alkylation are acid ZSM-5,269 and those used for their 

aromatization are Ga- or Mo- doped H-ZSM-5,159,264,267,268 or Mo/H-MCM-49.266 
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Aromatization reactions and the corresponding bifunctional catalysts will be covered in 

detail in Section 4.4. 

Besides alkali, alkaline earth and rare-earth oxides, Mn–Na2WO4/SiO2 was proposed as 

an active catalyst for OMC, with high selectivity to C2 hydrocarbons and high stability 

under the high temperature reaction conditions.270 An interesting approach in this line 

was that of Wang et al., where Ti-MWW and Ti-silicalite zeolites were employed not only 

as SiO2-rich support but also as TiO source for a TiO doped MnO-NaWO/SiO OCM 

catalyst.271 Under activation and testing conditions the microporous structures are lost, 

but the formation of a MnTiO mixed oxide favors the O activation on the Mn sites 

whereas NaWO activates methane at temperatures as low as 650ºC. 

During the OCM process both surface catalyzed and gas-phase free-radical reactions 

take place. In a first step, CH4 is activated on the catalyst and a surface CH3·radical is 

formed by abstraction of a hydride. In a second step, these radicals are released to the 

gas phase where they will couple to form ethane or will participate in the formation of 

higher hydrocarbons by chain branching reactions.150 For a critical analysis of the OCM 

process and the present drawbacks regarding its commercialization, the interested 

reader is referred to a recent viewpoint by Linic.261 

Although traditionally non-microporous solids have been used for catalyzing this 

reaction, Ernst and Weitkamp described the ability of zeolite and zeotypes to catalyze 

the oxidative coupling of methane in the early 1990’.272 Aluminophosphate AlPO4-5 

loaded with 10 wt.-% of a Na2O/CaO-mixture (molar ratio Na2O/CaO = 3.4 to 14) and Na-

enriched zeolite NaY were the best performing catalysts, and maximum C2 yields of 14% 

were claimed for the Na-rich large pore zeolite. 
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Kovacheva and Davidova also reported the use of basic AlPO-5 and zeolite X based 

catalysts for OCM. Basic sites were generated by impregnation with Pb273 or Cs274 or by 

ion exchange with Li+ or Cs+275 and of medium pore ZSM-5 loaded with 1-10 wt% MgO.276 

Although stable with time on stream regarding activity and selectivity to C2 

hydrocarbons, the higher the basicity of the basic zeolites, the higher their activity but 

the lower the selectivity to the desired products. The same type of catalysts were also 

explored by the group of Kovacheva, with more success, for the oxidative cross-coupling 

of methane with ethylene or aromatics to produce propylene and higher value aromatic 

products. Cs-impregnated AlPO-5 presented higher selectivity and yield to ethylbenzene 

and styrene in the oxidative methylation of toluene than Cs-exchanged X, Y or ZSM-5 

zeolites, where Cs was finely dispersed.277 When comparing the catalytic behavior of X 

zeolite modified with alkali earth oxides, they found that BaO outperformed the 

others.278 Regarding the effect of zeolite chemical composition and structure for BaO 

loaded zeolite catalysts, both were seen to affect their activity and selectivity in the 

oxidative methylation of toluene.279 Thus, for large pore zeolites such as X or Y 

conversion was higher for higher framework Al contents, and BaO/NaX (Si/Al=1.2 was 

twice as active as BaO/NaY (Si/Al=2.5). However, BaO supported mordenite or ZSM-5 

performed better than the large pore zeolites evidencing an important influence of the 

zeolite structures on the location of the basic oxide and on its accessibility to the 

reactants. 

The methane cross-coupling reactions described so far were carried out in continuous 

flow reactors under high temperature and atmospheric pressure gas phase conditions, 

but the use of zeolite based catalysts for the direct methylation of aromatic compounds 

in batch reactors and under high methane pressures has also been studied. The earliest 
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publications confirmed by 13CH4 isotopic tracing that the methyl groups of the alkylated 

products corresponded to methane molecules in the feed280–282 and the reaction was 

thought to occur under non-oxidative conditions. However, later work by Adebajo283,284 

demonstrated that the presence of oxygen is essential for the methylation to occur (see 

Figure 12), and that the previous results reported by Long and Wilson were probably 

affected by the unintentional introduction of air during the reactor loading step. Thus, 

the overall process was shown to proceed via a two-step mechanism, with the formation 

of methanol by partial methane oxidation in a first step, and the alkylation of the 

aromatics with the methanol formed in a second step. This was seen to be the main 

benzene conversion route in the presence of ZSM-5 based catalysts or Cu-Beta, with 

reduced acidity. However, production of alkylaromatics was confirmed in the absence 

of oxygen when highly acidic H-Beta was the catalyst used for benzene methylation 285. 

In this case, the alkylating agents were produced by catalytic cracking of the aromatic 

hydrocarbon. Oxidative methylation of toluene was complicated by the important 

contribution of toluene disproportionation to the overall process, yielding benzene, 

xylenes and heavier aromatics.286 The extension of these side reactions could be 

reduced by decreasing the amount of BAS, either by increasing the zeolite Si/Al ratio or 

by neutralizing part of the sites by alkali cations. 

A thorough overview of the high pressure oxidative methylation of aromatics and on the 

possible advantages as compared to direct alkylation of aromatics with methanol was 

given by Abadejo.287 Unfortunately, and despite the exhaustive revision of the influence 

of experimental conditions and zeolite acidity on the aromatic conversion, taking place 

in the second alkylation step, no information is given regarding the nature of the active 
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sites for the non-trivial partial oxidation of methane to methanol occurring in the first 

step of the process. 

 

 

Figure 12.Variation of benzene conversion with oxygen content for the methylation of 
benzene with methane in a batch reactor at 400ºC and 6.9 MPa pressure for 4 h. 
Reprinted by from ref.288 with permission from Springer Nature Customer Service 

Centre GmbH: Springer Nature Research on Chemical Intermediates, copyright 2000. 
 

3.4.  Non-oxidative methane coupling 

The efficient direct conversion of methane to H2, ethylene and aromatic hydrocarbons 

has been achieved by Bao under non-oxidative conditions and high temperatures 

(1363K) with a catalyst based on single Fe sites embedded in a SiO2 matrix.289 The 

absence of coke formation led to high hydrocarbon selectivity and stable performance 

during 60 h on stream, but the use of a non-shape selective catalyst resulted in a final 

product mixture formed by a wide range of products, including naphthalene in 

selectivities as high as 38.2%. An alternative route for converting methane to light 
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olefins or aromatics under non-oxidative conditions and lower temperatures is in the 

presence of bifunctional zeolite based catalysts. In this case the single-pass conversion 

is lower because of the lower reaction temperature and catalyst suffers fast deactivation 

by coking, but due to the high selectivity to C2+ hydrocarbons, mainly benzene, this direct 

zeolite-based route is still of high interest. Most of the effort has been directed to the 

conversion of methane to aromatics and, more specifically, to benzene.136,290,291 

However, some recent publications describe the selective formation of light olefins, 

which is possible by adjusting the acidity of the zeolitic support.292,293 

The first publications on methane conversion into higher value hydrocarbons date from 

the late 1980’s and early 1990’s, where Cr, Ga, Zn or Pt-Cr loaded ZSM-5 were shown to 

catalyze its dehydroaromatization to aromatics. However, the results obtained by Wang 

et al. in 1993, using Mo-supported ZSM-5, were the starting point for the study of 

transition metal impregnated zeolites as catalysts for non-oxidative methane 

conversion, a research line that has remained active until today. 

Several exhaustive reviews have been published in the last two decades on non-

oxidative methane dehydroaromatization (MDA).294–302 Here, we will summarize the 

main general aspects described there and we will focus on the most recent findings 

regarding the reaction mechanism and the nature of the active sites involved, as well as 

the nature of coke species formed and their contribution to the overall process. 

Methane dehydroaromatization under non-oxidative conditions is a highly endothermic 

process and requires high temperatures in order to achieve reasonable conversions. 

Under those conditions, the thermodynamically favored product is coke (see Figure 13). 
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In fact, methane thermal or catalytic pyrolysis is an effective way for producing COx-free 

hydrogen for PEM fuel cells, oil refineries, and ammonia and methanol production.294,303 

 

Figure 13. (a) Temperature dependence of equilibrium conversion of non oxidative 
methane conversion: xCH4→CxHy + (4x-y/2)H2; (b) equilibrium conversion for methane 
dehydroaromatization calculated by Aspen Hysys V.8.6 software. Adapted from ref.298 

with permission from Wiley-VCH, copyright 2017. 
 

As mentioned before, multifunctional zeolite supported transition metal (TM) catalysts 

are able to convert methane into higher-value hydrocarbons under non-oxidative 

conditions. In the presence of these metal-loaded zeolite based catalysts, the MDA 

process usually occurs through three consecutive steps, an activation or induction 

period, an intermediate stage with quasi-steady-state benzene production and a final 

deactivation period (see Figure 14). 

During the activation period, the starting Mo-oxo species are reduced to molybdenum 

carbide and oxo-carbide species, able to activate the methane C-H bonds, and the only 

products observed are CO, CO2, H2O and H2.304,305 Once the active species are formed 

benzene appears as the main product and CO is absent from the reaction product 
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stream. As catalyst deactivates with TOS, the yield to aromatics decreases and ethylene 

appears as the main hydrocarbon product. 

 

 

Figure 14. Catalytic activity of 2 wt.% Mo/H-ZSM-5 at 725ºC under non-oxidative 
conditions (11.765 mol% N2 and 88.235 mol% CH4 in the inlet, WHSV: 2.58 h-1) (a) 

Conversion and total yield (without CO and CO2); (b) Yields of CO, CO2, and H2 flow; (c) 
Yields of major aromatic products; (d) Yields of major aliphatic products.Reproduced 

from ref.306 with permission from Wiley-VCH, copyright 2020. 
 

ZSM-5 has been, by far, the most studied zeolite for MDA, but other zeolite structures 

have also been reported as the acid support component of the MDA catalysts.297,302,307 

As could be expected, the zeolite properties, such as its framework topology, its 

chemical composition, directly related to the Brønsted acid site density, or its crystal size 

and presence of additional secondary pore systems have an important effect on the 

catalyst’s efficiency.290 They will not only determine the final active species formed by 

a b

c d
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affecting the dispersion and location of the TM and, therefore, the catalyst activity, but 

will also influence the selectivity to the different products formed, including coke and, 

eventually, the catalyst deactivation rate. An early study by Zhang et al. compared a 

large number of zeolite and zeolite-related materials, including ZSM-5, ZSM-8, ZSM-11, 

Beta, mordenite, X, Y, MCM-41, SAPO-5, SAPO-11, and SAPO-34.308 Among those, only 

the zeolites presenting two- or three-dimensional channel systems and pore sizes in the 

range of 5.5-6 Å, close to the kinetic diameter of benzene, such as H-ZSM-5, H-ZSM-8, 

H-ZSM-11 or beta, were able to catalyze the selective methane conversion to aromatics, 

as the formation of heavier aromatics was limited by shape selectivity. Large pore 

zeolites produced mainly coke, and small amounts of ethylene, whereas the SAPO-

materials where much less active because of their lower acidity. Shu et al. showed that 

small pore zeolites were also active for methane conversion but, as in the case of large 

pore zeolites, main product was coke and none of them were able to give benzene as a 

product, even when prepared and tested in the same way as 10-ring ZSM-5.309 

Other medium pore zeolites studied as acid supports for MDA catalysts have been those 

belonging to the MWW family, MCM-22, ITQ-2, and MCM-36. These zeolites can be 

prepared starting from the same layered precursor P-MCM-22, formed by microporous 

layers presenting a sinusoidal 10-ring channel and external hemicavities or cups. 

Topotactic condensation of these layers by calcination leads to the microporous 3D 

zeolite MCM-22, which presents a second, independent pore system formed by 12-ring 

cavities connected through 10-ring windows. Separation of the layers by swelling with 

CTMA+ followed by delamination or pillarization leads to ITQ-274 and MCM-36 310, 

respectively, with higher external surface area and mesoporosity as compared to MCM-

22. In good agreement with the lower sterical restrictions, Mo/ITQ-2311 and Mo/MCM-
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36312 were less selective to benzene than Mo/MCM-22 and produced more 

naphthalene. On the other hand, Mo/MCM-22 was described to be as active and 

selective to benzene as Mo/ZMS-5, but more stable towards deactivation with time on 

stream than the latter when tested under comparable experimental conditions.313–316 

This better performance of the MCM-22-based catalyst was attributed to its particular 

pore structure, more open than that of ZSM-5, which, besides favoring product 

diffusion, also improved the dispersion of the Mo species by facilitating their migration 

through the pores towards ion exchange positions.317 Similar results were reported for 

Mo-loaded MCM-49, isostructural to MCM-22 318. Other medium pore zeolites 

described as catalysts for the MDA reaction have been ITQ-13, TNU-9 or IM-5.155,319–321 

In the case of ITQ-13, the low acidity of the zeolite described by Xu et al., could be the 

reason for its low activity.319 However, TNU-9 and IM-5 both outperformed a reference 

ZSM-5 based catalysts in terms of activity and benzene selectivity.155,320,321 All these 

studies evidence the importance of the zeolite framework topology, of the BAS density 

and their location on the activity and selectivity of zeolite based catalysts. 

Regarding the transition metal (TM), Mo-based catalysts are the ones presenting the 

highest activity and selectivity to benzene (see Table 3).322 Thus, the possible 

configurations of Mo active species have been the most studied and are the best 

understood, as we will show later, although their structure is still a matter of debate and 

the reason for its better performance as compared to other metals is another open 

question.307 Co, Fe, Mn, Ni, Re or W are some of these TM, others than Mo, which have 

shown to be active for methane conversion to aromatics.296,297,300,307  
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Table 3. Comparison of different TMI supported on ZSM-5 as catalysts for MDA. 
Adapted from Ma et al.296 

Active 
metals 

Reaction conditions CH4 
conversion (%) 

Selectivity (%) 

T (ºC) Flow (mLgcat-1h-1) Bencene Naphthalene 

Mo 730 1500 16.7 60.4 8.1 

Zn 700 1500 1.0 69.9 – 

W 800 1500 13.3 52.0 – 

Re 750 1440 9.3 52.0 0 

Co-Ga 700 1500 12.8 66.5 7.2 

Fe 750 800 (GHSV/h-1) 4.1 73.4 16.1 

Mn 800 1600 6.9 75.6 11.9 

V 750 800 (GHSV/h-1) 3.2 32.6 6.3 

Cr 750 800 (GHSV/h-1) 1.1 72.0 3.7 

 

The combination of Mo with a second metal has also been described. Thus, small 

amounts of Fe, Co, Ni, Cu Z, Ga, Cr or Ag were seen to promote the catalytic behavior of 

Mo-loaded zeolites regarding methane conversion, benzene selectivity or stability 

towards deactivation. A more detailed analysis on the role of promoters can be found 

in more specific reviews.296,323 More recent works also describe the addition of K, Fe and 

Rh to Mo,324 the combination of Fe with Zr, Nb or Mo,325 the use of bimetallic Mo-Co 

and Mo-Ni,326 or noble metal promoted Fe327 on HZSM-5-based MDA catalysts. 

In the case of metal-loaded zeolite based catalysts, the metal incorporation method may 

have a significant effect on the final catalytic properties of the material. This is also true 

for MDA catalyst. Although in this case Mo/ZSM-5 is usually prepared by incipient 

wetness or slurry impregnation, employing ammonium heptamolybdate (AHM) as the 
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metal precursor,328 molybdenum can also be incorporated by solid-state ion 

exchange329–331 by physically mixing the zeolite with the Mo precursor, MoO3. The 

absence of byproducts formed during calcination facilitated the study of the evolution 

of the Mo species during activation by means of different characterization techniques. 

This enabled the group of Iglesia to confirm the formation of MoO3 crystallites on the 

external surface of the zeolite at temperatures of 623-773K, their migration into the 

zeolite pores at higher temperatures and their interaction with the zeolite BAS. The 

species proposed were (Mo2O5)2+ dimers or mononuclear [MoO22-] interacting with one 

or two acid hydroxyls (see Scheme 6), depending on the Mo/Al ratio and the Al-

disposition.304 The presence of polynuclear Mo species on the zeolite surface and of 

mononuclear species inside of the zeolite channels, as well as the migration of Mo 

species during impregnation and further treatments, was evidenced by EPR 

spectroscopy combined with additional characterization by the group of Bao.332,333 In 

later studies they identified [Mo5O126-] species interacting with the zeolite BAS and 

reducing, in this way, the density of acid sites.334 A thorough spectroscopic study on 

Mo/HZSM-5 with different Mo loadings and varying Si/Al ratios under operando 

conditions enabled Gao et al. to identify the active MoOx nanostructures for methane 

conversion as those anchored to one or two framework Al atoms.335 Direct evidences 

were given there for the formation of MoCx or MoCxOy nanoparticles with an average 

size of 0.6 nm by exposure to the methane feed, and for the recovery of the isolated Mo 

oxide structures after an appropriate O2 treatment. 
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Scheme 6. Interaction between MoOx species and Brønsted acid sites in H-ZSM-5. 
Adapted from ref.336 with permission from the American Chemical Society, Copyright 

1999. 
 

Decreasing the Mo loading reduces the type of Mo species present in the parent sample 

and facilitates the identification of possible active site precursors. In this way, for Mo/H-

ZSM-5 with Mo contents in the range of 1-2%, the metal is mainly in the zeolite 

micropores as cationic mono- and dinuclear Mo-oxo species, with increased oxidative 

stability as compared to catalysts with higher metal contents.337 A thorough study on 

the influence of dispersion, acidity and textural properties of Mo/H-ZSM-5 on its 

performance on MDA was performed by Vollmer et al.338 A set of 17 Mo/HZSM-5 

catalysts was prepared using different procedures, varying Mo precursors and Mo 

loadings, and the samples obtained presented different proportion of cationic Mo 

species anchored to the zeolite framework and Mo clusters at the zeolite external 
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surface. Correlating the type of Mo species with the catalytic behavior of the samples, 

they showed that the cationic Mo complexes were responsible for the conversion of 

methane to benzene and naphthalene, whereas the selectivity to coke increased with 

the amount of Mo forming larger clusters of nanoparticles on the external surface of 

ZSM-5. 

Regarding the active sites for methane activation, the application of 95Mo NMR 

spectroscopy on a ultrahigh field NMR spectrometer to the study of fresh and working 

Mo/H-ZSM-5 MDA catalysts allowed the direct observation of the Mo-species involved 

and evidenced that those in ion exchange positions were the active sites responsible for 

the methane dehydrogenation reaction.339 Earlier studies by Iglesia on the structure of 

Mo species in working Mo/H-ZSM-5 catalysts obtained by physical mixtures of MoO3 

and the acid zeolite revealed that under CH4 conversion conditions the Mo2O52+ dimers 

were reduced and carburized to small MoCx clusters (0.6-1.0 nm) restoring the original 

BAS of the zeolite.340 More recent work based on operando microscopy and 

spectroscopy analysis of Mo/ZSM-5 samples concluded that the active Mo species were 

formed by partial reduction of single-atom Mo sites anchored to the framework, well 

dispersed inside the pores of the ZSM-5 structure.156 The dynamic nature of the oxy-

carbidic active sites under MDA reaction conditions was demonstrated by means of 

reactions performed using isotopically labeled methane.341 According to the results 

obtained, the carbon that was forming the active Mo-oxo-carbide species was easily 

replaced by a carbon atom from methane, incorporating in this way the carbidic carbon 

into the hydrocarbon products. 
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Despite the advances and progress experienced by in-situ and operando spectroscopic 

techniques along the last two decades,29,30 characterization of the metal-loaded zeolite 

MDA catalyst remains a challenge. As detailed in a recent review by Vollmer et al.,300 the 

identification of the active species is hampered by different factors, such as the 

evolution of the Mo species during the MDA process, the high coke selectivity or the 

non-homogeneity of the Mo-species (see Figure 15), with part of them acting as 

“spectators” and not participating in the methane conversion reaction. 

 

Figure 15. Various possible structures of (oxy-) carbidic Mo sites anchored on the 
HZSM-5 zeolite. Colors correspond to Mo (purple), Si (blue), Al (turquoise), O (red) and C 

(brown). Reproduced from ref.300 with permission from Wiley-VCH, copyright 2019. 
 

For most of the zeolite based MDA catalysts, it is generally accepted that the process 

follows a bi-functional mechanism, with the TM species being responsible for methane 

activation and formation of C2 intermediates, which will oligomerize and cycle into the 

aromatic hydrocarbons on the BAS.304,342,343 The observation of a maximum in the 

methane conversion reaction rate for catalysts with Mo/Al molar ratios in the range of 
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0.3-0.5 supports the need for both, the metal species and residual BAS to be present,329 

and the direct observation of the evolution of the proton signal by in situ 1H MAS NMR 

during MDA strongly supported the involvement of BAS in the aromatization reaction.344 

Moreover, the results obtained by different groups pointed out ethylene to be a primary  

product under MDA conditions.345–347 More recent work by the group of Bahn,348 based 

on the differentiation of kinetic and thermodynamic information, identified ethane as 

the sole primary product of methane dehydroaromatization, and ethylene and 

acetylene as secondary products formed by ethane dehydrogenation. Acetylene is 

proposed as a key intermediate, involved in rate and reversibility controlling elementary 

steps. In the same line, according to a paper by Vollmer et al.,349 where ethylene 

aromatization is performed under MDA conditions, the different benzene and 

naphthalene selectivities as compared to those observed during methane conversion 

suggested that the main intermediate of the methane dehydroaromatization was 

probably not ethylene. The different nature of coke produced, less reactive in the case 

of ethylene than in the case of methane, supported this hypothesis. Further studies by 

this group of the early stages of the MDA reaction using advanced MAS solid-state NMR 

spectroscopy revealed the existence of, at least, two independent routes for methane 

C-H bond activation by Mo/H-ZSM-5 (see Scheme 7).306 A first pathway (route (a) of 

Scheme 7), occurs on the Mo sites through Mo-methylidene species leading to acetylene 

intermediates and does not require the presence of BAS. A second bifunctional pathway 

(route (b) of Scheme 7), named as the carbonyl route, involves the formation of 

alkylated olefinic/(poli)aromatic species trapped within the zeolite structure, leading to 

a classical hydrocarbon pool type mechanism. Key intermediates participating in the two 

reaction mechanism such as surface-formate, -methoxy and acetals were 
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experimentally identified and support the co-existence of these two routes on Mo/H-

ZSM-5 catalysts. These recent results confirm the alternative route proposed by 

Mériaudeau et al. twenty years ago.350,351 There, acetylene formed on the Mo-sites was 

proposed as the main reaction intermediate, and the same Mo-sites were responsible 

for acetylene conversion into benzene. More recently, the bifunctional mechanism was 

also questioned by Hensen and his group.117 Results obtained with Mo/Silicalite 

demonstrated that the molybdenum carbide species alone were capable of methane 

conversion into benzene at 700ºC and that the high benzene selectivity resulted from 

the shape-selectivity provided by the 10-ring channels. However, although according to 

these results BAS were not required for dehyroaromatization, they were seen to play an 

important role in promoting the dispersion of the metal-species into the zeolite 

microporous structure. In fact, DFT results confirmed that in the absence of Al the Mo-

oxo species were not stabilized within the zeolite pores.335 Mo carbide was identified as 

the only kinetically relevant site active for MDA in a recent work by Razdan et al.,352 

whereas BAS, besides enabling the dispersion of the Mo sites, were seen to contribute 

to the overall process by catalyzing equilibrated reaction steps, but were not involved in 

steps determining reaction rate or selectivity. 
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Scheme 7. Based on the experimental/spectroscopic evidences obtained in this work, 
the plausible reaction pathways during the MDA process evaluating the (a) mono- and 
(b) bi-functional features of the involved catalytic materials (CHA: C-H activation, COI: 

CO insertion, MNA: methoxy nucleophilic attack). Reproduced from ref.306 with 
permission from Wiley-VCH, copyright 2020. 

 

The contribution of a hydrocarbon pool mechanism to the MDA process, similar to the 

one proposed for the methanol-to-hydrocarbon (MTH) reactions (see Figure 16) was 

evidenced by means of a combination of methane isotope labelling and pulse reaction 

techniques.156,353 In fact, it was observed that benzene formation occurred by secondary 

reactions of radical polyaromatic carbon species, confined within the zeolite 

micropores. The main difference of both mechanisms is that in the case of MDA the 

reactions involve radical intermediates, whereas in MTH they involve carbocations. The 

active role of internal coke in the MDA process, where its partial hydrogenation would 

contribute to the formation of ethylene and benzene, was already suggested by Liu et 

al., in 2002.354 Recent spectroscopic and computational results also support the 
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hydrocarbon pool mechanism as the main route for methane 

dehydroaromatization.355,356 

 

Figure 16. Scheme of the hydrocarbon pool MDA mechanism for Mo/ZSM-5. The 
formation of linear polyaromatic intermediates takes place during the induction stage. 

Once the hydrocarbon pool is established the formation of light aromatics occurs in 
parallel with the further growth of polyaromatic species, eventually blocking the zeolite 

pores. Adapted from ref.353 with permission from the American Chemical Society, 
copyright 2018.  

 

One of the main drawbacks of the Mo/Zeolite catalyzed MDA process is the fast 

deactivation of the catalyst by coking. These carbonaceous deposits may be located at 

the external surface of the zeolite blocking the access to the pores and, therefore, to the 

BAS, or within the microporous structure.354,357 In order to overcome the catalyst 

deactivation problem, an important effort has been directed towards the incorporation 

of regeneration strategies aiming to increase benzene productivity. Portilla et al. 

showed how the combination of reaction-regeneration steps in a continuous cyclic 

mode on Mo/ZSM-5 (6 wt% Mo) led to threefold benzene yields over an 18 h TOS period 

(97 vs 33 gBZ·Kgcat-1·h-1) by limiting the reaction step to the first 1.5 h of maximum 
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benzene selectivity.155 A detailed study of reaction-regeneration cycles by Han et al. 

concluded that oxidative regeneration at 450ºC enabled recovering the initial activity of 

the catalysts by selectively restoring the BAS close to the Mo sites and avoiding 

irreversible damage to the catalyst.157 Reducing the Mo loadings on ZSM-5 to values in 

the range of 1-2 wt% was seen to avoid the formation of aluminum molybdate and 

preserved the zeolite framework at high temperatures, allowing the application of up to 

100 reaction-regeneration cycles and leading to improved overall yield to aromatics as 

compared to 5 wt% Mo/ZSM-5.337 Modifying the HZSM-5 support by steaming-

dealuminization treatment led to catalysts with higher coking resistance and higher 

selectivity towards the desired aromatic products.358. Co-feeding CO, CO2 or H2 was also 

seen to increase catalyst stability with TOS.359–361 The addition of small amounts of water 

to the methane feed when performing the dehydroaromatization at 998-1073K 

improved the catalytic performance of Mo/HZSM-5.362 When the water content was 

kept below 2.6 %, its presence contributed to methane conversion by means of the 

steam reforming reaction yielding H2 and CO and reducing the coke production, while 

preserving the crystalline structure of the zeolite. Combination of MDA with methane 

dry reforming in the presence of an integrated Mo/Al2O3 and Mo/MCM-49 catalyst was 

also seen to effectively improve the process regarding stability with TOS by reducing the 

rate of coke deposition on the surface of the MDA catalyst.363 

In a different approach, Kosinov et al. proposed selective oxidation of coke to CO under 

dehydroaromatization conditions, simultaneously to the methane conversion to 

aromatics.364 In another approach, coupling of MDA with methane CO2 autothermal 

reforming under oxygen rich conditions was seen to decrease deactivation rate by 

removal of coke at the zeolite pore mouths.365 
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Recently, it has been proved that it is possible to increase catalyst lifetime and 

productivity to total hydrocarbon by performing the MDA reaction at pressures higher 

than atmospheric.366 Thus, at 15 bar the coke selectivity of Mo/ZSM-5 catalysts is 

reduced, despite the higher amount of coke formation, because of the higher 

hydrogenation rate of surface carbonaceous species leading to higher aromatics’ yield, 

and to the slower formation of coke deposits, of reversible nature. 

In a completely different approach for improving the MDA process from the point of 

view of process intensification, e.g., benzene production and catalyst stability, intense 

research has been done on the design of reactors with specific 

configurations.298,299,367,368 Cyclic CH4-H2 feed switch mode operation369 and methane 

dehydroaromatization in a dual circulating fluidized bed reactor system370 were two 

options proposed by the group of Zhang for improving catalyst life and product yields. 

The use of membrane reactors to overcome the thermodynamic constraints inherent to 

the dehydroaromatization process is another interesting alternative.367 Thus, hydrogen-

permeable membranes, such as metals or metal alloys, proton/electron conducting 

ceramics and zeolite-type materials have been proposed.371–373 However, hydrogen 

removal leads to increased deactivation rate by coking.371 An oxygen permeable 

membrane reactor was proposed by Cao et al.,374  who showed that the controlled 

oxygen dosing through the membrane to the reaction media gave rise to higher 

methane conversion, higher selectivity to aromatics and increased catalyst life as 

compared to conventional fixed bed reactor operation. A new approach, combining the 

two former concepts, was described by Morejudo et al. (see Figure 17).375 They 

presented the integration of the MDA reactor with an electrochemical BaZrO3-based 

membrane that presented both, proton and oxide ion conductivity. Thus, the 



70 
 

simultaneous removal of hydrogen and controlled addition of oxide ions along the 

reactor length resulted in higher aromatic yields, reduced catalyst deactivation and 

improved carbon efficiencies.  

 

Figure 17. Current-controlled co-ionic membrane reactor. (a) CH4 is converted to 
benzene and hydrogen via aMo/zeolite catalyst. H2 is transported as protons to the 
sweep side. Oxide ions are transported to the reaction medium to react with H2 and 
form steam as an intermediate before reacting with coke to form CO and H2; (b) FBR 
and co-ionic CMR performance in MDA using a 6Mo/MCM-22 catalys;. (c) Aromatics 

yield versus time. Gray-shaded areas indicate when hydrogen is extracted; (d) CH4 
conversion and selectivity to main products after 5 hours (FBR) and 9 hours (CMR); (e) 
Coke deposition in 6Mo/MCM-22 and cumulative aromatics production in grams per 
gram of catalyst. Reaction conditions: 710°C, 1500ml g–1 hour–1, 1 bar, and current 
density of 40 mA cm–2. Reprinted from ref.375 with permission from the American 

Association for the Advancement of Science, copyright 2016. 
 

Net aromatization rates were also enhanced by combining MDA with absorptive H2 

removal in a single step.376 Zr metal was used as absorbent and best results were 

obtained when it was added to the Mo/H-ZSM-5 catalyst as interpellet mixtures of as a 

separated down-flow bed. 

Co-feeding methane with C2+ hydrocarbons should be beneficial from a thermodynamic 

perspective, enabling the process to take place at lower temperatures due to their 

higher reactivity and improving, therefore, the selectivity towards valuable products 
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such as aromatics. Choudhary et al. showed the conversion of methane at temperatures 

as low as 400ºC in the presence of higher alkenes or alkanes,377 catalyzed by bifunctional 

H-GaAl-ZSM-5 zeolites. Methane was activated on the extra-framework Ga-oxide 

species, but cleavage of the C-H bond occurred by hydride transfer from the partially 

activated CH4 to the carbenium or carbonium ion (see Scheme 8). 

 

Scheme 8. Elementary steps in the low-temperature nonoxidative activation of 
methane over a bifunctional zeolite and overall reaction. Adapted from ref.377 with 

permission from the American Association for the Advancement of Science, copyright 
1997. 

 

Zn and Ag-loaded zeolites have also been described as active for methane activation in 

the presence of higher hydrocarbons.378,379 The involvement of methane in the 

aromatization process was demonstrated by Luzgin et al.380 Indeed, they observed a high 

degree of transfer of isotopically 13C-labeled atoms from methane into the aromatics 

produced by co-conversion of methane and propane on Zn-beta zeolites. A specific 
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review on co-aromatization of methane and propane is available for the interested 

reader.381 

3.5.  Methane carboxylation to acetic acid 

Acetic acid production by simultaneous activation of methane and CO2 is an ambitious 

and challenging approach, with a high atomic efficiency and interesting from an 

environmental perspective as it combines two of the main contributors to the 

greenhouse effect. Different non-zeolitic catalysts have been proposed for the direct 

carboxylation of methane, such as Pd/C, Pt/Al2O3, Pd-Rh supported on TiO2 or SiO2 or 

V2O5-PdCl2/Al2O3, but the yields obtained were rather low in all cases.168 On the other 

hand, bifunctional zeolite-based catalysts were seen to be highly selective in the 

production of acetic acid. For instance, Wu et al. evidenced by solid-state NMR 

spectroscopy that Zn/H-ZSM-5 was able to co-convert CH4 and CO2.382 The role of Zn was 

to activate methane through the formation of Zn-CH3 species, which react with CO2 

forming a surface carbonate, and the BAS contributed to the formation of acetic acid by 

proton transfer (see Scheme 9). 
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Scheme 9. (a) Proposed Structure for Zn/H-ZSM5 and (b) Proposed for the Co-
conversion of CH4 and CO2 over Zn/HZSM5 to Acetic Acid Including SS NMR Signals. 

Reprinted from ref.382 with permission from the American Chemical Society, copyright 
2013. 

 

Alkali- and alkaline-earth exchanged M+-ZSM-5 loaded with Cu were also able to convert 

methane and CO2 into acetic acid 383. Here, methane activation and dissociation took 

place on the copper sites, forming Cu-CH3 species, whereas the basic M+ cations in the 

zeolite charge compensation sites activated the CO2 forming the carbonate, which acted 

as a CO2 reservoir and promoted the insertion of CO2 into the Cu-C bond leading to a 

surface acetate intermediate. As no BAS were available in this case, acetic acid 

desorption after proton abstraction from methane was suggested. A recent DFT study 

compares different Cu-containing zeolites for the co-conversion of CH4 and CO2 into 

acetic acid, Cu-BEA, MFI, MOR and TON, and analyzes the influence of the copper species 

formed and the channel systems on the different steps of the catalytic process. 



74 
 

According to these theoretical calculations, the best performance corresponds to Cu-

MOR, with copper present as tri-nuclear [Cu3(m-O)3]2+ species.384 

 

4. LIGHT ALKANE CONVERSION (C2-C4) 

As mentioned previously, technological advances in the last decades such as 

hydrofracking or horizontal drilling has led to a huge increase of shale gas 

production.385,386 This so called “shale gas revolution” has had an enormous impact in 

the Energy market,387 lowering the price, not only of methane, the major component of 

natural gas, but also of light alkanes, which are usually present in different proportions 

depending on the location of the reserve, and may reach concentrations over 40 mol% 

(see Table 4). 

 

Table 4. Composition of natural gas from various wells around the world. Adapted 
from.120 
Composition 

(mol %) 
Field name 

Xifeng 
(China) 

Tengiz 
(Kazakhstan) 

Ekofisk 
(Norway) 

Salt Creek 
(USA) 

Boscan 
(Venezuela) 

N2 2 2 0 1 2 

CO2 2 4 3 1 6 

C1 49 69 79 81 84 

C2 13 10 10 9 4 

C3 19 3 4 4 2 

C4+ 15 6 3 3 1 

H2S 0 15 1 0 1 
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According to the Annual Energy Outlook 2020,388 the increase of these natural gas plant 

liquids (NGPL) is expected to reach 6.6 million b/d by 2028. NGPLs are presently 

removed from the main stream by natural gas processing plants and, besides ethane, 

propane, normal butane and isobutane, they may also include natural gasoline. 

Thus, the large availability of low-cost natural gas will provide not only methane, but 

also important supplies of C2-C4 light alkanes, which may be used as alternative 

resources for production of chemicals and fuels in the next decades in addition to the 

more traditional cracking to olefins and reforming to syngas, provided that new efficient 

and cost-effective processes are developed.2 

Light alkanes can be converted through non-oxidative catalyzed processes over pure 

acid or bifunctional metal-loaded zeolites. Light alkane cracking studies are mainly 

devoted to understand the cracking initiation mechanism, which provides the 

foundations for long alkanes cracking, which will be described in Section 5.1. Alkane 

dehydrogenation and aromatization are the main processes catalyzed by bifunctional 

metallozeolites. On the other hand, functionalization by oxydehydrogenation or 

selective oxidation are the main zeolite based alkane conversion reactions performed 

under oxidative conditions. 

4.1.  Light alkane conversion by C-C bond cleavage 

Conversion of alkanes into smaller hydrocarbons by acid-catalyzed C-C bond cleavage is 

the basis for one of the main conversion processes in the oil refinery industry, the fluid 

catalytic cracking process (FCC), also the largest and oldest industrial application of 

zeolite based catalysts.19,112 Traditionally the industrial unit processes heavy oil 



76 
 

fractions, such as vacuum gasoil, converting them mainly to liquid fuels and, more 

recently, to light olefins, mainly propene.4 Depending on the demand of the final 

product and/or on the availability and type of feedstock, different zeolites and operation 

conditions can be selected. Regarding the catalytic cracking of alkanes, and of light 

alkanes belonging to the C2-C4 fraction in particular, the difficulty to break the C-C bond 

increases as the size of the alkane is reduced.389 The larger reactivity of higher alkanes 

has been related to the entropy gains resulting from a larger amount of possible 

configurations of the adsorbed hydrocarbon and the transition state.121 On the other 

hand, the final products obtained by cracking of ethane or propane, mostly methane, 

are of low industrial interest. Thus, ethane and the liquefied petroleum gas (LPG) 

fraction are usually converted to ethylene by steam cracking, a non-catalytic, pyrolysis 

based process, in which the feed is heated to its decomposition temperature within 

metallic tubular reactors in the presence of steam.118,390 The main interest of the light 

alkane cracking is focused on the fundamental understanding of the alkane activation 

mechanism, and most of the studies performed are based on propane and butane. 

Nevertheless, some industrial relevant processes related to butanes cracking will also 

be highlighted at the end of this section. 

As mentioned before, catalytic cracking takes place under non-oxidative conditions and 

in the presence of acid catalysts following a carbenium-type mechanism, and pioneer 

studies by Corma, Haag and Dessay and others published in the 1980’s set the basis for 

the conceptual advances in the chemistry of catalytic cracking by acidic zeolites.391–393 

The mechanisms of alkane cracking by BAS are well established394,395 and consists of the 

following three steps: 
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i. Initiation by alkane activation on the zeolite BAS to produce the penta-

coordinated carbocation followed by the protolytic C-C or C-H bond cleavage 

leading to the formation of carbenium ions. 

ii. Chain propagation by means of bimolecular hydride transfer from a reactant 

molecule to the adsorbed carbocation, and isomerization and beta-scission 

reactions involving the carbenium intermediates. 

iii. Termination by desorption of the carbocation as an alkene and regeneration of 

the acid site of the zeolite. 

As outlined in Section 2.3, it is widely accepted that the first activation step proceeds via 

a penta-coordinated carbonium ion followed by protolytic cracking or by 

dehydrogenation. The zeolite properties will determine the extension of these two 

initiation routes and the extension of the mono- and bimolecular mechanisms during 

the overall cracking process. Monomolecular cracking is favored for zeolites with 

reduced pore dimensions and high Si/Al ratios and, therefore, low BAS density. 

Regarding the influence of experimental conditions, high reaction temperature, low 

reactant partial pressure and low conversions, e.g., low alkenes concentration in the 

reaction media, also favors monomolecular cracking.395 The bimolecular mechanism 

dominates at higher alkenes’ concentration in the reaction pool or at milder 

temperatures and in the presence of zeolites with low Si/Al, with high acid site 

concentration and larger probability for presenting Al pairs.396,397 The production of 

alkanes with higher carbon numbers occurs by consecutive oligomerization of the 

carbenium intermediates, charge rearrangement and beta-scission cracking, as shown 

in Scheme 10 for butane. 
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Scheme 10. Reaction mechanism for cracking of iso-butane by a bifunctional route. 
 

Shape selective effects can also control the extent of the monomolecular or bimolecular 

mechanism, since the latter involve larger transition states.15,94 Moreover, the size and 

shape of the zeolite micropores and cages are dominant factors in acid-catalyzed alkane 

cracking, because of their impact on the heats of adsorption of reactants and transition 

states, which in turn affect the reaction rates.123,124 These aspects were recently 

reviewed by Van der Mysnbrugge et al.398 Regarding the initiation step, the higher 

activation barriers reported for the dehydrogenation route with respect to protolytic 

cracking, were related to the lower stability of the carbocation intermediates formed by 

the former pathway as compared to those formed by the latter,399,400 as previously 

shown in Section 2.3. Van Bokhoven and co-workers reported comparable intrinsic 

activation energies, directly related to the proton transfer ability from the BAS to the 

alkane, for zeolite structures with different pore sizes and structures suggesting that the 

active acid sites had similar strengths,401,402 in good agreement with results obtained by 



79 
 

theoretical calculations. This led them to postulate that the activity of the BAS in zeolites 

observed for propane cracking and dehydrogenation was related to the rate-limiting 

step of the two reactions. Thus the alkane protonation, which is the rate-limiting step in 

the monomolecular cracking (Scheme 11a), is affected by the adsorption of the reactant 

on pores of different dimensions, being higher for the smaller pores. However, in the 

case of propane dehydrogenation, the rate limiting step is the desorption of the alkoxide 

species (Scheme 11b), whose stability depends on the local structure of the acid sites 

for the different zeolite structures and on the Al content. 

 

Scheme 11. Propane monomolecular cracking reactions by C-C or C-H protonation 
highlighting the rate determining step. 

 

Other groups were critical regarding the pure shape selective implications for light 

alkane cracking, and considered the entropy variations derived from the confinement 

effects. Thus, Iglesia and co-workers also observed that the cracking rates of light 

alkanes within different void spaces in different zeolite frameworks with isolated BAS 

were only weakly affected by the zeolite acid strength, as evidenced by similar zeolite 

deprotonation enthalpies when considering isolated Al atoms in different frameworks.97 
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However, they were strongly influenced by the zeolite structure and degree of 

stabilization by the solvation environment of the transition state, which determined its 

entropy variation relative to the gas-phase alkane.97,403,404 They demonstrated that the 

specific location of BAS in the 8-ring pockets of the mordenite structure favors the 

monomolecular cracking and dehydrogenation of propane and n-butane (see Figure 

18a,b). The partial confinement of the transition state resulted in entropy gains that 

compensated its weaker binding and, therefore, the lower enthalpies and free energies 

of the transition state within the side pockets as compared to the 12-ring channels (see 

Figure 18c).  
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Figure 18. Monomolecular cracking (a), dehydrogenation (b) and monomolecular-to-
dehydrogenation (d) rate constants for propane (▲), n-butane (■) and isobutane (◊) 

versus 8-MR H+ fraction in Mordenite zeolite; (c) Adsorption entropy versus adsorption 
enthalpy for different confined spaces in zeolites. (a) and (b) Adapted from ref.405 with 
permission from Wiley-VCH, copyright 2010; (c) Adapted from ref.97 with permission 
from the Royal Society of Chemistry, copyright 2013; (d) Adapted from ref.100 with 

permission from the American Chemical Society, copyright 2012. 
 

The same arguments explained the selectivity variations related to the monomolecular 

cracking or dehydrogenation mechanisms of linear or branched alkanes (see Figure 18d). 
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In this line, Song et al. combined kinetics experiments and adsorption measurements 

with DFT calculations and found that the higher cracking turnover rates observed on Al 

pairs as compared to isolated BAS was mainly due to more positive intrinsic activation 

entropies.406 This was also confirmed by measuring the coverage of acid sites by propane 

and n-butane alkanes on MFI, CHA, FER and TON zeolites under monomolecular cracking 

conditions by operando IR, combined with computational calculations, although the 

variations in activation entropies were less pronounced.407,408 

The structure dependence of the kinetics and energetics of n-butane cracking 

mechanism was investigated by Monte Carlo simulations for eight zeolites with different 

channel topology and cages409 and, when increasing confinement, central cracking was 

seen to be favored over terminal cracking and dehydrogenation. Janda and Bell showed 

higher dehydrogenation-to-cracking rates with increasing the Si/Al ratio of ZSM-5 and 

related that to a higher proportion of acid sites located in the channel intersections.410 

The stronger preference of dehydrogenation reactions, with a bulkier transition state, 

to occur at the channel intersections as compared to cracking, was ascribed, at least 

partly, to gains in intrinsic activation entropies that compensating increases in activation 

energies. 

Louis et al. further showed that monomolecular cracking of light alkanes catalyzed by an 

acid ZSM-5 zeolite took place at temperatures as low as 150-200 ºC by using a zeolite 

with regular or deuterated acid sites.411 This was demonstrated by the formation of H2 

and methane over H-zeolite or HD and CH3D over D-zeolites, products that could not be 

obtained following the oligomerization and beta-scission mechanism,412 which would 

lead to the formation of propane as the smallest alkane (see Scheme 10). 
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The presence of extra-framework Al (EFAl) species in ultra-stabilized Y (USY) zeolites, 

commonly used as the active component of commercial FCC catalysts, has been related 

to the generation of BAS of enhanced acid strength.413 Van Bokhoven and co-workers 

also studied the influence of framework and EFAl on the catalytic activity of Y zeolite for 

cracking of propane. They observed that although the cracking rates per gram were 

higher for higher Si/Al ratios, neither the Si/Al ratio nor the presence of EFAl had an 

influence on the activation energies.414 Additionally, confinement effects over the 

reaction transition states within the zeolite supercages were suggested to be promoted 

by the presence of EFAl species.415 Lercher reported higher rates after mild steaming of 

ZSM-5 due to the presence of Al oxide clusters in the vicinity of BAS, which lead to 

increased activation entropies.416 Longer steaming resulted in blocking of the BAS by 

bulky EFAl species deposited on the external zeolite surface. 

La-exchanged Y and USY zeolites have also been widely employed as cracking 

catalysts.393 Recent studies by Lercher et al. have been focused on the role of the nature, 

concentration, and location of cationic lanthanum species in FAU-type zeolites (zeolite 

X, Y and ultra-stabilized Y).417,418 The structural properties and the location of the 

extraframework La species were determined by the chemical composition of the zeolite, 

and only the isolated La3+ cations stabilized at the ion-exchange sites within the FAU 

supercage were able to activate alkanes through the polarization of secondary and 

tertiary C-H bonds. This polarization was seen to be key for hydride transfer reactions to 

take place, contributing in this way to chain propagation by stable and repetitive 

generation of carbenium ions from di-branched alkanes at ambient conditions. 
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Among the acid zeolites described to catalytically crack light alkanes, ZSM-5 zeolite 

stands out because of its specific micropore structure and high activity, widely 

demonstrated for other hydrocarbon transformations. Most of the conversion 

processes of light hydrocarbons are directed to obtain propene and ethene starting from 

C4 streams containing mixtures of olefins and paraffins.419 In such cases, cracking of the 

alkane molecule following the protolytic mechanism to form methane and ethane is 

detrimental to the olefin selectivity.420 Generally, the composition of the zeolite is 

modified in order to improve the cracking activity and catalyst stability by the addition 

of heteroatoms. Rahimi and Karimzadeh,421 and more recently Blay et al.110 extensively 

review this field by including alkaline-, transition metal-, rare earth- and phosphorous- 

modified ZSM-5 and other zeolite structures. Particularly, the addition of phosphorous 

has been reported to increase olefin selectivity and to reduce the butane conversion by 

protolytic cracking when feeding mixtures of butene and butane.422,423 During steaming, 

the interaction of P eliminates strong acid sites and creates hydrothermally stable site 

environments that stabilize the intermediates formation in the pore structure of ZSM-

5.424 Regarding pure alkane conversion, Lu et al. showed that the addition of small 

amounts of Fe to the ZSM-5 zeolite enhanced the isobutane cracking activity and also 

the light olefin selectivity. This was ascribed to the possible modification of the zeolite 

acidity or to the enhancement of isobutane dehydrogenation to isobutene, which is 

easier to be cracked.425 The addition of more Fe to the catalyst, however, decreased the 

selectivity to methane and to light olefins and increased the aromatic production, 

pointing to oligomerization and sequential aromatization reactions instead, in good 

agreement with early studies by Corma on CrHNaY zeolite for cracking of h-heptane 

426,427 and with later results reported by Lu et al. when cracking isobutane over Cr-
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modified ZSM-5.428 Pereira and co-workers showed that the impregnation of Ni affected 

different structures differently. For ZSM-5 and Ferrierite, this resulted in increased 

isobutane cracking activity, which occured via the bifunctional mechanism by 

dehydrogenation on the metallic sites followed by acid-catalyzed cracking.429,430 In the 

larger pores of Mordenite, Ni promoted hydrogen transfer reactions leading to coke 

formation and fast deactivation. Because of the increasing butenes formation, the 

competing bifunctional oligomerization-cracking reactions occurred to higher extent, 

leading to an increased ethene selectivity. 

4.2.  Light alkane isomerization 

Even though hydroisomerization processes are mostly applied to convert linear alkanes 

with five or more carbons into valuable isomers, n-butane can also be converted by this 

route into iso-butane. The branched C4 has industrial interest because of its use in 

different processes, such as dehydrogenation to isobutene or C4 alkylation. It can also 

be employed, in certain countries, for the production of methyl- and ethyl-tert-butyl 

ether, added to gasoline as octane boosters.  

As it was for light alkane cracking, determination of the reaction mechanism of n-butane 

hidroisomerization will serve as a basis for the fundamental understanding of long 

alkane hydroconversion reactions. 

n-Butane hidroisomerization is catalyzed by bifunctional metal-loaded zeolites at 

temperatures of ca. 250-350 ºC. The first reaction step of the bifunctional mechanism is 

the dehydrogenation of the alkane into the corresponding olefin. As will be detailed in 

Section 4.3, pure dehydrogenation directed to the selective production of light olefins is 
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catalyzed, among others, by Pt on high or pure-silica supports, in order to avoid 

secondary reactions of the alkenes. In contrast, in the case of hydroisomerization, the 

n-butene formed has to diffuse to the protonic sites where it will be protonated and 

isomerized to iso-butene. The latter is finally hydrogenated to iso-butane on the metal 

sites. 

Hydroisomerization of n-paraffins with five or more carbons is widely accepted to occur 

through a monomolecular pathway over noble metal loaded zeolites (Section 5.2). 

However, there is controversy in the literature on whether n-butane isomerization 

proceeds via a monomolecular or a bimolecular route, and different studies have 

provided evidences for one or the other mechanism. A recent study on n-butane 

conversion by H-mordenite and Pt/H-mordenite combining kinetic studies and isotopic 

labelling, confirmed the monomolecular route for the bifuncional catalyst.431 In the case 

of the acid zeolite, the relative rates of reaction following the mono- or the bimolecular 

pathway were controlled by the concentration of butenes in the reaction media. Thus, 

n-butane conversion could also follow a monomolecular mechanism on H-mordenite at 

low butenes concentrations, below 20 ppm (see Scheme 12), consisting in isomerization 

of the n-C4 intermediate by interacting with the zeolite support. The iso-carbenium can 

be either converted to the iso-butene and then hydrogenated on the Pt sites to iso-

butane or converted by hydride transfer and desorb the acid sites as iso-butane. Higher 

olefin concentrations favored the bimolecular route, involving disproportionation 

reactions, and leading to the formation of propane and pentanes and reduced isobutane 

selectivity. In this case, the BAS of the zeolite support are not able to convert all the 

butenes to their branched isomers, and n-butene reacts with the C4 carbenium to form 

a C8 intermediate species, which is isomerized to the most stable configuration and 
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finally beta-cracked to propene, butenes and pentenes, which, in turn, are 

hydrogenated to the corresponding alkanes (see Scheme 12).432,433 

 

Scheme 12. Monomolecular and bimolecular routes for n-butane isomerization over 
bifunctional Pt/H-Mordenite catalyst. Adapted from ref.431 with permission from 

Elsevier, copyright 2015. 
 

Isomerization of n-butane has been approached, mainly, from a fundamental 

perspective, and has been studied in the presence of both, acid and bifunctional zeolite-

based catalysts. Reaction temperature, zeolite Si/Al ratio and reactant partial pressure 

were seen to impact the process selectivity when converting n-butane over acid 

mordenite.434 Recent studies by Bao and co-workers compare the influence of zeolite 

acidity on the relative conversion or light alkanes by monomolecular cracking or 

bimolecular isomerization on mono-functional acid zeolites.397 They observed that the 

bimolecular pathway required the presence of two adjacent acid sites and, therefore, 

zeolites with lower Si/Al ratios. However, monomolecular cracking occurred on the 

isolated BAS and dominated under low n-butane partial pressure conditions, although it 

moved quickly towards the bimolecular route, which was tentatively ascribed to have a 
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lower apparent activation energy, when increasing n-butane concentration.435 Some 

groups claimed that monomolecular skeletal isomerization hardly takes place, since it 

would involve the formation of primary carbocations after the opening of the 

cyclopropane ring and formation of the skeletal isomer, via the so-called protonated 

cyclopropane (PCP) route,434,436 which is, indeed, operative for longer alkanes. Thus, 

zeolites with large cavities, such as MOR, which provide enough space for the formation 

and conversion of the bulky C8 intermediates, will favor the bimolecular mechanism. 

Mordenite is the most studied zeolite for n-butane isomerization. A recent study 

describes the a new method for the preparation of mordenite nanoparticles starting 

from the natural zeolite, based on sequential ball-milling, recrystallization and 

dealumination.437 This nano-sized mordenite was reported to be more selective to iso-

butane and more stable towards catalyst decay. A recent study compared the n-butane 

isomerization performance of MFI and BETA zeolites and showed that the bimolecular 

route dominates in ZSM-5, whereas both monomolecular and bimolecular route 

simultaneously occur in the beta zeolite.438 They found that the size of the intersection 

voids between the MFI channels favors the formation of the intermediates for the 

bimolecular pathway. Its narrow pore channels, however, affected the diffusion of the 

branched pentanes produced by the bimolecular route leading to re-cracking events to 

propane. On the other hand, the three dimensions of beta zeolite cause easier coke 

deposition. 

From an applied perspective, pure acidic zeolites are significantly less active, stable and 

selective for n-butane isomerization as compared to bifunctional zeolite based catalysts, 

and Pt-loaded mordenite is the most employed bifunctional catalyst. Still, other zeolite 

structures have also been explored, and the diameter of the pores and the 
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dimensionality of the channel systems of different zeolites structures strongly affects 

the activity and selectivity of these catalysts. Thus, the influence of topology was studied 

by Pietese et al. for n-butane conversion on acid and Pt-loaded TON, FER and MOR.439 

The medium pore Pt-FER led to i-butane selectivities comparable to those obtained by 

Pt-MOR, but was less active due to lower acid site accessibility. On the other hand, the 

catalyst based on the monodimensional 10-ring TON zeolite, with significantly higher 

diffusional restrictions, was less selective and favored n-butane hydrogenolysis on the 

Pt sites. 

The influence of the location of the noble metal species and the use of different zeolite 

structures has been also investigated.440 Introducing the active metals by ion exchange 

can partially block the MOR channels. In order to avoid this, the acidic component can 

be physical mixt with the metal dispersed on a different support, such as montmorillite, 

leading to a hybrid catalysts. This approach was shown to promote catalyst activity and 

selectivity, together with attrition resistance. Pt or Pd supported on zeolites, such as 

MFI, BEA, TON and FER, have shown to catalyze n-butane isomerization but at higher 

temperatures. However, high temperatures cause a strong decrease of the 

thermodynamic concentration of iso-butane in the n-butane/iso-butane mixture, which 

makes the process non-economical feasible at the industrial scale. 

Regarding additional microporous structures, Oliveira et al. converted n-butane over 

SAPO-5 supports modified with Cr or Fe prepared by adding the salt in the synthesis gel 

precursor.441 The results showed that the added metals were preferrentally deposited 

as oxides at the outer surface of the SAPO crystals instead of entering the SAPO 
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structure. Both metals reduced the acidity of the support, and it was suggested that the 

metal oxides could behave as the hydrogenating/dehydrogenating active species. 

n-Butane can also be converted to iso-butane by dehydroisomerization, combining n-

butane dehydrogenation with isomerization in a one-pot two-step reaction, an 

interesting alternative to produce isobutene.431 

4.3.  Light alkane dehydrogenation 

Traditionally, light olefins have been produced by steam cracking and as by-products of 

the FCC process. However, the high demand for light alkenes, especially for propene, 

has increased the interest in the development of on-purpose technologies for their 

production.4,110 Dehydrogenation and oxydehydrogenation of light alkanes are two of 

these on-purpose processes. Despite the thermodynamic limitations imposed by the 

endothermic nature of this reaction, catalytic alkane dehydrogenation is performed 

commercially since the 1930’s, and most processes are focused on the conversion of 

propane and isobutane to propene and isobutene, respectively. Industrially, supported 

Cr2O3 or noble metal Pt- or Pt/Sn-based catalysts are employed for direct alkane 

dehydrogenation,442–445 and a comprehensive historical overview on the catalysts and 

the process evolution can be found in a review by Bashin et al.446 

4.3.1. Direct dehydrogenation of light alkanes. 

The main disadvantages of direct dehydrogenation are the high operation temperatures 

required to achieve high conversion due to thermodynamic limitations and, therefore, 

the high energy requirements, the possible occurrence of undesired reactions such as 

thermal cracking, and the need for catalyst regeneration because of its deactivation by 
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coke deposition.447 According to theoretical equilibrium data for alkanes to alkenes, the 

shorter the hydrocarbon chain, the higher the temperature required for its 

dehydrogenation (see Figure 19). Still, direct dehydrogenation presents the advantages 

of H2 by-production and a high selectivity to the alkene, although this selectivity 

decreases with temperature and chain length because of an enhancement of 

dehydrocyclization/aromatization, thermal cracking and coking. 

 

Figure 19. Dehydrogenation equilibria for several linear and branched alkanes. Data 
taken from.442 

 

Although they are not yet commercially applied, the use of zeolite-related materials as 

alternatives to the conventional non-microporous supported dehydrogenation catalysts 

has been thoroughly described in the literature. Because of the higher strength of the 

C-H bond as compared to the C-C bond, around 363 and 246 kJ/mol, respectively, the 

use of zeolite-based catalysts in their acid form will favor cracking of the hydrocarbon 

instead of dehydrogenation. Still, in the case of propane, low alkane partial pressures 

and high temperatures enables its unimolecular dehydrogenation on the acid zeolite by 
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favoring the endothermic desorption step leading to propene.443 The presence of an 

oxide or a metal facilitates the activation of the C-H bond,448 and two main approaches 

have been described, the use of Zn, Co and Ga-containing ZSM-5 zeolites for activation 

of the alkane C-H bond, and the use of Pt-loaded zeolites.443 The group of Iglesia studied 

the activation of alkanes on H-ZSM-5 and Zn-, Co and Ga-exchanged H-ZSM-5 under 

dehydrogenation conditions. According to their results, the rate determining step was 

not the C-H bond activation, but the desorption of the alkoxide species formed,449 in 

agreement with previous results obtained by Meusinger and Corma for catalytic 

cracking of alkanes on acid zeolites.450 Moreover, the stability of these alkoxide species 

was influenced by the local electronic and geometric structure of the BAS, i.e., by the 

zeolite topology and composition, as concluded by Van Bokhoven in a study of different 

acid zeolites in the catalytic monomolecular conversion of propane.401 Regarding the 

role of the metal cations in zeolite exchange positions, it could be related to the 

electrophilic activation of the C-H bond, but they mainly contributed to the promotion 

of the re-combinative desorption of the H-adatom formed after the C-H cleavage.449,451 

Later experimental and theoretical studies by the group of Van Santen confirmed 

cationic Zn2+ and Ga+ as the active sites and evidenced that different activation 

mechanisms took place on Ga and Zn-zeolites (see Scheme 13).452–455 Activation of 

propane on bifnctional Ga- and Zn-modified H-ZSM-5 zeolites was extensively studied 

by Derouane and Ivanova using 13C and 1H-MAS MMR in order to elucidate the initial 

stages of propane aromatization.456,457 This will be revised in more detail in Section 4.4. 
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Scheme 13. Active sites and mechanisms of C-H activation on Zn and Ga exchanged H-
ZSM-5. Adapted from ref.452,454 with permission from the American Chemical Society, 

copyright 2007, and from the Society of Chemistry, copyright 2005, respectively. 
 

High selectivity to the alkene can only be obtained in the absence of BAS, because the 

presence of BAS in zeolite supported dehydrogenation catalysts will lead to 

oligomerization and dehydrocyclation of the unsaturated products.458 In fact, 

bifunctional Zn and Ga-containing zeolites are used for light alkanes aromatization as 

will be described in detail in Section 4.4. 

Supported Pt catalysts are widely employed in industrial dehydrogenation processes, 

such as UOP’s Oleflex or the STAR process from Phillips Petroleum, due to the high 

capacity of Pt for activation of C-H bonds combined with its low activity for C-C bond 

cleavage.445,446,448 Main side reactions catalyzed by Pt are hydrogenolysis and coking, 



94 
 

and the addition of a second metal as promoter reduces the extension of both.446 Among 

the different metals proposed, Sn is preferred.445 Regarding the supports, materials with 

no or reduced acidity such as silica, alkali-metal doped alumina or basic calcined 

hydrotalcite-like carriers are used, in order to minimize undesired acid-catalyzed 

reactions, such as coking or isomerization.445,448,459–461 Metal dispersion and size of the 

metal nanoparticles play a key role on the activity of the Pt-based catalysts, and an 

important drawback of these conventional Pt supported catalysts is deactivation due to 

sintering of the metal nanoparticles under the severe experimental conditions required 

for light alkane dehydrogenation.462,463 

As we will see in Section 5.3 non-acidic K-exchanged Zeolite L, with a 1D 12-ring channel 

system, has been the preferred support for Pt-based catalysts used in C6-C8 alkanes 

dehydrocyclization.464–467 Its high selectivity to the aromatic products was related to the 

particular size and morphology of its pores that favored the formation of small size Pt 

particles and inhibited bimolecular reactions leading to coke.468 Pt-Sn supported on non-

acidic L zeolite has also been claimed as isobutane dehydrogenation catalyst,467,469–472 

and, according to Mössbauer spectroscopic results on Pt-Sn/K-L reported by Dumesic 

and his group,473 the structure of zeolite L promoted the dissociative adsorption of the 

alkane, increasing in this way the dehydrogenation rate. On the other hand, tin and 

potassium decreased the size of the Pt/Sn alloy particles inhibiting undesired reactions 

such as hydrogenolysis and isomerization and increasing the selective formation of 

isobutene. 

Although zeolites possess the ability to stabilize metal nanoparticles within their cages 

or channels, when the metal is incorporated by conventional methods such as 
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impregnation or ion exchange, its location may be difficult to control. A different 

strategy, especially useful for small pore zeolites, where the small dimension of the 

channels prevents the access of the metal precursors to the intracrystalline spaces, is 

the metal incorporation during the hydrothermal zeolite synthesis, already described 

for Pt-containing Alpha zeolite in the early 1980’s by researchers from Mobil.474 The 

catalyst presented excellent shape-selectivity and high resistance towards poisoning as 

most of the Pt was located within the LTA structure. Later studies confirmed the higher 

sulfur tolerance of Ru and Pt clusters encapsulated within small pore zeolites.475–479 In 

all those works, the metal forms nanoparticles with sizes in the range of 1-2 nm after 

reduction. Moliner et al. showed that chabazite encapsulated Pt species, prepared by 

direct synthesis of the zeolite using Pt-mercaptocomplexes as Pt-precursors, presented 

higher stability toward sintering of the metal as compared to Pt/SiO2 at temperatures in 

the range of 650-750 º C.128 In this work the controlled reversible interconversion of ~1 

nm Pt nanoparticles into site-isolated single Pt atoms in reducing and oxidizing 

atmospheres was evidenced by X-ray absorption spectroscopy and aberration-corrected 

high-angle annular dark-field scanning transmission electron microscopy. Moreover, the 

chabazite structure was able to act as a metal trap of metals originally loaded on a 

second support such as SiO2 or Al2O3 and evidences were given for this metal migration 

from one surface to the cavities of the small pore zeolite.127 
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Figure 20. (a) Illustration of the preparation of Pt@MCM-22; (b) Activity and stability of 
Pt@MCM-22 and Pt/MCM-22 in consecutive cycles of propane dehydrogenation to 

propylene at 550ºC. Adapted from ref.125 with permission from Springer Nature, 
copyright 2017. 

 

The benefits of confining metal species within the zeolites structures for selective and 

stable dehydrogenation of light alkanes has been evidenced in several recent papers. 

Thus, highly stable subnanometric Pt species were stabilized within the cavities of pure 

silica MCM-22 following a new preparation method (see Figure 20a).125 As compared to 

a conventional Pt impregnated MCM-22 with most of the Pt nanoparticles localized on 

the external surface area, the Pt@MCM-22 sample obtained by direct synthesis 
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presented a large proportion of the metal species within the 12-ring cavities. It was not 

only more active for propane dehydrogenation to propene at 550ºC, but it retained 

around 90% of its initial activity after five reaction-regeneration cycles vs less than 60% 

retained by Pt/MCM-22 (see Figure 20b).  

Subnanometric PtSn clusters confined in the sinusoidal 10-ring channels of a K-

PtSn@MFI catalyst (see Figure 21a) were highly active for propane dehydrogenation, 

and presented an exceptional improvement in stability towards deactivation as 

compared to a conventional K-PtSn/MFI prepared by incipient wetness 

impregnation.126,480 Modulation of the subnanometric Pt clusters by adding partially 

reduced Sn species that interacted with platinum at the Pt/support interface, as 

evidenced by the combination of in situ extended X-ray absorption fine structure, high-

angle annular dark-field scanning transmission electron microscopy and CO infrared 

data, decreased the deactivation rate in propane dehydrogenation by one-order of 

magnitude (see Figure 21b).481 The outstanding catalytic behavior of K-PtSn@MFI, e.g., 

high propene selectivity and increased catalyst life, was confirmed under industrially 

relevant conditions, i.e., higher alkane partial pressures. 
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Figure 21. K-PtSn@MFI with regioselective location of subnanometric Pt or PtSn 
clusters within the sinusoidal 10-ring channels of a pure-silica ZSM-5. (a) Reproduced 

from ref.126 with permission from Springer Nature, copyright 2019; (b) reproduced from 
ref.481 with permission from Springer Nature, copyright 2020.    

a

b
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Highly dispersed subnanometric and even atomic bimetallic Pt–Zn species were encaged 

within a 10-ring silicalite-1 zeolite by Sun et al. following an energy efficient, easy ligand-

protected direct hydrogen reduction method.482 These catalysts were highly active for 

propane dehydrogenation to propene, and presented a stable behavior with time on 

stream. 

Recent studies have described Fe-ZSM-5 based catalysts as active for light alkane 

dehydrogenation. Wang et al. prepared Fe/H-ZSM-5 zeolites by impregnation of a 

commercial ZSM-5 (Si/Al=25).483 These catalysts outperformed ZSM-5 loaded with other 

metals, such as Pt, or Ga, Mo or Cr metal oxides, in activity, selectivity to propene and 

stability towards deactivation. They were also more active than Fe/Al2O3 catalysts, 

evidencing the positive role of the zeolite structure, which favored the formation of the 

active metallic and/or iron carbide species, according to XPS results. Lobo and co-

workers described the use of Al-free Fe-silicate beta and ZSM-5 zeolites as catalysts for 

propane dehydrogenation.484 According to their results, the main active sites were 

isolated framework Fe sites, although extra-framework species also presented some 

dehydrogenation activity. They suggested a redox catalytic cycle for the propane 

reaction on the framework active sites by formation of propane radical cations (see 

Scheme 14). 
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Scheme 14. Possible reaction mechanism for propane dehydrogentation in H-[Fe]ZSM-
5. Adapted from ref.484 with permission from Elsevier, copyright 2014. 

 

Regarding the influence of the zeolite topology, different Pt-Zn containing medium and 

large pore zeolites in their Na-form were compared by De Cola et al. for propane non-

oxidative dehydrogenation.485 The 10-ring Na-ZSM-5 and Na-ZSM-11 favored 

consecutive aromatization reactions, whereas propene was the main product when the 

reaction was performed in the presence of large pore zeolites, Na-beta, Na-mordenite, 

K-L and Na-Y. Among those, 0.5Pt/2.6Zn-beta showed the best performance, with stable 

conversion, close to thermodynamic equilibrium under the experimental conditions 

employed, for at least 63 h on stream, and propene selectivity over 90%. 

Tandem dehydrogenation-cracking of n-butane to light olefins on Pt-Sn/ZSM-5 based 

catalysts was described by Nawaz,486 and high olefin selectivity (>90 wt%) and 

hydrothermal stability was achieved for Pt-Sn/ZSM-5 with Si/Al of 300. 
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4.3.2. Oxidative dehydrogenation of light alkanes. 

Despite the interest aroused by direct dehydrogenation processes and the selectivity 

improvements described when catalysts based on microporous crystalline materials are 

used, they still exhibit conversion limitations due to thermodynamics and large energy 

costs related to the need for high temperature operation. Light alkanes 

dehydrogenation under oxidative conditions is an interesting alternative for the 

production of alkenes, as it can overcome thermodynamic equilibrium limitations and it 

can take place at significantly lower temperatures,487 especially if the dehydrogenation 

of ethane is considered.118,446,447,487 Different types of catalysts and different oxidants 

have been described for light alkane oxidative dehydrogenation (ODH) but, up to date, 

none of these catalytic systems has been commercially applied, as far as we know. The 

main drawbacks are safety concerns related to the formation of potentially flammable 

mixtures, especially when the reaction is carried out in the presence of oxygen, and the 

occurrence of over-oxidation reactions reducing the selectivity to the desired olefins and 

yielding carbon oxides, as described in Section 3.2 for the selective oxidation of methane 

to methanol. Moreover, the valuable H2 by-product is also totally or partially consumed. 

Despite all these limitations, the use of molecular oxygen as the ODH oxidant has been 

largely studied, as it favors low temperature reactions and because of its availability and 

low cost. Alkane dehydrogenation in the presence of oxygen can be approached in two 

different ways. One posibility is to pursue the selective combustion of the H2 produced 

during dehydrogenation, following an autothermal strategy. In this way, besides 

overcoming equilibrium limitations by conversion of H2 to water, the heat generated by 

the exothermic combustion reaction will partly compensate the endothermicity of the 
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dehydrogenation.443 Single Pt-based catalysts, capable of catalyzing the 

dehydrogenation and the combustion reaction, or multi-catalysts systems are employed 

in these cases.488 The other option is the direct involvement of oxygen in the activation 

of the alkane, by means of homolytic or heterolytic C-H bond cleavage. Regarding the 

catalysts employed, both unsupported and supported catalysts have been described489 

and, unlike the case of direct dehydrogenation, when considering overall ODH the 

catalysts need to activate not only the alkane, but also the oxidant. Reducible oxides, 

typically vanadium oxides, can activate O2 at lower temperatures, ranging from 300-

400ºC, and non-reducible oxides, such as those employed for oxidative methane 

coupling, are able to do it at higher reaction temperatures (650-800ºC).446 A significant 

number of reviews on oxygen mediated ODH have been published since the early 1990s, 

such as those by Cavani490,491 and references included therein, and others where ODH is 

compared to direct dehydrogenation processes.443,446,447 Most of the catalytic systems 

described in these reviews are non-zeolite based, and the interested reader can find 

there a thorough description of ODH catalysts based on groups V and VI transition metal 

oxides, on non-stoichiometric NiOx or on Li-doped alkaline earth metal oxides. 

Among all the catalysts described, those based on vanadium have attracted special 

interest.487,492 The reducibility of the surface vanadium oxide species, directly related to 

their coordination number and aggregation state, and the presence of acid/base sites in 

their local environment were seen to have a significant effect on the catalytic behavior 

of supported vanadium oxides.493 Similar trends were observed when vanadium was 

isomorphously incorporated into the framework of microporous crystalline materials, 

such as AlPO4-5 or silicalite. López Nieto gave a complete overview of the synthesis, V 

oxidation states and catalytic behavior of V-containing microporous and mesoporous 
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materials, up to 2001.494 Despite the incorporation of the vanadium precursors to the 

synthesis gel before the hydrothermal crystallization of the microporous material, it is 

generally accepted that only a small fraction of the metal is located in framework sites. 

In the case of microporous V-silicates, V5+ and V4+ may substitute Si4+ or they may bond 

to defects of the zeolite framework in tetrahedral or square pyramidal coordinations. In 

the case of V-containing crystalline aluminophosphates (AlPO-n zeotypes), different 

incorporation mechanisms have been suggested, such as the substitution of framework 

P5+ or Al3+ elements or its anchoring to the P of the AlPOs lattice. V-silicalite-1 and -2 

obtained by direct synthesis were shown to be more selective to propene in the propane 

dehydrogenation reaction than the samples prepared by impregnation, suggesting a 

specific interaction between the V ions and the zeolite framework in the former case.495 

Incorporation of V to AlPO4-5, a microporous aluminophosphate with a large-pore 

monodirectional channel system (AFI structure) led to a significant increase of the 

catalyst’s activity for ethane and propane ODH, and olefin yields as high as 15-17% were 

obtained. The additional incorporation of divalent Mg2+ or Co2+ ions into framework 

positions of the AlPO4-5 structure by substituting Al3+ resulted in the generation of BAS, 

which affected the catalytic behavior of the final materials in different degrees 

depending on the alkane. Whereas for propane ODH high selectivity to the olefin was 

obtained with non-acid materials (VAPO-5), the presence of acidity was beneficial in the 

case of ethane, and VMgAPO-5 and VCoAPO-5 were seen to further increase the 

selectivity to ethylene as compared to VAPO-5.496,497 

The effect of the microporous structure of V- and/or Co-containing aluminophosphates 

on their catalytic behavior for ethane ODH was also described. Thus, the VAPO-18, 

CoAPO-18 and VCoAPO-18 catalysts based on AlPO4-18, a zeotype with a three-
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dimensional pore system with large cages accessible through 8-ring windows, were 

more selective to ethylene than the corresponding materials based on AlPO4-5 (1D, 12-

ring structure). Small pore SAPO-34 and La-containing SAPO-34, combining Brønsted 

and Lewis acidity, were also shown to be active and selective for ethane ODH. The high 

ethylene yields obtained, >60%, suggested that the reaction occurred within the 

chabazite cages and evidenced the potential of SAPO-34 based catalysts for ethane 

ODH.498,499 The high ethene selectivity obtained with the small pore zeolites could be 

explained by the formation of hydrocarbon-pool-type intermediates within the large 

cages and the formation of ethene following the aromatic cycle mechanism, similar to 

what has been described for the methanol-to-olefin process.500–502 

Recent publications have shown that boron-based catalysts are highly selective for 

alkanes ODH to the corresponding olefins. Thus, a layered borosilicate zeolite with 

MWW structure was described by Qui et al.,503 and its activity for propane ODH was 

assigned to defective trigonal boron species, and not to boron in tetrahedral 

coordination. In a different study, Altvater et al. prepared, characterized and tested a B-

MCM-22 for propane ODH.504 This zeolite, with a tridimensional instead of a layered 

MWW structure, presented the boron mostly incorporated in framework positions as 

isolated B(OSi)3 units, and was not active for propane dehydrogenation. According to 

their study, in order to present ODH activity, the boron-based catalyst required at least 

some degree of boron aggregation. 

The different effect on ethane and propane ODH of the presence of both redox and acid 

properties, was also observed for transition metal loaded zeolites. Thus, Poeppelmeier 

and Weitz compared Ni-, Cu- and Fe-loaded HY and KY and, for the same metal, they 
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observed higher ODH activity and ethene selectivity for the HY-based catalysts.505 

According to their results they suggest that the presence of BAS favors β-hydrogen 

abstraction of the metal ethoxide, formed when the alkane reacts with the surface 

oxide, leading to the formation of ethene (see Scheme 15). 

 

Scheme 15. β-Hydrogen abstraction reaction of metal ethoxide to form ethene 
catalyzed by the zeolitic BAS. Adapted from ref.505with permission from Elsevier, 

copyright 2009. 
 

On the other hand, higher selectivity to propene was obtained for propane ODH 

catalyzed by [V,Al]-MCM-22 when the BAS density was reduced by ion-exchange with 

alkali ions, due to a decrease in cracking reactions.506 In an interesting approach, the 

direct conversion of propane into aromatics was achieved on a bifunctional tandem 

catalyst combining VMgO and a ZSM-5 zeolite as ODH and cyclo-aromatization 

functions, respectively.507 The addition of Ga to the H-ZSM-5 was detrimental, as Ga 

favored the combustion of hydrocarbons. When the two components were physically 

mixed in a single bed configuration, the (toluene+xylene)/benzene ratio was increased. 
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As mentioned at the beginning of this section, the use of oxygen as ODH oxidant has 

several drawbacks such as safety issues due to the explosive nature of O2/hydrocarbon 

mixtures, costs related to downstream N2 separation in case of using air, or heat 

management issues in case of using pure oxygen.447 Moreover, the low olefins yields 

due to undesired over-oxidation reactions are far from those required for commercial 

implementation. Thus, an important effort has been directed towards the performance 

of ODH reactions in the presence of milder oxidants such as CO2 or N2O. In both cases, 

the process would present the additional benefit of valorization, not only of the alkane, 

but also of the oxidation agents. 

The use of CO2 is a sustainable and highly interesting option for several reasons. It will 

increase the selectivity to the olefin by avoiding overoxidation reactions to COx, it can 

contribute to coke removal during the process reducing in this way the catalyst 

deactivation rate, and it has the additional benefit of a lower environmental footprint 

by using and upgrading a greenhouse gas. A recent review on the CO2-mediated ODH of 

propane (ODPC) was published by Atanga et al.508 covering the main catalysts described 

for the process, including zeolite based catalysts, the advantages of using CO2 as a soft 

oxidant, and future trends regarding catalysts design and reaction conditions. 

When the alkane is dehydrogenated in the presence of CO2, the latter will react with the 

H2 formed in Eq. 7 by means of the reverse water gas shift (RWGS) reaction (Eq. 8) 

producing CO and H2O and shifting in this way the dehydrogenation equilibrium towards 

the products. Still, the overall process that results from coupling these two reactions is 

endothermic (see Eq. 9). This is an important drawback of ODPC as it thermodynamically 

limits the reaction at low temperatures and high pressures. In fact, CO2-mediated 
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ethane activation at temperatures below 500ºC is highly disfavored as compared to 

propane and butanes, as showed by Du et al.509 On the other hand, the butenes formed 

by dehydrogenation of n-butane are more susceptible to undesired secondary cracking 

reactions than propene. Thus, among the light alkanes, propane dehydrogenation in the 

presence of CO2 appears as the most attractive alternative, and most of the studies have 

been focused on this reaction. 

𝐶𝐶3𝐶𝐶8 ↔ 𝐶𝐶3𝐶𝐶6 + 𝐶𝐶2                                        ∆𝐶𝐶𝑟𝑟0(289 𝐾𝐾) = +124 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 (7) 

𝐶𝐶𝑂𝑂2 + 𝐶𝐶2 ↔ 𝐶𝐶𝑂𝑂 +  𝐶𝐶2𝑂𝑂                               ∆𝐶𝐶𝑟𝑟0(289 𝐾𝐾) = +41 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 (8) 

𝐶𝐶3𝐶𝐶8 + 𝐶𝐶𝑂𝑂2 ↔ 𝐶𝐶3𝐶𝐶6 + 𝐶𝐶𝑂𝑂 +  𝐶𝐶2𝑂𝑂            ∆𝐶𝐶𝑟𝑟0(289 𝐾𝐾) = +164 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1 (9) 

Besides the direct participation of CO2 in the dehydrogenation reaction (see Eq. 3), it can 

react with coke through the reverse Boudouard reaction (Eq. 10), stabilizing in this way 

the catalyst towards deactivation. However, at high temperatures, undesired reactions 

such as dry reforming of the alkane (Eq. 11) or cracking and hydrogenolysis (Eq. 12-15) 

can lead to reduced olefin selectivity. 

𝐶𝐶𝑂𝑂2 + 𝐶𝐶 ↔ 2𝐶𝐶𝑂𝑂                                           ∆𝐶𝐶298 𝐾𝐾
0 = +172 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1  (10) 

𝐶𝐶3𝐶𝐶8 + 3𝐶𝐶𝑂𝑂2 ↔ 6𝐶𝐶𝑂𝑂 + 4𝐶𝐶2                      ∆𝐶𝐶298 𝐾𝐾 = +620 𝑘𝑘𝑘𝑘 𝑚𝑚𝑚𝑚𝑚𝑚−1  (11) 

2𝐶𝐶3𝐶𝐶8 + 2𝐶𝐶𝑂𝑂2  →  3𝐶𝐶2𝐶𝐶4 + 2𝐶𝐶𝑂𝑂 + 2𝐶𝐶2𝑂𝑂      (12) 

𝐶𝐶3𝐶𝐶8 →  𝐶𝐶2𝐶𝐶4 + 2𝐶𝐶𝑂𝑂 + 𝐶𝐶𝐶𝐶4       (13) 

𝐶𝐶3𝐶𝐶8 + 𝐶𝐶2  →  𝐶𝐶2𝐶𝐶6 + 𝐶𝐶𝐶𝐶4        (14) 

𝐶𝐶3𝐶𝐶8 + 2𝐶𝐶2  → 3𝐶𝐶𝐶𝐶4         (15) 
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An effective catalyst for the ODPC should be able, not only to dehyrogenate propane, 

but also to catalyze the RWGS reaction, and this involves the adsorption of both H2 and 

CO2. Thus, it has to combine basic sites able to adsorb the slightly acidic CO2, and acid 

sites for adsorption of the alkane and H2. The influence of performing the reaction in the 

presence of CO2 and the contribution of CO2 to the overall dehydrogenation process will 

be, therefore, highly dependent on the properties of the catalyst employed. Different 

types of catalysts have been explored for ODPC, such as zeolites, zeolite supported 

metal oxides and mixed metal oxides. Although most of the studies are based on metal 

oxides supported on mesoporous supports, such as MCM-41 or SBA-15, Cr-loaded 

zeolites have also been described as catalysts for the CO2-mediated ethane and propane 

dehydrogenation. Regarding ethane, stable catalytic activity with time due to the coke 

removal capacity of CO2 and high ethene selectivities were obtained when performing 

the experiments at high temperatures, in the range of 650-800ºC, and atmospheric 

pressure.510,511 The zeolites were high silica ZSM-5 (SiO2/Al2O3>190), and high-

oxidation-state Cr species (Cr6+=O and Cr5+=O) were identified as the active species for 

dehydrogenation. In the presence of ethane these species were reduced to Cr3+ but they 

could be reoxidized by treatment with CO2. These results suggested that a Cr redox cycle 

occurred during ethane dehydrogenation in the presence of CO2.511 The results obtained 

by Zhu et al. on CO2-mediated propane dehydrogenation catalyzed by a Cr-loaded MFI 

in its borosilicate form suggested that although Cr6+ monochromate was more active 

than Cr3+ polychromate, dispersed Cr3+ species, such as [CrO]+, formed by steam 

treatment of the catalysts, were also able to catalyze the reaction.512 The CO2 promoting 

effect on propane dehydrogenation was also observed on Ga2O3 supported on high silica 

H-ZSM-5 and H-ZSM-48.513 The 1D medium pore structure of ZSM-48 resulted in a higher 
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propene selectivity as compared to ZSM-5, but also in a lower stability towards 

deactivation. 

A recent study by Al-Mamoori et al. describes a two-step process combining ethane ODH 

with an integrated CO2 capture and utilization as a sustainable approach directed to the 

reduction of anthropogenic CO2 emissions and upgrading of low value feedstocks to 

chemicals of industrial interest.514 Cyclic adsorption-reaction operation was performed 

on a hybrid bed where a double salt K-Ca adsorbent and a Cr-impregnated H-ZSM-5 ODH 

catalyst were physically mixed. Adsorption was performed in a first step at 600 °C using 

10 % CO2/Ar mixture. In a second step the temperature is increased to 700ºC for 

conversion of a 5 % C2H6/Ar stream on the zeolite based catalyst, assisted by the CO2 

previously adsorbed and released in this second step. Although the proof of concept was 

demonstrated, the performance of both adsorbent and catalyst was worsened after four 

consecutive adsorption-reaction cycles due to sintering of the adsorbent particles and 

to reduction of the Cr6+ active sites (see Figure 22). Coke deposition was an additional 

possible cause of deactivation. 
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Figure 22. Cyclic adsorption results for (K-Ca)50/(Cr10/H-ZSM-5)50. Reprinted from 
ref.514 with permission from Elsevier, copyright 2020. 

 

The application of zeolite based catalysts and, in particular, the use of Fe-based medium 

pore zeolites, has received more attention in the field of N2O mediated dehydrogenation 

of light alkanes. Panov evidenced how the ZSM-5 structure was able to stabilize iron 

complexes, which were reduced to divalent species, denominated α-sites, during the 

activation step (see Scheme 16).515,516 These Fe2+ species were re-oxidized to Fe3+ by N2O 

decomposition producing the so-called atomic α-oxygen species, which were seen to be 

exceptionally reactive and able to oxidize organic molecules even at room temperature. 

As shown in Section 3.2, these sites were even capable of methane activation. 
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Scheme 16. Formation of a pair of a-sites in the form of a dinuclear iron complex. 
Adapted from ref.516 with permission from Elsevier, copyright 2020. 

 

Early studies in the 1990s had shown high selectivity of Fe-ZSM-5 catalysts towards light 

alkane dehydrogenation in the presence of N2O, but at alkane conversions below 10%.517 

Some years later Pérez-Ramírez et al. reported the formation of propene and 

propionaldehyde with yields up to 24 and 6%, respectively, on steam-treated Fe-ZSM-5 

at 525ºC.518 This high production of functionalized hydrocarbons was obtained thanks 

to the combination of the high specificity of N2O as monooxygen donor and the 

capability of certain extra-framework Fe species, stabilized by the medium pore zeolite, 

for coordinating the α-oxygen formed by N2O decomposition as shown above. In fact, 

the tetrahedrally coordinated Fe, sited in framework positions, was unable to activate 

N2O, and steam treatment of the catalyst was required in order to have an efficient 

dehydrogenation behavior.519 The same group performed further studies to unravel the 

mechanism of N2O and alkane conversion in the presence of steam-activated Fe-ZSM-5 

zeolites,520 and demonstrated that the atomic oxygen species in oligonuclear iron 

species formed during the hydrothermal treatment are more active, not only for the 

recombination of adsorbed oxygen atoms, but also for its transfer to a hydrocarbon 

molecule (Eq. 16-19). 

𝑁𝑁2𝑂𝑂 + ∗ →𝑁𝑁2 + 𝑂𝑂 ∗         (16) 
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𝑁𝑁2𝑂𝑂 + 𝑂𝑂 ∗ →𝑁𝑁2 + 𝑂𝑂2 +∗        (17) 

𝑂𝑂 ∗  +𝑂𝑂 ∗ →𝑂𝑂2 + 2 ∗         (18) 

𝐶𝐶3𝐶𝐶8  + 𝑂𝑂 ∗ →𝐶𝐶3𝐶𝐶6 + 𝐶𝐶2𝑂𝑂 + ∗       (19) 

The influence of the acidic properties of the zeolite support on the activity and selectivity 

of the Fe-ZSM-5 catalysts was only minor, and similar results were observed by 

Nowinska et al. in a study were ZSM-5 with different Al contents were ion exchanged 

with different transition metals (Fe3+, Mn2+ and Co2+).521 Among the different metals, 

iron led to the most active catalysts, but only after high temperature treatments 

(calcination at 900ºC). Whereas carbon oxides were the main products when 

dehydrogenation was performed in the presence of O2, high selectivity to propene was 

obtained when using N2O as the oxidant. 

Steamed Fe-ZSM-5 was also studied by Bulanek et al. for propane ODH in the presence 

of O2, N2O and O2/N2O mixtures.522 The best results in terms of catalyst stability towards 

deactivation were obtained for mixtures of the two oxidants and in the absence of BAS. 

Under these conditions propane conversion and propene selectivity were 51.7% and 

39.7%, respectively. 

The positive confinement effect of the zeolite structure on the active iron species was 

clearly evidenced by Kumar et al. when Fe-silicalite was seen to be significantly more 

active than the mesoporous Fe-SBA-15 for propane ODH and other reactions.523 As both 

catalysts presented comparable acidic properties and contained comparable amounts 

of iron, present mostly as isolated Fe3+ sites with similar structure, the better catalytic 

performance of the Fe-silicalite was related to the differences in the pore geometries of 
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the two catalysts. It was concluded that the microporous environment led to the 

stabilization of the active Fe species and favored the intimate contact of the molecules 

involved in the process with the active sites. 

Waste N2O has also been used as mild oxidant for oxydehydrogenation of ethane 

catalyzed by different zeolites ion-exchanged with Fe, in a temperature range of 350 to 

450ºC.524 The trends observed were similar as those described for propane 

dehydrogenation, and the catalysts, active in the presence of N2O, presented a 

significantly lower activity when O2 was used as the oxidant (see Figure 23a). Although 

the medium pore Fe-ZSM-5 was more active and more selective to ethene than the large 

pore zeolites Fe-Y an Fe-mordenite (see Figure 23b), the three zeolite-based catalysts 

were able to dehydrogenate ethane in the presence of N2O. However, Fe-silicalite and 

Fe-loaded on non-microporous supports such as silica or silica-alumina were found to 

be inactive for ethane conversion under the conditions employed in this study. 

 

Figure 23. (a) Catalytic activity for ethane ODH reaction performed on Fe-Y, Fe-
mordenite and Fe-ZSM-5 (b) Catalytic activity of Fe-ZSM-5-50 for ethane oxidation in 
the presence of different oxidants (N2O or O2). Adapted from ref.524 with permission 

from Elsevier, copyright 2006. 
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4.4.  Light alkane aromatization 

Light alkane aromatization converts low value gaseous alkanes from natural gas, shale 

gas or LPG streams into valuable liquid aromatics, mainly benzene, toluene and xylenes 

(BTX streams), easier to be transported and key building blocks for the manufacture of 

plastics and fine chemicals.19 Besides alleviating the high demand of aromatics, generally 

supported by naphtha processing,525 and which will be revised in Section 5.3, light alkane 

aromatization presents the additional advantage of producing large amounts of 

hydrogen that can be further used in other hydrogen demanding processes. 

Light alkanes are mainly converted to aromatics over bifunctional catalysts containing a 

metal component and an acidic zeolite support.525,526 In fact, the Cyclar process, one of 

the commercial aromatization processes, employs a Ga/HZSM-5-based catalyst.19,20 

Unlike in dehydrogenation (Section 4.3), the metal function is unable to catalyze all the 

different steps occurring during the dehydroaromatization sequence, and the role of the 

zeolite acid sites is key. Indeed, the olefins formed in the first dehydrogenation step 

need to oligomerize (C-C bond formation) to intermediates with, at least, six carbon 

atoms able to cycle in a series of reactions that are catalyzed by the acid sites, and 

whereas olefins are the main products under low alkane conversions, BTX aromatics and 

hydrogen predominate at high conversions (see Figure 24). As we have stated in the 

former section, dehydrogenation is highly endothermic and thermodynamically favored 

at high temperatures and, under these conditions, other acid catalyzed reactions 

compete with the pure aromatization routes, such as cracking, over-oligomerization or 

hydrogen transfer, leading to undesired methane, ethane, propane or polyaromatics. 

Hydrodealkylation or disproportionation of the formed alkylaromatics can also take 
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place, although the latter could be considered if the objective is to maximize the 

selectivity to valuable products, such as p-xylene. The description of the reaction steps 

is not easy due to the complexity of the dehydroaromatization chemistry, and the 

mechanistic knowledge is often deduced from experimental product distributions or 

theoretical modelling approaches.526 

 

Figure 24. Evolution of ethane conversion (a), H2 concentration (b), ethylene selectivity 
(c) and aromatics selectivity (d) with time-on-stream for ethane aromatization. High 

conversions correspond to short time-on-stream. Adapted from ref.527 with permission 
from Elsevier, copyright 2006. 

 

Bhan and Delgass extensively reviewed the mechanistic and modelling literature related 

to the elementary steps for propane aromatization over mono-functional acid H-ZSM-5 

zeolites.526 In these cases, the activity and selectivity to aromatics were rather low due 

to the production of significant quantities of methane and ethane by both protolytic 
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cracking and hydrogen transfer reactions. Moreover, the process required very high 

temperatures (>500 ºC) and was accompanied by rapid deactivation by coke. The 

addition of a metallic component, facilitating the alkane dehydrogenation steps (see 

steps 1, 5, 9 in Figure 25a) and the aromatization of the intermediates to BTX (step 10) 

would lead to higher activity and aromatics selectivity.525,526 The acid catalyzed steps 

involve adsorption of the short olefins formed upon dehydrogenation and their further 

oligomerization to dimers and higher olefins (through oligomerization-cracking) and 

cyclization (steps 3 and 7 of Figure 25a, respectively).528,529 Cyclization is supposed to 

involve an equilibrium between 5- and 6- ring species, and it is thought to occur via the 

attack of the C+, formed upon protonation of a diene, to the remaining C-C double bond. 

This leads to an alkyl-cycloC5 carbenium species, which will undergo ring expansion (see 

the detailed scheme for a C6 intermediate in Figure 25b).526 Several reviews have 

thoroughly described the role of the metal and the acid sites in relation to the reaction 

mechanisms for propane aromatization, mainly by metal modified ZSM-5 

catalysts.432,468,526 
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Figure 25. Propane aromatization over Ga/HMFI catalysts. Bifunctional reaction 
scheme. (H+)-protonic sites, (D)-dehydrogenation sites and (M)-migration (diffusion) 
steps. (a), adapted from ref. 440 with permission from Elsevier, copyright 2006; and 
aromatization of oligomers over H-ZSM-5 (b), Adapted from ref.525 with permission 

from the Royal Society of Chemistry, copyright 2020. 
 

The aromatization of propane has been historically more investigated than that of 

ethane, a process that has not been commercially exploited yet. This is because higher 

activation temperatures are required for activating ethane as compared to propane, due 

to the easier cleavage of the C-H bond as we increase the length of the carbon chain. 

Thus, high temperatures are needed to reach appreciable conversions (Figure 26a) in a 

process that is spontaneous at temperatures above 700 ºC (Figure 26b). Moreover, the 

acid-catalyzed oligomerization of propene from a secondary carbenium is much faster 

than that of ethene, which involves the formation of energetically unfavorable primary 
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carbeniums. However, the emergence of shale gas has resulted in a shift to lighter alkane 

utilization,530 which has exponentially increased the research interest on ethane 

aromatization in the last decades.118,531 

 

Figure 26. (a) Thermodynamics of light alkane aromatization; (b) Gibbs free energy plot 
for ethane aromatization reaction. Adapted from ref.530 with permission from Wiley-

VCH, copyright 2018. 
 

Experimental conditions will affect not only the alkane conversion degree, but also the 

final product distribution of alkane dehydroaromatization. Thus, the BTX distribution 

was reported to change from a predominant formation of xylenes at temperatures 

below 723K to higher toluene and benzene selectivity at higher temperatures, 

approaching the equilibrium distribution.532 Iglesia et al. reported a statistical 

distribution of the number of 13C atoms in benzene and toluene for 13C propane 

dehydroaromatization, indicating that the propane chain is randomly rearranged during 

the reaction, as a result of a rapid interconversion among olefins.533 Partial pressure and 

contact time of the alkane have been also reported to influence the BTX selectivity.534 

Furthermore, the catalyst may suffer modifications during reduction steps under H2 

atmosphere or by pretreatment with lower hydrocarbons.526 
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The pore topology of the zeolite support strongly influences the aromatization 

reactivity.525,530 Among all the structures explored, acid ZSM-5 zeolites modified with 

active metals are the best performing catalysts for light alkane 

aromatization.432,525,526,530,535 Its 3-dimensional medium sized pore structure selectively 

converts light alkanes into monocyclic (BTX) aromatics, allowing their diffusion and 

restricting the formation of higher hydrocarbons leading to coke precursors and catalyst 

deactivation. Lower aromatization rates and selectivities are usually obtained when 

using other zeolite topologies. In general terms, zeolites with small pores require 

harsher conditions, while large pore zeolites produce heavy aromatics leading to easier 

coke formation. Indeed, Ga-beta was more selective to naphthalene and 

methylnaphthalenes than Ga-ZSM-5 and other undesired reactions, such as cracking and 

hydrogen transfer, were also favored by its larger pore dimensions.536 As described in 

the previous sections, the zeolite structure may also affect the anchoring of the metal 

species in the zeolite channel, and thus the synergy between the metal and acid 

functions. 

ZSM-5 also outperforms other 10-ring zeolites. Thus, Zn/ZMS-5 was more active and 

more selective to monocyclic aromatics, especially benzene, than Zn/ZSM-11, with a 

similar topology but straight intersecting pores of slightly larger dimensions than those 

of Zn/ZSM-5.537,538 Zn-/ZSM-11 showed higher ethylene and lower aromatic selectivity, 

with a higher production of naphthalene and alkyl-naphtalenes, probably favored by its 

slightly larger pores, which will enable the more space demanding condensation 

reactions to take place (see Figure 27). ZSM-12 (MTW), with a large pore mono-

dimensional structure, was significantly less active despite its higher BAS density. 

Moreover, it had low aromatization activity and high olefin selectivity, mainly ethylene 
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(see Figure 27) produced by cracking of oligomer intermediates. Moreover, the large 

pore structure promoted the formation of polyaromatics coke precursors. 

 

Figure 27. Catalytic variables for the aromatization of ethene over different Zn-
modified zeolite structures. Adapted from ref.537 with permission from Springer Nature 
Customer Service Centre GmbH: Springer Nature Petroleum Chemistry, copyright 2014. 
 

In a different study, Zn loaded SSZ-13 (8-ring pores accessing cavities) and beta zeolites 

(12-ring tridimensional pore system) were compared as catalysts for ethane 

aromatization with Zn/ZSM-5539, and both were less active than the latter under the 

same conditions. Since recent studies evidence that the intrinsic BAS strength is 

comparable for different structures,96,540 the lower activity encountered for large pore 

structures as compared to ZSM-5 can be correctly attributed to the difference in their 

pore sizes, with larger pores leading to a weaker confinement and a lower activity. 
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Table 5. Ethane aromatization on Pt-Ga/HZSM-5 catalysts with different Si/Al ratios, at 
T=600 ºC, WHSV=450h-1. Adapted from.541 

Si/Al 
mol/mol 

Ga       
(wt. %) 

C2H6    
conv. (%) 

Aromatics 
yield (%) 

Aromatics 
sel. (%) 

CH4      
sel. (%) 

C2H4       
sel. (%) 

15 0.5 47.1 30.3 64.3 19.5 7.0 

28 0.5 39.9 24.0 60.2 23.3 6.5 

45 0.5 27.2 14.8 54.5 11.1 19.5 

15 2.0 47.6 30.1 63.2 20.1 7.8 

28 2.0 24.7 12.7 51.4 7.7 21.5 

45 2.0 17.0 4.2 24.8 3.5 53.9 

 

Regarding the influence of the Si/Al ratio on ethane aromatization, generally lower 

conversions and selectivities to aromatics are observed with increasing Si/Al (see Table 

5), because of enhanced alkane dehydrogenation to ethene vs further oligomerization-

cycling-dehydroganation.539,541,542 In fact, in the presence of BAS-free catalysts, alkane 

dehydrogenation is the main reaction on these type of catalysts, as described in Section 

4.3. Also, higher Si/Al ratios imply lower amount of acid sites available for ion exchange 

with the metal cations. Ausavasukhi and Sookoi showed the influence of Si/Al on the 

dispersion of the metal species in the catalyst zeolite structure and, consequently, on 

the catalytic activity for the first dehydrogenation step.543 Thus, an optimal Si/Al ratio is 

required for improved catalytic behavior, which was reported to be ≤ 30 for Pt-doped 

Ga/HZSM-5541 or Zn/HZSM-5539 catalysts. 

Gallium and Zinc have been reported to be the most active metals for C2-C4 

aromatization, the former being preferred for commercially exploited processes, mainly 

due to the high volatility of Zn caused by its lower melting point and higher vapor 
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pressure. The role of the metal sites on the dehydrocyclization mechanism has been 

reviewed by Hagen and Roessner and Ono et al. for ethane aromatization on Zn- and 

Ga-modified H-ZSM-5,531,544 and by Bhan and Delgass for propane aromatization on Ga-

modified H-ZSM-5.526 Caeiro et al. also reviewed light alkane (C2-C4) activation over acid 

and bifunctional catalysts.440 The interested reader is referred to these reviews for more 

information, and we will focus, instead, on the most recent advances on this topic. 

The first step of the alkane aromatization process is the alkane activation under non-

oxidative conditions, and its dehydrogenation, which has been extensively covered in 

Section 4.3. This step will determine the rate of olefins formation and, subsequently, the 

rate of aromatization. Thus, the metal species need to be well dispersed on the zeolite 

support to reach high ethane conversion rates,530 and the alkane activation mechanism 

may be different over different metals, according to their oxidation state, Ga+ or Zn+2.545 

However, Ga and Zn species will interact differently with the zeolitic acid supports, 

employed for aromatization, than with pure or high-silica supports used for 

dehydrogenation. Although still not fully understood, a synergism between metallic and 

acid species within the bifunctional catalyst has been proposed and, in any case, the 

introduction of metals in the zeolite structure will affect the concentration of both BAS 

and LAS. The metal function increases the olefin concentration in the gas phase and this 

affects the surface coverages and the extension of the unimolecular or bimolecular 

reactions catalyzed by the acid sites. In the same way, the interaction of the acid sites 

with the different species in the reaction media will affect associated kinetics of the 

reactions taking place on the metal sites.526 
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Bifunctional Ga/H-ZSM-5 can be prepared by post-synthesis incorporation or by direct 

synthesis of the galloaluminosilicates.530 Ga activates alkane by hydrogen abstraction 

and formation of the corresponding alkene. In the dehydroaromatization catalyst, Ga 

may be present as Ga2O3 or in zeolite ion exchange positions527 as GaO+ species and, 

depending on the hydrogen pressure and the distance between Al atoms, Ga+, GaH+ and 

GaH2+ species may also be formed. The different chemical oxidation state of Ga species 

will influence the rate constants for C-C or C-H activation differently, and several 

mechanisms for alkane activation have been proposed involving the concerted action of 

protons and Ga sites.454,455,546–548 

Early studies by Yakerson et al. based on extensive IR experiments and electron 

microscopy proposed Ga2O3 adsorbed on the zeolite external surface as the active 

species for ethane aromatization.549 However, a recent work on ethane 

dehydroaromatization over Ga/ZSM-5 catalysts, showed a remarkable increase in the 

dehydrogenation activity after catalyst reduction under H2, as well as a decrease in 

acidity attributed to the migration of the Ga+ and GaH2+ reduced species into the 

channels of the zeolite support, and their replacement of H+ in the charge compensating 

sites.543 The activity of these species was ranked as GaO+ ≈ Ga2O3 < Ga+ < GaH2. Biscardi 

and Iglesia proposed an alternative dehydrogenation mechanism based on reactions 

with propane and deuterated propane mixtures over HZSM-5 and Ga-HZSM-5.449 Ga 

cations were also thought to increase the rate of subsequent dehydrogenation steps for 

the propane conversion to aromatics, and to facilitate the desorption of propene from 

the zeolite.550 Guisnet used catalysts prepared by physical mixing of Ga oxide with 

HZSM-5 to demonstrate the implication of successive reactions on both metal and acid 

sites of the bifunctional mechanism.551 In Figure 28a, the ratio between the activity for 
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propane aromatization and acid activity (R) is plotted versus the dehydrogenation/acid 

activity ratio (D/A). Dehydrogenation would be the limiting step for low values of D/A, 

while for high values of D/A the acid reaction would be limiting with the bifunctional 

activity being proportional to the acid activity. Figure 28b shows that, in the low value 

range, R increases proportionally to D/A, demonstrating the existence of the 

bifunctional mechanism that is limited by dehydrogenation steps. 

 

Figure 28. (a) Expected change of R the ratio between bifunctional/acid activities of 
classical bifunctional catalysts as a function of De/Ac, the ratio between their 

dehydrogenating and acid activities. (b) Aromatization/acid activity ratio (R) of 
mechanical mixtures of Ga2O3 and HMFI after pre-treatment under nitrogen at 600 ºC 

vs. De/Ac. Adapted from ref.551 with permission from Elsevier, copyright 1996. 
 

A very recent study552 proposed that hydrocarbon species also contributed to the 

aromatization process, in a similar way as has been described for the hydrocarbon pool 

in the autocatalytic conversion of methanol to aromatics.553 

Zn containing zeolites have also been widely studied as alkane dehydroaromatization 

catalysts. In this case, Zn is usually incorporated to the zeolite by means of post-

synthesis procedures,530,554,555 and the active Zn species can be classified into two main 
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groups, ion-exchange Zn species or ZnO species, with the latter being located as ZnO 

clusters within the zeolite structure or as nanoparticles on the external zeolite surface 

(see Figure 29a-c). Among the chemical states of Zn, Zn2+ bonding two adjacent Al atoms 

and ZnH+ at isolated Al sites have proven to be effective for dehydrogenation of light 

alkanes. Other divalent Zn species may exist, such as small ZnO clusters or species 

interacting with the lattice oxygen (OL) of the zeolite, like Zn(OH)+, stabilized by one 

framework Al Figure 29d presents the possible Zn-sites when interacting with a ZSM-5 

zeolite. Under dehydrogenation conditions, these Zn species can be reduced to metallic 

Zn, which could be lost due to its high volatility. Dehydration may also lead to isolated 

Zn2+ ion-exchanging the nearest BAS. According to in situ Zn K-edge XANES spectroscopy, 

these species presented tetrahedral symmetry in the form of OL-Zn+2-OL and were 

stabilized by two framework Al atoms, a clear example of stabilization by Al pairs.556 

Furthermore, X-Ray absorption and TPR revealed that Zn+2 species were not reduced to 

metallic Zn at 500 ºC, in opposition to ZnO, but they could be reduced to ZnH+ by H2 

desorption at Zn sites through back-spillover.557–559 This supports the proposal of 

Biscardi and Iglesia,560 which considered hydrogen desorption as the rate determining 

step in propane dehydrogenation over Zn/HZSM-5. Gao et al. performed XPS 

experiments at various temperatures and showed that ZnO clusters can be reduced to 

Zn(OH)+ at 300 ºC, which can be converted to Zn+2 at 400 ºC.558 
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Figure 29. SEM image (a) and Zn (b) and Al (c) EDX mapping on Zn/ZSM-5 zeolite, 
Adapted from ref.539 with permission from the Royal Society of Chemistry, copyright 

2017. (d) Different Zn+2 sites in ZSM-5 zeolite. 
 
Hensen and co-workers compared the Zn structures formed on HZSM-5 when 

incorporating the metal by impregnation, ion-exchange and chemical vapor deposition 

(CVD).554 The latter allows a quasi-stoichiometric substitution of BAS with Zn+2 ions, 

resulting in the formation of isolated Zn+2 species, in contrast to the heterogeneous 

distribution of extra-framework Zn+2 species observed during ion exchange or incipient 

wet impregnation. However, the catalyst prepared by CVD was less active than the other 

two, which was ascribed to a lower abundance of active Zn+2 species and to the creation 

of multinuclear zinc oxide species, which blocked the zeolite pores. This was in good 

agreement with previous results reported by Pidko and van Santen, which indicated that 

binuclear Zn species were not favorable for ethane dehydrogenation and, therefore, 

little active for aromatization, because of the formation of stable intermediates on the 

binuclear sites.561 DFT calculations suggested isolated Zn+2 as OL-Zn+2-OL species to be 

more active for ethane dehydrogenation than ZnH+ species under ethane 

dehydrogenation conditions.562 On the other side, other groups recently claimed that 



127 
 

oxygen-bridged Zn dimers, such as OL-Zn+2-O-Zn+2-OL or (Zn-OL-Zn)+2OL-Zn+2-OL species 

(see Figure 29d) were the active species for ethane dehydrogenation and highly selective 

to aromatics when combined to BAS for light alkane dehydroaromatization.539,554,563 

The aromatization activity is also influenced by the Zn/BAS ratio. The higher the Zn 

content, the higher the number of LAS and the lower the BAS site density of the 

metallozeolite. Optimal Zn loading were claimed to be between 3-5 wt%530 or to give 

Zn/BAS ratios in the range of 3-4.539 

Small amounts of Pd, Pb and Fe have been seen to promote the catalytic activity and 

aromatics selectivity of Ga- and Zn-containing zeolites, and to reduce Zn’s 

volatility.530,538,564–566 In Pt-promoted Ga-catalysts, multinuclear rather than 

mononuclear Ga clusters have been speculated as the active species.566 

Platinum was also used as the metallic component in bifunctional light alkane 

aromatization catalysts, because of its high dehydrogenation activity. However, besides 

its higher cost, it is highly selective to olefins and promotes other undesired reactions 

such as hydrogenolysis, olefin re-hydrogenation and dealkylation, resulting in a lower 

aromatics selectivity due to the side-production of methane and ethane.527,541 Different 

attempts have been reported in order to reduce the hydrogenolysis activity and to 

increase the overall aromatic selectivity, including size reduction of the metal particle in 

order to increase the dehydrogenation/hydrogenolysis ratio, or increasing reaction 

temperature.468 An alternative approach is the dilution of the noble metal by addition 

of a second metal to form a bimetallic catalyst, which also reduces catalyst aging, as 

described for Pt-based alkane dehydrogenation catalysts (see Section 4.3). The 

synergistic effect of Pt and Ga for ethane aromatization over Pt modified Ga/HZSM-5 



128 
 

catalysts was reported by different authors,541,564,566 and is clearly evidenced by the 

results enclosed in Table 6, Thus, combining specific proportions of the two metals, 

2%wt Ga – 0.3wt% Pt, with an optimal Si/Al ratio of the ZSM-5 zeolite, the ethane 

conversion was significantly enhanced. Samanta et al. also observed high catalyst 

activity on bimetallic Ga-Pt nanoclusters and reduced deactivation rate due to coke 

removal by hydrogenolysis through H2 spillover.527 

 

Table 6. Influence of the Pt loadings in the Ga zeolites on the composition of the ethane 
conversion products at T=600°C and WHSV=500 h-1. Adapted from.564 

Pt wt. % C2H6 conv. 
(%) 

Aromatics 
yield (%) 

Aromatics    
sel. (%) 

CH4          
sel. (%) 

C2H4         
sel. (%) 

0 25.0 16.0 64.1 18.4 6.5 

0.05 46.9 26.5 56.5 25.5 5.6 

0.1 51.6 31.3 60.7 22.0 5.4 

0.2 58.8 37.9 64.4 19.5 4.6 

0.3 63.1 43.6 69.1 14.8 3.9 

0.5 49.5 30.3 61.1 21.3 5.8 

 

Re-doped catalysts have also been explored for light alkane aromatization. Lacheen et 

al. proposed encapsulated Re clusters as active species for propane activation,567 and 

Solymos and Tolmacsov suggested a promotion effect of Re on the C-H bond activation 

that resulted in increased ethane conversions and aromatics selectivity.542 In a recent 

paper, Ma and Zou successfully prepared Re/HZSM-5 with encapsulated Re metal 

clusters by vapor-phase exchange and performed a kinetic study on the 

dehydroaromatization of ethane to bencene and toluene on these catalysts.568 They 
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observed that the close proximity between the Re metal clusters and acid sites was 

critical to promote benzene formation. Moreover, their results indicated that the 

dehydrogenation of ethene to acetylene was the rate-determining step mediating the 

overall dehydroaromatization process. Other bifunctional catalysts proposed for light 

alkane aromatization have been Mo- and W promoted Mo/H-ZSM-5,527,569–571 although 

with less success than the catalysts described so far. 

Deactivation by coke formation is the main drawback associated to light alkane 

aromatization over metal-zeolite catalysts. Polyaromatic coke precursor species are 

formed through over-oligomerization of intermediate hydrocarbons and condensation 

of aromatics. Different approaches have been proposed for suppressing coke formation 

and increasing aromatics’ selectivity on metal-modified HZSM-5, such as the addition of 

promoters to the Pt445,446 or the preferential location and distribution of the BAS at the 

ZSM-5 channel intersections.572  
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Figure 30. Different approaches proposed to reduce coke formation and to increase 
selectivity to desired aromatics on ZSM-5 bifunctional catalysts are: preferential siting 
of acid sites at channel intersections, reprinted from ref.572 with permission from the 
American Chemical Society, copyright 2019; reducing the crystallite size, reproduced 

from ref.563 with permission from the Royal Society of Chemistry, copyright 2020; 
generating mesoporosity within the crystallites, reproduced from ref 573 with 

permission from Wiley-VCH, copyright 2020; or post-synthetic steam treatments, 
reprinted from ref.574 with permission from Elsevier, Copyright 2018. 
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Shortening of the diffusion paths by reducing the zeolite crystallite size,563 by generation 

of intra-crystalline mesoporosity573 or by synthesizing pillared ZSM-5 bifucntional 

catalysts575 have proven to reduce catalyst deactivation rates. Saito et al were able to 

increase catalyst life by means of post-synthetic dealumination by steam treatments 

that led to a decrease of the number of Al forming BAS but not of the Al bonded to Zn 

species on ZSM-5.574 The most interesting approaches related to catalyst life 

improvement are summarized in Figure 30. 

In a recent work by Gomez et al. ethane aromatization has been combined with CO2 

reduction in a one-step tandem approach on P,Ga-modified ZSM-5.576 The role of CO2 is 

to assist the conversion of ethane into ethene by CO2-assisted ODH, whereas the 

addition of low P loadings to the Ga/HZSM-5 catalyst increases its hydrothermal stability 

and decreases coke formation. 

4.5.  Selective oxidation 

Oxygen functionalized hydrocarbons are important intermediates in the fabrication of 

base chemicals and building blocks for plastics and synthetic fibers, which can be 

obtained by selective partial oxidation of light alkanes by means of different type of 

catalysts. These may include bulk or supported complex multicomponent metal oxides, 

heteropolyacids or their salts, V on mesoporous supports such as MCM-41 or SBA-15, or 

metallozeolites and zeotypes. The interested reader is directed to specific reviews on 

selective oxidation of ethane,577 propane,578–581 or butane.582 The purpose of this section 

is not to cover all possible partial oxidation processes of light alkanes, but to focus on 

those zeolite-catalyzed processes that have attracted more interest in the research 

community. 
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Development of heterogeneous zeolite-based catalysts for efficient direct oxidation of 

ethane to acetic acid is a subject of high interest as it would be a sustainable alternative 

to the homogeneous Ir-based commercial catalyst used nowadays.583 ZSM-5-based 

catalysts have been described to be active for low temperature liquid phase oxidation 

of ethane to acetic acid. In 2013, Rahman et al. reported for the first time the direct 

conversion of ethane to acetic acid, with yield and selectivity of 19% and 49%, 

respectively.584 The best results were obtained at 3.0 MPa and 393K when the reaction 

was catalyzed by low Si/Al H-ZSM5 in the presence of a PPh3 additive, and other 

products observed were formic acid and CO2. Different routes were proposed for the 

formation of the acid, through acetaldehyde (Eqs. 20-23) or ethanol mediated (Eqs. 24-

27). Although the reaction mechanism was not completely unraveled, the first pathway 

appeared to be dominating, and the results suggested that the OH radical was playing 

an important role. 

 

𝐶𝐶2𝑂𝑂2→ 2𝑂𝑂𝐶𝐶 ∗         (20) 

𝐶𝐶2𝐶𝐶6 + 4𝑂𝑂𝐶𝐶 ∗ →𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶𝑂𝑂 + 3𝐶𝐶2𝑂𝑂       (21) 

𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶𝑂𝑂 + 1
2
𝑂𝑂2 →𝐶𝐶𝐶𝐶3𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶       (22) 

𝐶𝐶𝐶𝐶3𝐶𝐶𝐶𝐶𝑂𝑂 + 3
2
𝑂𝑂2 → 2𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶        (23) 

𝐶𝐶2𝐶𝐶6 + 𝑂𝑂𝐶𝐶 ∗ →𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶        (24) 

𝐶𝐶2𝐶𝐶5𝑂𝑂𝐶𝐶 + 𝑂𝑂2→𝐶𝐶𝐶𝐶3𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶 + 𝐶𝐶2𝑂𝑂       (25) 

𝐶𝐶𝐶𝐶3 ∗ +𝑂𝑂𝐶𝐶 ∗ →𝐶𝐶𝐶𝐶3𝑂𝑂𝐶𝐶        (26) 

𝐶𝐶𝐶𝐶3𝑂𝑂𝐶𝐶 + 𝑂𝑂2→𝐶𝐶𝐶𝐶𝑂𝑂𝑂𝑂𝐶𝐶 + 𝐶𝐶2𝑂𝑂       (27) 
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That same year, Hutchings and co-workers presented results on direct ethane oxidation 

with H2O2 under milder conditions than those used by Rahman and in the absence of 

the PPh3 additive.585 The catalyst employed was Fe- and Fe-Cu/ZSM-5, which they had 

already shown to be efficient for selective oxidation of methane to methanol under 

similar conditions. The reaction mechanism proposed for ethane is more complex than 

the methane one (see Scheme 17) on similar zeolite-based catalysts, but the role of Cu 

and Fe in both cases was related. Thus, H-ZSM-5 and Fe/ZSM-5 were more selective to 

acetic acid than Cu/ZSM-5, whereas the latter was more selective to the primary ethene 

and ethanol by reducing the extension of secondary oxidations, as observed for 

methane.586 

 

Scheme 17. Proposed reaction network for the oxidation of ethane using H2O2 over 
ZSM-5-based catalysts. 

 

Extraframework iron species, including dimeric µ-oxo-hydroxo species, or iron species 

highly dispersed on the zeolite surface or located within the zeolite pores, were 

identified as the sites for activation of both, ethane and H2O2.585 Further studies 
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suggested that surface FexOy may act as spectators and assigned the catalytic activity to 

the iron species located inside the zeolite channels.587 Moreover, the selectivity to acids 

or alcohols on Fe/ZSM-5 could be controlled tuning the oxidation state and structure of 

the iron species by varying the pre-treatment conditions, with FeII leading to higher 

alcohol selectivity.588 

Based on their experience on the capacity of metallo-zeolites for small alkane activation 

when used as catalysts for selective reduction of NOx,589 Armor and co-workers found 

that Co-exchanged beta zeolite was able to catalyze the direct ammoxidation of ethane 

to acetonitrile (see Eq. 28).590 The acetonitrile formation rates observed were 1-2 orders 

of magnitude higher than those reported for metal oxide based catalysts in previous 

studies. 

𝐶𝐶2𝐶𝐶6 + 𝑁𝑁𝐶𝐶3 + 3
2
𝑂𝑂2 →𝐶𝐶𝐶𝐶3𝐶𝐶𝑁𝑁 + 3𝐶𝐶2𝑂𝑂      (28) 

Regarding the influence of the zeolite structure, multidimensional medium and large 

pore zeolites such as ZSM-5, Nu-87 or beta, with proper ion-exchange capacity (Si/Al 

ratio) performed better than monodimensional structures such as mordenite or large 

pore topologies with cages such as that of Y zeolite.591 Among different metals, cobalt 

was the most effective for ethane ammoxidation. In a further study, the same group 

proposed a reaction mechanism by which ethane was first converted to ethene by 

oxidative dehydrogenation and ethene would react with adsorbed NH3 on isolated Co2+ 

sites, leading to adsorbed ethylamine (see Scheme 18). The nitrile would be obtained 

after a series of sequential dehydrogenation steps. The strength of the bond formed by 

the cation and the hydrocarbon species, ethylamine > acetonitrile > ammonia >> 

ethylene, was key for high activity and acetonitrile selectivity,592 and the presence of 
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nanosized cobalt oxide particles was seen to favor the formation of CO2.593 Mhamdi et 

al. studied the influence of Co/ZSM-5 preparation conditions, of the Co/Al ratio and of 

cobalt precursors.594,595 Co-MCM-49596 and Mo-based catalysts597 have also been 

described as active catalysts for the direct ammoxidation of ethane to acetonitrile. 

 

Scheme 18. Ethane activation (a) and acetonitrile formation pathway (b). Adapted from 
ref.598 with permission from Elsevier, copyright 1998. 

 
 

Wichterlova explored the activity of different Co-loaded zeolites for ethane and propane 

oxidative dehydrogenation and ammoxidation.599 In good agreement with the results 

reported by Armor, cobalt exchanged beta and ZSM-5 were more active for alkane 

ammoxidation than mordenite or ferrierite. Ammoxidation of ethane produced 

ethylene, acetonitrile and COx. Acetonitrile was also formed when propane was reacted 

under ammoxidation conditions, due to the decomposition of acrylonitrile enhanced by 

the presence of NH3. Formation of propene was also observed. 

a b
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Ga-modified ZSM-5 zeolites were studied by Derouane as catalysts for the 

ammoxidation of propane to acrylonitrile.600 The results evidenced the synergy between 

the BAS and the Ga-species in these bifunctional catalysts, promoting the formation of 

C-N bonds when propane was converted in the presence of NH3 and O2. A new route 

was proposed for the activation of propane through the formation of a cyclic protonated 

pseudo-cyclopropane (PPCP) transition state (see Scheme 19). Ga/H-ZSM-5 was more 

selective than VSbyOx, a conventional mixed oxide catalyst, due to the reduced 

formation of carbon oxides on the former.601 

In a different approach, Pérez-Ramírez et al. efficiently catalyzed the direct 

ammoxidation of propane by means of Fe-silicalite when combining N2O and O2 as 

oxidants. Under these conditions both, acetonitrile and acrylonitrile were obtained in 

yiels of 14% and 11%, respectively.602  
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Scheme 19. Initial activation of propane in the presence of ammonia and oxygen (a) 
and overall mechanism for the propane ammoxidation (b) on Ga-modified H-ZSM-5 

catalysts. Adapted from ref.600 with permission from Elsevier, copyright 2001. 
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Bulanek et al. proposed extra-framework Fe ions generated by hydrolysis of framework 

Si-O-Fe bonds by means of hydrothermal treatments to be the active sites, and 

evidenced the detrimental effect of BAS on the final selectivity because of the capacity 

to decompose acrylonitrile.603,604 The influence of Fe-silicalite pretreatment conditions 

was studied by the same group.605,606 

Microporous crystalline materials have also been used for direct propane epoxidation 

with H2 and O2 in the presence of gold catalysts. Thus, a tandem process is performed in 

a dual-bed single reactor, where propane is first dehydrogenated to propene on an 

Au/TiO2 catalyst located in the upper bed, and the olefin formed is selectively oxidized 

to the epoxide on an Au-loaded microporous Ti-silicalite, Au/Ti-S1, in the downstream 

lower bed.607 The sequential propane dehydrogenation-propene epoxidation was made 

possible because Au/TiO2 was found to be active for the alkane dehydrogenation at 

temperatures of 170 ºC that favor the epoxidation reaction. Propane conversion of 2% 

and selectivity to propylene oxide and propene of 8 and 57%, respectively, were 

reported, values that were maintained for 12 hours on stream. 

 

5. C5+ ALKANE CONVERSION 

In this review the higher alkanes are considered to be those with hydrocarbon chains 

containing at least five carbon atoms (C5+). They can be found in oil distillate fractions, 

such as vacuum gas oil (VGO), light-cycle oil (LCO) and heavy or light-straight 

naphthas,19,20 and are also present in processed streams, such as middle distillates and 

lube oils or Ficher-Tropsch derived waxes,608,609 or alkane-rich fractions obtained by 
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processing of renewable sources,93,610 such as bio-oils, vegetable oils,610,611 or 

lignocellulose.612,613 

This section focusses on the activation and conversion routes of C5+ alkanes into more 

valuable products by using microporous crystalline solid acid and bifunctional (metal + 

acid) catalysts. The reactions covered will be grouped in different sub-sections, e.g., 

alkane conversion by C-C bond cleavage, skeletal rearrangement, dehydrocyclization 

and selective oxidation. Nowadays, most of these reactions are the basis for well-known 

mature industrial technologies employing mono- or bifunctional zeolite-based catalysts. 

Regarding the zeolite structure, the zeolite pore openings, the cavity accessing windows 

and the channel intersections will play crucial shape selective effects,95 and the 

reactivity and selectivity of the catalyst will be controlled by choosing an appropriate 

zeolite or zeotype pore topology. On the other hand, the accessibility to and from the 

active sites via the pore openings and internal channels of different sizes and shapes will 

be of special concern, since the alkanes considered in this section are longer and may 

suffer from transport limitations. Although the activation of C5+ paraffins will be similar 

to those described for shorter alkanes, they will be more reactive, and the knowledge 

of the chemistry behind the C-C or C-H bond activation as well as the kinetics and 

reactions mechanism involved in each process will be essential to design effective 

catalysts. Thus, as will be shown along the whole section, important efforts have been 

directed to improving the accessibility to the active sites of the zeolite based catalysts, 

and to improve selectivity by controlling the location of the active sites. 
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5.1.  Monofunctional conversion of C5+ alkanes by C-C bond cleavage 

5.1.1. Catalytic cracking 

Long chain alkanes can be transformed into smaller hydrocarbons by C-C bond breaking 

(cracking), and zeolites are preferred as cracking catalyst because of their activity, shape 

selectivity and thermal and hydrothermal stability.14 The main industrial use of zeolites 

as catalysts for the cracking of long-chain alkanes lies in the upgrading of low-value 

paraffinic refinery streams and of biomass-processed feedstocks. Heavy alkanes present 

in vacuum distillates and heavy atmospheric residual fractions are mainly converted by 

fluid catalytic cracking (FCC). Upgrading of refinery fractions such as straight-run 

distillates by direct cracking of complex paraffinic C5+ naphtha fractions is also carried 

out as an integrated process in the refinery. Depending on the demand of the final 

product and/or the availability and type of the feedstock, different zeolites are selected 

and operation conditions can be adapted. Thus, two main research lines will be 

described, the conversion of alkanes to maximize light olefins, to cover the increasing 

demand of propene, and transformation of heavy linear alkanes to smaller branched 

alkanes and aromatics, when the objective is to boost the octane number of the final 

blend product to be used as transportation fuel or to produce chemicals.4,41,112 

During catalytic cracking of alkanes with zeolite catalysts, these can deactivate during 

use. The main cause of zeolite activity decay in cracking processes is the condensation 

of aromatic precursors into heavy carbonaceous species that block the access to the 

zeolite active sites located within the pores.614 When processing industrial feedstocks, 

poisoning of the active sites resulting from the feed impurities (Ni, V, S) also adversely 
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affect catalyst activity and should be avoided. Moreover, the extreme conditions of the 

FCC process force the catalyst to have high physical and mechanical resistance. For this 

reason, the cracking catalyst combines different components in addition to the active 

zeolite, usually a stabilized form of Y zeolite within a matrix. Additives for specific 

functions may also be used such as, for instance, the medium pore ZSM-5 added as a 

propene boosting additive in the same or, preferentially, in different particles than those 

containing the faujasite.15,19,20,112 Two excellent reviews on the catalytic cracking process 

and catalysts have been published recently by Vogt and Weckhuisen112 and by Corma et 

al.4 

In a commercial FCC unit, the temperature is high and the zeolite Y component is 

dealuminated to high Si/Al ratios, to increase hydrothermal stability and to favor 

cracking via the monomolecular protolytic mechanism. However, the process takes 

place at high conversions, which also involve hydride transfer and catalytic cracking 

following the bimolecular route395,615, as described in Section 4.1, and confinement 

effects on the reactant alkanes or transition states within the different pores and cavities 

of the zeolite will affect the cracking selectivity by controlling the chain propagation 

steps.395,616 Recent DFT calculations for the cracking of n-octane under industrial 

conditions related the larger contribution of monomolecular or bimolecular 

mechanisms in 10-ring ZSM-5 and 12-ring Y zeolites, respectively, with the better fitting 

of the corresponding transition states within their pore structure.617 

The same routes as described for light alkanes (Section 4.1) are valid for the cracking 

mechanism of long chain alkanes over acid zeolites, and a number of elementary 

reactions will take place simultaneously as illustrated in Scheme 20a. The ease for 
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breaking the C-C bond is correlated with the length of the hydrocarbon chain,393 and 

apparent cracking rates increase when increasing the alkane chain size, due to an 

increase of the adsorption enthalpy.618,619 For light alkanes (C3 to C6) a compensating 

effect between high activation entropy and slightly decreasing adsorption enthalpy has 

been observed resulting in higher monomolecular cracking rates with increasing alkane 

chain number.403 Moreover, different cracking mechanism depending on the number of 

C atoms of the alkane have been reported for 12-ring zeolites with different acid site 

density per unit cell.620 Interestingly, it was found that when the cracking rate is 

calculated per bond susceptible to be cleaved, it increases with the carbon chain length 

for both, protolytic and beta-scission mechanisms.621. The kinetic findings led the 

authors to propose the cracking mechanism through a protonated cyclopropane (PCP) 

carbonium intermediate. 
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Scheme 20. Reaction network in zeolite catalyzed cracking of long-chain alkanes, 
including: (1) proton transfer from zeolite BAS to alkane to form a carbonium ion, (2) 
proton transfer from zeolite to alkene to form a carbenium ion, (3) hydride transfer 

from alkane to zeolite to form a carbenium ion and (4) beta-scission of a carbenium ion 
to form a new carbenium ion and alkene. Adapted from ref.112 with permission from 

the Royal Society of Chemistry, copyright 2015. 
 

 

Since its introduction as active FCC component in 1962,622 zeolite Y in its dealuminated 

form, known as ultrastable Y-zeolite (USY), is mainly used as catalyst in the industrial 

FCC process. The 3-dimensional channel structure of this zeolite, with 12 Å cages 
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connected by openings up to 7-8 Å provides sufficient volume to efficiently catalyze the 

cracking of the long-chain alkanes present in the FCC pool and possible consecutive 

reactions. Zeolite Y with low acid site density (high Si/Al ratio) is preferred because of its 

higher hydrothermal stability and its reduced hydrogen transfer (HT) and coking activity, 

and is prepared by controlled dealumination by steaming alone or in combination of 

acid washing cycles. Steaming has an important effect in the alkane cracking reactivity, 

since it affects both the structure and the composition of the zeolite by creating 

mesoporosity and generating extra-framework aluminum species (EFAl), respectively.623 

EFAl may be present as condensed Al species or as dispersed low-weight type EFAl 

species, with stronger Lewis acidity and higher tendency to interact with BAS, leading to 

the generation of acid sites of enhanced strength or enhanced adsorption properties. 

413,624–627 They may promote alkane hydride transfer to form carbeniums, or they can 

favor direct cracking due to interplay or efficient confinement when they are in close 

proximity to BAS.404 The introduction of rare earth (RE) metals by ion exchange is 

another way to improve the stability of Y zeolites, as it reduces framework 

dealumination under severe hydrothermal conditions.4,112 The reason for the enhanced 

stability lies on the RE migration, upon calcination, from crystallographic open positions 

in the supercages to sites ion-exchange sites within the soldadite cages and hexagonal 

prisms of the FAU framework,622 where they bond with framework oxygen atoms and 

stabilize the zeolite structure. This will result in a catalyst with increased activity and 

hydrogen transfer capacity, leading to higher gasoline and lower light gases selectivity 

by reducing the extent of re-cracking events of the cracked intermediates.628–630 

Additionally, RE prevents deactivation by trapping V impurities. The declining availability 

and increased prices of RE has fostered the development of RE-free cracking catalyst 
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formulations.4 They are, however, less active than RE-Y zeolite for alkane cracking and 

less resistant to poisons. Lercher and co-workers showed that the cooperative 

polarization of the alkane C-H bond by La+3 and the presence of LAS together with stable 

and strong BAS in La-exchanged USY zeolites results in an enhanced cracking rate of 

2,2,4-trimethylpentane.418 They proposed this was due to the presence of La+3 cations 

accessible to the reactant molecules in the Y zeolite supercages, as detected by solid 

state MAS NMR. The reaction mechanism for the iso-octane cracking is detailed in 

Scheme 21. 

 

Scheme 21. Proposed reaction mechanism for the catalytic cracking of in-situ formed 
iso-octanes in the presence of accessible La+3 cations inside the Y zeolite supercages. 

Reprinted from ref.418  with permission from the American Chemical Society, copyright 
2014. 

 

The medium pore ZSM-5 zeolite is added to the FCC catalyst to increase the final 

propene selectivity of the process.4,15,19,20,112 Its structure, with smaller channel 

dimensions (5.1-5.6 Å) than the Y zeolite (7-8 Å) will limit the access to the pore system 

of large and/or branched alkanes with molecular diameters above 6 Å. Regarding the 

cracking mechanism, ZSM-5 contributes to increasing the protolytic to beta-scission 
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ratio. Rather than participating in the first alkane activation, the reactant confinement 

of lighter hydrocarbons fractions in the pores of ZSM-5 leads to preferential cracking of 

the gasoline-range olefins, formed from carbenium intermediates in the FCC pool, into 

smaller alkenes, mainly propene.4 This is based on the higher cracking rates of olefins as 

compared to paraffins as detailed in Section 4.1.631–633 Cracking of the gasoline range 

olefins also competes with paraffins’ production via primary olefins hydrogenation and 

HT reactions on the main cracking catalyst, thus reducing the low-octane paraffinic 

content. However, bimolecular hydrogen transfer reactions with bulkier transition 

states are limited within the medium pore sized channel system in the ZSM-5 zeolite. 

Modified ZSM-5 can also be used for the on-purpose selective production of light olefins 

(ethylene and propylene) by cracking of paraffinic C6-C8 naphtha or heavier feedstocks. 

This field has been thoroughly covered by several reviews in the last decade.4,112,421 

Incorporation of RE metals and increasing the Si/Al ratio of ZSM-5 decreases the yield to 

BTX aromatics and reduces the extent of consecutive reactions. The incorporation of 

phosphorous favors mono- versus bimolecular events, reducing hydride transfer 

capacity and enhancing propene selectivity,96,424 and increases the hydrothermal 

stability of framework Al upon regerantion cycles. A recent study reported enhanced 

activity of BAS in MFI zeolites for pentane cracking and dehydrogenation caused by the 

presence of EFAL species, formed during steaming, in proximity to the BAS, which 

stabilized the transition state by increasing activation entropy.634 

As mentioned, ZSM-5 is generally added to the FCC catalyst as a separate additive,635 

but the use of composite Y-ZSM-5 particles could be beneficial since it avoids the dilution 

effect of the additional binder. For instance, ZSM-5/Y zeolite composites obtained by 



147 
 

one-pot crystallization yielded more gasoline-range products than the mechanical 

mixture of the two zeolites when cracking heavy alkanes by favoring isomerization and 

aromatization reactions in the inter-crystalline space.636 Taking into account that ZSM-5 

will re-crack olefin intermediates formed in zeolite Y before being consumed in 

secondary reactions, such as oligomerization-cracking and HT to gasoline isoparaffins, 

that will also be favored in the large pore zeolite, the overall catalytic behavior may 

improve if both structures are intergrown together. Ghrib et al. showed that co-

crystallized USY/ZSM-5 catalysts can be synthesized from kaolin and silica source 

through a two-step process. When used as catalyst for the cracking of VGO, the 

propylene yield and the quality of the gasoline fraction increased as compared to the 

catalyst prepared by physical mixtures of the two zeolites.637 

Besides ZSM-5 and Y, other zeolite structures have been studied for catalytic cracking of 

high alkanes. The selection of the zeolite should be based, not only on its cracking 

activity, but also on its selectivity to specific products, including a low coke selectivity. 

In this line, the geometric disposition of the molecules within the zeolite pores and 

cavities and their interaction was seen to directly affect the adsorption and diffusion 

rates of reactants and targeted products,638 greatly influencing the selectivity in cracking 

of long-chain alkanes, as predicted already in the 1980’s by Chen and Garwood.639 When 

comparing zeolites with different topologies for catalytic cracking of n-heptane,640 the 

maximum propylene selectivity was obtained with three-directional 9- and 10-ring 

zeolites, whereas 11- and 12-ring catalysts yielded more branched gasoline-range 

products (Figure 31a). In particular, MCM-22 zeolite, composed of independent 12-ring 

supercages exposed as hemicages and accessible via 10-ring windows, showed lower 



148 
 

gasoline loss and higher light olefins selectivity than ZSM-5 at comparable Si/Al (15-30) 

when used as additives to USY VGO cracking catalyst.641 This was ascribed to the reduced 

protolytic to beta-scission cracking ratio and to a higher contribution of the 10- versus 

12-ring channels to the preferred mechanism due to a higher Al density in the former or 

because of preferential 12-ring cage dealumination.642 The main drawback of MCM-22 

was its high initial deactivation rate (see Figure 31b), induced by the coke (polyaromatics 

species) trapped in the MCM-22 supercages with 10-ring apertures.643 In a different 

study, Ferrierite, was found to be active for the cracking of paraffinic naphtha fraction 

or heavy gasoil, but space demanding reactions such as hydrogen transfer and 

cyclizations were reduced as compared to ZSM-5, because of steric hindrance,640,644 

leading to lower propane and aromatics and higher olefin yields when tested alone for 

cracking n-hexane or mixed with ZSM-5 for cracking of gasoil.645 

 

Figure 31. (a) Variation of the paraffin/olefin (P/O) ratio with void speace dimensions 
for 10 different zeolite structures; (b) Mean activity versus time on stream during n-

heptane cracking for the different zeolites, coded: (+) Mordenite, (⧫) Beta, (♢) SSZ-24, 
(*) MCM-22, (□) CIT-1, (○) NU-87, (▵) NU-86, (•) ZSM-5, (▴) Ferrierite catalysts. 

Reprinted from ref.640 with permission from Elsevier, copyright 1999. 
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A recent work comparing the n-hexane cracking performance on medium pore zeolites 

EU-1 zeolite, ZSM-5 and ZSM-48 illustrated the impact of side pockets in cracking 

selectivity.646 In contrast to ZSM-5, with a 3D interconnected straight and sinusoidal 10-

ring channel system, or to ZSM-48 with 1D 10-ring pores without cavities, the 1D 10 MR 

pores of EU-1 are periodically interrupted by wide 12-ring pockets (Figure 32a). Figure 

32b shows that, at optimal Si/Al ratios of 150, the latter yields more propylene and lower 

BTX, as a result of the product shape selectivity induced by the confined channel system 

of the EU-1 topology, despite the creation of large intermediates or aromatic precursors 

in the large voids of the pockets, but this accumulation of aromatic coke precursors 

blocked the unidirectional pores and resulted in fast deactivation. The absence of extra 

void volumes in the 1D ZSM-48, in turn, results in transition shape selective properties 

preventing the formation of large hydrocarbons.  

 

Figure 32. (a) Illustrations of the channel system and (b) Initial product yields and n-
hexane conversion (inset) of EU-1, ZSM-48 and ZSM-5 medium pore zeolites. Reprinted 

from ref.646 with permission from Elsevier, copyright 2016. 
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Other large pore zeolites have also been studied as cracking catalyst.620,647 Among them, 

ITQ-21, with a 3D structure with linear 12-ring channels intersecting into large cavities 

comparable in size to the FAU supercages, but accessible through six 12-ring windows 

instead of four, showed higher cracking activity, more propene and lower gasoline 

olefinicity,647 because of improved diffusion and accessibility to the active sites in the 

zeolite micropores. The same concept was applied to IM-5, a zeolite with medium-pore 

structure similar to ZSM-5 but with larger void spaces in the channel intersections.648 

The large pore ITQ-7 zeolite, with a 3D channel system of 12-ring pores, less tortuous 

than those of the beta zeolite,649 showed preference for the beta-scission versus 

protolytic cracking mechanism and limited HT activity when tested at high Si/Al ratios as 

additive for gasoil cracking, leading to high octane gasoline production with less 

aromatics and higher olefinity and branching as compared with beta zeolite.650 

The combination of beta and mordenite with the medium pore ZSM-5 zeolite was seen 

to increase the conversion of a naphtha fraction to light products after P addition and 

hydrothermal treatment.651  

Although the application of small pore zeolites is mostly restricted to gas separation and 

acid catalyzed processes, such as methanol-to-olefins or selective reduction of NOx113, 

they have also been explored as possible cracking additives for selective production of 

light olefins. SSZ-33, with a small pore chabazite structure showed high hydrogen 

transfer activity and the product distribution was rich in aromatics and iso-paraffins with 

low propylene upgrade.652 Moreover, the large internal cavities connected through 

narrow 8 MR apertures, limit the diffusion of bulky products out of the cages resulting 

in faster coking rates. 
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Finally, multipore zeolites presenting interconnected channels of different dimensions 

have also been proven as active catalyst for long alkane containing streams.35 These 

structures may benefit from a special type of shape selectivity, known as molecular 

traffic control, which is observed when pores of different sizes favor the preferential 

diffusion of different reactant and/or products. Some of these multipore zeolites studied 

as cracking catalysts have been ITQ-39, with three-directional channel system with 

interconnected large 12-ring and medium 10-ring pores, which showed a good catalytic 

cracking behavior,653 or MCM-68, with interconnected straight 12-ring and tortuous 10-

ring channels and 18 x 12-ring supercages accessible only through the 10-ring 

pores,654,655 which presented higher propylene selectivity than ZSM-5 with comparable 

Si/Al, aided by a selective propylene formation in the supercages, which showed limited 

access to bulky coke precursors. Another example of medium and large pore 

multiporous structure applied to cracking of chain alkanes is the aluminosilicate form of 

SSZ-57 synthesized by Zones et al,656 less selective to cracking linear than branched 

alkanes as compared to ZSM-5.657,658 In the case of ITQ-13, with a 3-directional structure 

composed of small 9- and medium 10-ring pores,659 the small pores induced shape-

selective properties providing high selectivity towards propene. 

A very interesting case is that of ITQ-33, a germanosilicate with a structure formed by 

intersecting extra-large 18- and medium 10-ring pores.46 The ITQ-33 structure 

maximized both diesel and propylene selectivity when combined with ZSM-5 as 

compared with USY/ZSM-5 catalyst (see Table 7), as the result of a preferential diffusion 

of diesel-range molecules through the 18-ring pores and cracking of the gasoline-range 
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hydrocarbons to light olefins in the medium 10-ring pores, shown in Figure 33a and 

Figure 33b, respectively. 

 

Table 7. Catalytic cracking of Arabian light VGO at T=500 ºC and 60 s time on stream. 
Adapted from.46 

Catalyst Cat/oil Conversion 
(%) 

Yields (%) 

Diesel Gasoline Propene 

USY 0.62 92.5 15.7 40.4 4.7 

USY 0.47 88.3 19.5 39.5 4.4 

ITQ-33 0.70 89.2 22.6 34.5 4.2 

Beta 0.70 84.0 14.1 32.3 7.5 

USY + 20% ZSM-5 – 87.0 17.0 33.2 7.2 

ITQ-33 + 20% ZSM-5 – 86.1 23.3 25.1 9.0 

 

Figure 33. View of the ITQ-33 pore structure showing the 18-ring channel (a) and 
intersecting 10-ring channles (b) along [001] and [100], respectively. Structures taken 

from the IZA webpage.37 
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The different chemical composition of microporous silicoaluminophosphates (SAPOs) as 

compared to zeolites involves differences in their intrinsic acid properties that have 

implications in catalysis. Although the research of SAPOs-catalyzed cracking processes 

involving long-chain alkanes has been mainly directed to hydroconversion reactions, and 

will be revised in Section 5.2, SAPO-37, iso-structural to zeolite Y, was seen to be as 

active as a USY zeolite for gas oil cracking, but significantly less active in n-heptane 

cracking, as a consequence of the different acidities.660 In these zeotypes, the Si 

distribution directly affects the acidity and cracking activity and, when used as catalyst 

for n-octane and n-decane cracking, an increased yield to light hydrocarbons was 

observed with increasing pretreatment temperature and Si content for SAPO-37, both 

factors leading to heterogeneous site distribution and formation of Si islands, as 

compared to samples containing isolated SiO4 sites.661,662 

Besides the zeolite structure and Si/Al ratio, the specific framework location of the Al 

atoms and, therefore, the location of the BAS in different geometrical environments may 

play an important role in the activity and the selectivity of zeolite-based cracking 

catalysts. Recent studies showed that according to DFT calculations663, Al has no 

thermodynamic preference for a specific framework position in MFI. However, Al siting 

may be varied by means of the synthesis procedure employed. Tatsumi and co-workers 

observed selectivity differences for the cracking of 3-methylpentane among ZSM-5 

zeolites synthesized with different organic structure directing agents (OSDA) and with 

or without Na ions.664 The zeolite with higher proportion of Al atoms located in the 

channel intersections was more active and presented lower apparent activation energy 

and lower selectivity to monomolecular cracking products (methane + ethane + 
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hydrogen) because of the less restricted space for the transition state interaction with 

the active site. On the other hand, preferential location of Al within the straight and 

sinusoidal channels of ZSM-5 rather than at channel intersections resulted in lower coke 

selectivity for cracking of n-hexane.665 The controlled location of Al in the 10-ring 

channels of a ZSM-5 zeolite was approached by Li et al. by synthesizing the zeolite as a 

boron-alumino-silicate.663 Due to the preferential positioning of B at the channel 

intersections, the 10-ring pores were enriched in Al, and this had a direct effect on the 

product distribution observed for cracking of 1-hexene, with higher selectivity to 

propene, lower butenes/propene ratios, and on the catalyst lifetime when tested in the 

MTO reaction. The improved propene selectivity obtained for n-hexane cracking on 

MCM-68, a multipore zeolite with a 3D 12x10x10-ring structure, modified by 

dealumination, was suggested to be due to preferential dealumination of the 12-ring 

channels.654. In a similar way, the higher propene selectivity and lower coke formation 

observed on acid treated MCM-22,666 was suggested to be related to the selective 

removal of Al sited within the MCM-22 supercages. 

As mentioned in the introduction to this section, conversion of longer alkanes will 

involve increased diffusional problems within the micropores of the zeolites. Two main 

approaches have been proposed for increasing the accessibility of the zeolite active 

sites, reducing the zeolite crystal size or generation of mesoporosity by direct synthesis 

(bottom-up) or post-synthesis (top-down) procedures.667 Early works by Corma and co-

workers already evidenced the importance of crystal size and zeolite mesoporosity on 

the activity and selectivity of USY zeolite-based cracking catalysts. The improved USY 

zeolites were more active and selective to gasoline and diesel range products for the 
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cracking of heavy gasoil.668,669 High activity and maximum selectivity to alkenes and i-

butane were obtained when VGO cracking was catalyzed by nano-betas with average 

crystallite size of 400 nm.670 Reducing the ZSM-5 crystallite size to the nanometer range 

also showed beneficial effects in terms of catalyst decay for cracking of VGO671 and 

model alkanes.672–675 

As mentioned earlier, the combination of hydrothermal treatment and acid leaching can 

be used for ultra-stabilization of Y zeolites and do generate some mesoporosity.19 

Combination of these treatments with basic desilication methods resulted in 

hierarchical USY zeolite catalysts with optimized BAS and reduced diffusion pathways in 

the zeolite crystals,676 more selective to high quality diesel with low aromatic content, 

and olefin-enriched C3 and C4 gases, as compared to a conventional USY. Hierarchical 

zeolite crystals can also be created through synthesis by bottom-up approaches. In this 

line, mesostructured Y zeolite synthesized following a surfactant assisted procedure,677 

showed improved selectivity, yielding more fuels and less gases, bottoms and coke. 

ZSM-5 with intracrystalline mesoporosity, prepared following a similar approach 

presented higher overall cracking activity and higher LPG olefinicity. For further details 

on the advances in preparation and reactivity of hierarchical catalysts for catalytic 

cracking of heavy feedstocks we refer to a recent review.678 

An alternative way to introduce mesopores within the microporous zeolite framework 

is the so-called pillaring process. Pillarization of the layered MCM 22 precursor led to 

the pillared structure MCM-36, presenting mesopores between the layers.679,680 The 

accessibility benefit of such zeolite was demonstrated by its higher activity in the 

cracking of VGO as compared to the no-pillared MCM-22 counterpart.101 Following a 
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similar preparation concept but working under milder conditions, Tsapatsis and co-

workers succeed in preparing a MCM-36 zeolite with preserved crystallinity and higher 

BAS density, and more active and selective to the desired products when used for 

catalytic cracking of n-decane and VGO, as compared to a conventional MCM-36.681 

An original approach proposed by the Corma group for increasing the accessibility of 

microporous crystalline materials is the preparation of zeolite single layers by post-

synthesis delamination of layered zeolite precursors. In this way zeolites ITQ-2,74,682 ITQ-

6,77,683 ITQ-18,104 and ITQ-20684 were prepared. The resultant zeolitic materials showed 

very high accessible surface areas and interesting catalytic properties for a large number 

of acid catalyzed reactions.19 The benefits of ITQ-2 as compared to its microporous 

MCM-22 counterpart or to the pillared zeolite MCM-36, were also demonstrated for the 

catalytic cracking of a VGO,101 with the delaminated zeolite being more selective to 

liquid products and formed less gases. 

5.1.2. Steam assisted catalytic cracking 

Alkane C-C bond breaking can also be achieved thermally through a radical cracking 

process. Thermal cracking should maximize olefins and has been used for the conversion 

of alkane containing naphtha fractions to propene and specially to ethene.685 Based on 

that, steam catalytic cracking (SCC) has been developed to crack naphtha in the presence 

of steam in a dedicated small unit at higher temperatures and shorter contact times 

than FCC, but lower temperatures than thermal cracking. The higher reaction 

temperatures used in SCC as compared to FCC affects the propene-to-ethene ratio in 

the products, which is lower for SCC, although the total yield of propene and olefins is 
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larger than in conventional catalytic cracking. The extreme conditions for SCC require 

hydrothermally stable catalysts with strong acidity, since severe dealumination will 

cause rapid loss of catalytic activity. Corma and co-workers thoroughly studied the 

impact of the Si/Al ratio variation (15-40) in ZSM-5-based catalysts, its stabilization by P 

addition, and developed kinetic models to quantify the effects of steam on activity, 

selectivity and catalyst decay for the cracking of C5-C12 alkanes at 700 ºC.686,687 The 

presence of steam caused irreversible dealumination and reversible deactivation by 

interaction of water molecules with zeolite weak active sites, decreasing the apparent 

activation energy. It adversely affected the protolytic cracking activity when converting 

n-heptane, but also reduced re-cracking events, thus lowering the formation of 

hydrogen, methane and coke precursors. Severe dealumination resulted in similar final 

Si/Al ratios regardless of the initial zeolite composition and, therefore, in a negligible 

influence of the initial Si/Al ratio on activity and selectivity under SCC conditions. The 

rapid deactivation by dealumination was reduced by P incorporation and optimal 

cracking activity were found for P-containing zeolites, while maintaining high ethylene 

and propylene selectivity, thanks to to stabilization of the ZSM-5 framework while 

reducing its acidity.424 They also observed lower iso-butane and aromatics but higher 

butene yields for the P-containing zeolites, indicators of a lower contribution of the 

bimolecular beta-scission and HT reactions. The isomorphic substitution of B in 

framework positions of ZSM-5 was recently shown to benefit the catalytic behavior of 

the zeolite for steam cracking of heavy naphtha (C12) to a high octane gasoline blend, a 

fact that has been related to the creation of acidic silanol species.688 
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A comparative study of IM-5 and ZSM-5 zeolites with similar Si/Al ratios (ca. 15) in the 

SCC of n-heptane, a model compound representative of naphtha,689 showed higher 

catalytic activity of IM5 (lower apparent activation energy and heat of adsorption) and 

comparable propene yields. The peculiar structure of IM-5, with smaller pore 

dimensions than ZSM-5, in combination with its strong acidity, favors re-cracking 

reactions and increases ethene selectivity. However, the large voids in the channel 

intersections favor hydrogen transfer reactions leading to more iso-alkanes and BTX 

products. The similar propene yields obtained for both zeolites and the lower i-butene/i-

butane ratio for IM-5 indicate that dimerization-cyclization and HT reactions involved 

mainly butenes. As with ZSM-5, P addition to IM-5 largely improved its hydrothermal 

stability. 

Large pore zeolites have also been studied as catalysts for SCC. Thus, Masuda and co-

workers reported an increased stability of beta zeolites after triphenyl silane treatment, 

for the conversion of heavy oil to lighter hydrocarbons in the presence of steam at 

temperatures of 470 ºC and atmospheric pressure.690,691 More recently, Shirvani and 

Ghashghaee demonstrated the benefits of steam addition for improving light olefins 

production in the catalytic conversion of fuel oil over USY zeolite.692 The same group 

extended the studies to novel acid composite nanoporous catalysts with multiple active 

phases (MEL, MFI, CHA and AlPO) and supported their results with a kinetic model.693 
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5.2.  Bifunctional conversion of C5+ alkanes by C-C bond rearrangement 

and cleavage 

C5+ alkane containing streams can be converted by hydrogen-mediated processes over 

bifunctional metal loaded zeolites.19,25,111 Operation in hydrogen atmosphere has direct 

implications on the activation process and the nature of the catalyst. As detailed in 

previous sections, the metallic function provides the hydrogenating/dehydrogenating 

activity to form the primary olefins and to desorb the final products whereas the zeolite 

catalyzes the C-C rearrangements and C-C cracking on the acid sites. The metal 

component for long alkane hydroconversion is usually Pt, Pd or their bimetallic 

combinations. Both noble metals belong to the same group and possess similar 

hydrogenating and redox properties. Combinations of Ni, Mo, W and Co are also 

interesting due to their high thio-resistance and lower cost, but show lower 

hydrogenating activity. 

Regarding the reaction mechanism, the same reaction steps as those explained for light 

alkane hydroisomerization prevail for large paraffins conversion (see Section 4.2). Still, 

in the case of longer alkanes, the carbenium ions may be converted on the BAS by 

cracking and isomerization. In the case of feeding a linear alkane, the cracking would 

involve highly disfavored beta-scissions from a secondary to primary carbocation,694 so 

n-alkanes would readily isomerize to a monobranched iso-alkylcarbenium. These 

monobranched isomers can undergo secondary isomerization to form di- and tri-

branched alkyl-carbeniums, which can either desorb from the acid sites as branched 

alkenes or undergo C-C bond cleavage to shorter carbeniums on the acid sites and 

eventually desorb as shorter iso-alkenes. In a final step the olefins will diffuse to the 
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metal side where they will be hydrogenated to the corresponding iso-paraffins or lighter 

alkanes. If the distances between the acid and the metal site are too large, the 

intermediate alkenes formed may suffer undesired consecutive reactions leading to gas 

and to coke. 

Choi and co-workers observed different selectivity to iso-dodecane when comparing 

two Pt/SAPO-11 catalysts with the BAS preferentially located either at the external 

surface of within the microporous channels.695 The latter showed substantially higher 

selectivity to iso-dodecane, which was attributed to a promotion of consecutive cracking 

reactions on the external acid sites of the former. 

The activity of the bifunctional catalyst is the highest when the acid-catalyzed steps of 

isomerization and beta-scission are rate controlling.25,694,696 Two conditions are required 

for enabling this kinetic control, an optimum ratio between acid and metallic sites, such 

that the metal function is high enough for not limiting the steady-state concentration of 

intermediate alkenes in the micropores, 697 and a transport of reactants between the 

two sites faster than the chemical reaction.698,699 Thus, in a first approximation, one may 

think that the hydroconversion of long chain alkanes will depend on the distance 

between the two functions,111 as mentioned before. Regarding the influence of the 

composition of bifunctional hydroconversion catalyst, the effect of the hydrogenating 

(Pt)/acid(A) balance for n-decane conversion on Pt/Y catalyst, depicted in Figure 34, may 

serve as an explanatory example. Catalysts with a low degree of hydrogenation activity 

and a high degree of acidity (Figure 34a) are the best suited for maximizing 

hydrocracking versus hydroisomerization, since the high number of BAS pushes 

successive re-arrangements and further cracking of the alkene intermediates before 
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they are hydrogenated on the metal site. On the other hand, when the hydrogenation 

activity becomes higher (Figure 34b), the alkene intermediates will not be re-arranged 

in time, so cracking will be limited and isomerization will be favored. Regarding the 

distance between the two active sites, it is generally accepted that if they are in close 

proximity cracking activity is increased, whilst if the distance is too long the synergetic 

effects between the two acid sites is suppressed. This is the basis for the intimacy 

criterion proposed by Weisz, according to which when the distance between acid and 

metal sites exceeds a certain value, activity of the catalyst starts to decreases.700 

However, this criterion may not apply for all cases, as evidenced by Zecevic et al. when 

studying bifunctional catalysts for the conversion of large alkanes.701 The catalysts were 

intimate mixtures of zeolite Y and an alumina binder, where the Pt metal was added 

either to the zeolite or to the binder. Characterization of the catalysts at the nanoscale 

and correlation with their activity and selectivity demonstrated that in the case of large 

hydrocarbons the best results were obtained when the metal was deposited on the 

binder, and not on the zeolite. When the large alkene molecules are formed on the 

Pt/binder, they will diffuse to the zeolite surface and react on the most accessible zeolite 

BAS, close to the pore mouths, following a “pore-mouth” type of catalysis, similar to the 

one described by Martens702 for isomerization of long alkanes, and will diffuse back to 

the metal sites. In this way, the need for diffusing through the zeolite pores is avoided 

and the possibility of undesired acid-catalyzed reactions, such as recracking, is reduced. 

The concept was extended to lighter alkanes such as n-C7 when converted on one-

dimensional ZMS-22 (10-ring) and mordenite (12-ring) zeolites.703 For more details on 

the effect of the metal-acid balance and the impact of the metal function on the n-alkane 

hydroconversion we refer to a recent thorough review.111 
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Figure 34. Hydroconversion of n-decane over a bifunctional catalyst with (a) low (< 
0.03) and (b) high (> 0.17) value of the hydrogenating/acid balance, respectively. 

Adapted from ref.696 with permission from Elsevier, copyright 2013. 

 

Hydrocracking of long-chain n-alkanes is always consecutive to the skeletal 

isomerization.704 This implies that at medium to high conversions, hydroisomerization is 

accompanied by hydrocracking limiting the production of isomers. Furthermore, the 

rate of isomerization of long-chain linear alkanes is thermodynamically controlled and 

decreases with increasing temperature. The isomerization via alkyl and hydride chain 

positional shifts has been reported to be much faster than isomerization via the 

formation of protonated cyclopropane (PCP),705 so when alkanes are hydroconverted by 

bifunctional catalysts with no shape selectivity, positional isomers distribution obeys the 

thermodynamic equilibrium. 
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Cracking is faster for multi- than mono- or di-branched alkanes, and this allows 

controlling the hydrocracking/hydroisomerization ratio by suppressing the formation of 

multibranched isomers. The distribution of hydrocracked products can be controlled by 

using zeolites with confined pore structures that impose shape selective effects, as 

trimethyl carbeniums are usually rearranged in a way that the methyl groups are located 

at the center of the chain, yielding a narrow distribution of hydrocracked products with 

maximum selectivity at middle carbon numbers of the alkane feed. Steric considerations 

imply that as the pore size becomes smaller, the formation of bulky tribranched iso-

carbeniums is reduced. Additionally, if one considers a feedstock of mixed iso and n-

alkanes, linear alkanes will be selectively cracked in medium pore zeolites as compared 

to branched alkanes due to reactant shape selectivity. This concept was the bases for 

the development of the constraint index (CI).657 

Maesen and co-workers carried out detailed kinetic studies and thermodynamic analysis 

by molecular simulation of the formation of different alkylcarbenium intermediates 

involved in long n-alkane hydroconversion within different zeolites and related this to 

shape selectivity effects.95 The zeolites compared were a large pore 12-ring FAU 

structure and three medium pore 10-ring zeolites, i.e. the three-dimensional MFI and 

ZSM-11 MEL, with intersecting channels in zig-zag or linear disposition, and the uni-

directional TON structure. Figure 35a shows the numbers for the Gibbs free-energy of 

formation of mono-, di- or tri-branched intermediates from n-decane. It is clear that the 

formation of bi- and specially tri-branched intermediates involve high energy penalty 

and is highly disfavored for medium pore zeolites, whereas little thermodynamic 

impediment is observed for the formation of any multi-branched iso-alkane in large pore 
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Y. Regarding the two 10-ring zeolites, the free-energy contributions of MFI and MEL are 

similar for most of branched alkanes, but they differ in some specific alkyl intermediates. 

Since specific cracking precursors are formed over each zeolite, different cracked 

products will be produced, caused by the distinct channel connectivity and shape (Figure 

35b). The small and unidirectional pores of the TON structure prohibit the formation of 

di and tri-branched n-decane isomers, thus preventing the cracking activity. In fact, this 

confers 10-ring one-directional structures, such as ZSM-22 or SAPO-11, the ability to 

perform selective skeletal isomerization at the chain ends of the alkane feed. This 

concept, which is key for the production of diesel or lube oils with premium cold flow 

properties, has been extensively explored by researchers from Chevron706,707 and the 

group of Martens and co-workers and will be described later in more detail. Before that, 

other relevant works dealing with the thermodynamic and diffusion implications on the 

hydroconversion performance of zeotypes with particular structures will be introduced. 

 

Figure 35. (a) Variation of the free energy of formation of five n-decane 
hydroconversion key intermediates relative to that of n-decane for FAU, MFI, MEL and 

TON zeolite structures; (b) Hydroconversion mechanism for n-decane within the 
different topology of MFI and MEL zeolite structures. Adapted from ref.95 with 

permission from Springer Nature Customer Service Centre GmbH: Springer Nature 
Nature, copyright 2008. 
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Following a molecular perspective, Tsapatsis and co-workers708 developed advanced 

theoretical simulations and computational screening on adsorption of linear and 

branched alkanes with 18 to 30 carbon atoms over a vast number of zeolite related 

structures, including those in the IZA-SC (International Zeolite Association Structure 

Commission database) and in PCOD (Predicted Crystallography Open Database). 

Adsorption results at the theoretical infinite dilution, i.e. at alkane partial pressures 

close to 0 MPa, showed that pore channels with smaller free diameter would be 

advantageous for isomerizing C18 alkanes because of the more favorable adsorption 

enthalpy, improved kinetic constants and stronger affinity. They also defined pore 

bumpiness (∆d) as the difference between the diameter of the largest sphere that can 

be included along the channel and the molecule free diameter, which can be considered 

an indirect measurement of confinement, and related it to the linear/branching 

selectivity ratio. The conclusion was that the lower the ∆d of the support, the higher 

selectivity to branched alkanes. The calculation outcomes led the authors to conclude 

that one-dimensional channel structures were the ones that behave best for 

hydroisomerization. Interestingly, similar conclusions were lately obtained from 

experimental hydroisomerization results of a C10-C13 n-alkane mixture over six Pt-

containing bifunctional catalyst with 10-MR (MFI, TON, MTT) and 12-MR (BEA, MOR, 

MTW) one- and tri-directional pore zeolites by Zschiesche et al.709 

Theoretical studies by Maesen et al. 710–713 focused on zeolite cage effects on the 

conversion of long-chain alkanes, correlated the simulated Gibbs free energy of 

adsorption of n-pentacosane (C25) with the pore diameter of a number of zeolite 

structures.710 Summarizing their results, Figure 36a shows that there is a switch of the 
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Van der Waals interactions from predominantly repulsive (leading to ΔGads n-C25 > 0 

circles) to predominantly attractive (ΔGads n-C25 < 0 squares) for pore diameters around 

0.48 nm, dimensions that are characteristic of MTT-type zeolites (1D 10-ring structure). 

Secondly, they showed that among the zeolites showing effective interactions with the 

fed n-alkane, those containing cages (ERI, AFX, FER) led to a particular type of reactant 

shape selectivity by which short-chain n-alkanes were preferentially hydroconverted 

versus longer alkanes. This arised from the restricted access of the larger molecules 

through the narrow window openings and the higher thermodynamic penalty (repulsive 

interactions that increase the Gibbs free energy of adsorption) imposed by alkanes with 

too long sizes to fit in a narrow cage. Adsorption molecular simulations on n-C13, 

presented in Figure 36b, showed that, under a Henry kinetic regime, the ERI-type 

zeolites (3D 8-rings and 0.704 nm cages) requires n-alkane pressure higher than AFX (3D 

8-rings and 0.776 nm cages) and significantly higher than FER zeolites (2D 10x8-rings and 

0.631 nm cages) before they become saturated, indicating a strong resistance for the 

former zeolites to fit the long n-alkane inside the cages. Figure 36c schematically shows 

how the long n-alkanes (molecules depicted at the right) have to squeeze through the 

narrow ERI or AFX windows, whereas the FER pores (0.48 x 0.54 nm) are wide enough 

to well fit the n-alkanes and do not exert repulsive interactions. In addition to guest 

(long-chain alkane) – host (zeolite surface) interactions, the interplay among 

intermediates and products can affect the Gibbs free energy of adsorption.711–713 
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Figure 36. (a) Variation of the Gibbs free energy of adsorption of n-pentacosane at 
605K as a function of the zeolite window size; (b) n-C13 adsorption isotherms at 670K 

and (c) selected n-alkanes adsorbed on ERI, AFX and FER structures. Adapted from 
ref.710 with permission from Elsevier, copyright 2006. 

 

Summarizing, in the hydroconversion of high alkanes, hydroisomerization reactions will 

never completely equilibrate since they compete with consecutive hydrocracking that 

will break down the isomers. The higher the competitive adsorption at the acid sites, the 

shorter the residence time of the alkene intermediates near the active sites, which will 

then be more likely to desorb as a branched isomer rather than to crack. The equilibrium 

between isomerization and cracking can be thermodynamically controlled by the pore 

structure (diffusion and shape selectivity) and composition (desorption and cracking 

ability) of the zeolite function. These later aspects can be tuned by direct synthesis or by 

post-synthesis modifications as will be described below for specific cases. 
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Finally, reactions conditions will also influence the hydrocracking/hydroisomerization 

ratio, since the former is endothermic and promoted at higher temperatures whilst the 

latter is thermodynamically controlled and favored at lower temperatures.20 

After this revision of the main common features for alkane hydroconversion, such as 

their reaction mechanisms and the influence of the alkane length and the catalytic 

properties on the hydrocracking to hydroisomerization ratio, three main 

hydroconversion processes of alkanes will be described in the next sections, which are 

commercially employed for upgrading paraffinic streams. These are the isomerization of 

light straight run naphtha for octane increase, isodewaxing of long-chain alkane 

fractions (waxes) for improving cold properties of fuels and lube oils, and hydrocracking 

of heavy fractions to liquid fuels. We will focus on analyzing the correlation of zeolite 

structural and physico-chemical properties with their catalytic behavior in the different 

cases. For a deeper insight into the different technologies industrially available, the 

interested reader is referred to previous reviews.19,20 

5.2.1. Isomerization of C5-C7 alkanes 

Among the hydroconversion reactions of long n-alkanes over zeolite-based bifunctional 

catalysts, the most favored cracking of tri- or di-alkyl-carbenium intermediates require 

at least C8 and C7 n-alkanes, respectively.25 The transformation of n-alkanes with 5 to 6 

carbon numbers involve very slow or forbidden cracking modes, so they are much less 

susceptible to crack. This implies that they can be more selectively isomerized into iso-

pentanes and mono- or di-branched hexanes, and this is the basis of the upgrading of 

the light straight run (LSR) gasoline, which is mainly composed by n-pentane and n-
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hexane mixed with small proportions of n-heptane and naphthenes. The direct use of 

the LSR fraction as gasoline blend results in low average octane numbers (55-75), but 

when the linear alkanes are isomerized to the corresponding branched paraffins, 

particularly to di-methyl butanes, the octane number is greatly increased (>80),714 as can 

be deduced from Figure 37a. The direct and selective isomerization of LSR alkanes 

through carbocation intermediates is challenging because of the low reactivity of the 

paraffins and the presence of competing reactions, such as cracking. The reaction is 

thermodynamically limited, and the rate of isomerization increases with decreasing 

temperature. Figure 37b shows how zeolite-based bifunctional catalysts benefits the 

process by pushing the equilibrium towards branched isomers after n-alkane activation 

when working at the lowest temperatures possible. Zeolites also show lower catalyst 

decay associated with presence of poisons such as sulphur and water in the mother 

stream and they are easy to regenerate. Considering integrated processes, the octane 

rate can be further increased by recycling the unconverted n-paraffins after separation 

of the branched products by means of a molecular sieve, such as zeolite LTA,20 or by 

using ZSM-5 zeolite membranes.715 
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Figure 37. (a) Structure and research (RON) and motor (MON) octane numbers of the 
pentane and hexane skeletal isomers; (b) Thermodynamic equilibrium of pentanes and 

hexanes and temperature range of typical utilization of LSR isomerization catalysts 
including chlorinated, sulfated and mordenite-type zeolite. Solid and dashed lines 

represent liquid and gas phase equilibrium, respectively. Reprinted from ref.20 with 
permission from Springer Nature Customer Service Centre GmbH: Springer Nature 

Topics in Catalysis, copyright 2009. 
 

 

The zeolite-based catalyst of choice to perform n-C5-C6 hydroisomerization is the partly 

dealuminated large pore mordenite (MOR) containing Pt as the hydrogenating-

dehydrogenating component.19,20 The one-directional pores of the mordenite impose 

diffusion restrictions for the heavy alkane containing fractions, but selectively convert 
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the paraffinic light gasoline. 716 However, because of its lower acidity as compared with 

chlorinated or fluorinated alumina isomerization catalysts, mordenite based catalysts 

usually work at higher reaction temperatures (ca. 250ºC) (Figure 37b). An increased 

stabilization of the transition state for isomerization in the acid sites is then essential to 

isomerize LSR stream at lower temperatures. Thus, optimization of the composition, the 

distribution of active sites, the crystallite size and pore geometry of the microporous 

component would be necessary for improving the hydroisomerization activity.703,717 This 

was the basis for a commercial light naphtha hydroisomerization process based on a Pt 

loaded modified mordenite catalyst, HYSOPAR®, and the CKS ISOM process, jointly 

developed by CEPSA, KBR and Süd-Chemie718. 

Besides the framework Si/Al ratio, EFAl species can influence the zeolite isomerization 

activity by means of a synergetic effect with the BAS, resulting in higher acid strength 

and increased isomerization activity.624 On the other hand, Iglesia and co-workers 

investigated the consequences of acid strength, described by the deprotonation energy 

of microporous zeolites such as the tri-dimensional beta, on n-hexane isomerization, 

and showed that isomerization rate constants decreased exponentially with increasing 

deprotonation energies, which led them to conclude that acid strength primarily affects 

activation barriers.719 By measuring energies for intermediates and transition states, 

they observed a higher (electrostatic) stabilization of the transition states for catalysts 

with weaker acid sites. 

Regarding the isomerization mechanism, it is generally accepted that n-hexane 

isomerization proceeds via a protonated cyclopropyl (PCP) intermediate formation at 

the BAS, which will evolve into the most stable carbocation,719,720 as illustrated in step 3 
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of the five reaction path mechanism presented in Figure 38a. The energy diagram (Figure 

38b) shows that the transition state carbocation (B) from the skeletal rearrangement of 

the linear secondary carbenium ion (A) to the monobranched methyl-C5 carbenium (C) 

consists of a PCP and the process occurs by C-C and C-H bond cleavage and formation. 

 

Figure 38. (a) Proposed mechanism for n-hexane isomerization on bifunctional metal-
acid catalysts; (b) branching rearrangement of the linear secondary carbenium ion (2-

hexenium, A) with the edge-protonated 1-ethyl-3-methyl-cyclopropane carbocation 
transition state (B) to the monobranchd 2-methyl-3-pentenium ion (C). Adapted from 

ref.719 with permission from the American Chemical Society, copyright 1999. 
 

 

The shape selective properties of n-hexane hydroisomerization have been correlated 

with the pore channel and structure of the zeolite component. An illustrative work by 

Chica et al.721 explored the LSR hydroisomerization activity and selectivity of uni- and tri-

directional 12-ring zeolites and multipore structures with 10x12 ring pores. They showed 

a good linear correlation between the hydroconversion activity and the number of acid 

sites (measured from FTIR with pyridine) regardless of the pore dimensions and zeolite 

composition (Figure 39). Feedstocks containing n-C5-C7 are selectively isomerized by 
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12MR tri-directional beta (BEA) zeolite, because of the faster diffusion rates of the 

reacting alkanes through the pores. Also, the large unidirectional pore SSZ-24 with AFI 

topology performed better than mordenite, the latter having slightly smaller pore 

diameter.  

 

Figure 39. Variation of the hydroconversion activity with the number of acid sites 
present on the different catalyst, as measured by pyridine desorption at 400ºC. 

Adapted from ref721 with permission from Elsevier, copyright 1999. 

 

Davis and co-workers reported high iso-alkanes selectivity in n-hexane conversion on 

zeolite ITQ-27, with a two-dimensional 12ring microporous system, due to the particular 

topology of this zeolite that allowed a shorter contact time between the isoalkanes 

intermediates and the BAS, reducing in this way the undesired cracking reactions as 

compared to other zeolites (see Table 8). 
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Table 8. Isomers distribution in the hydroisomerization of n-hexane over selected zeolites 
at maximum isomer yields, p=1480 kPa, LHSV=1h-1and 6:1 H2/n-hexane. Equilibrium 
data at 277ºC. Adapted from.722 
 

Zeolite Max. isomer 
yield (mol%) 

Distribution (mol %) 

2,2-DMB 2,3-DMB 2-MP 3-MP 

ITQ-27 (1) 75.5 17.8 10.9 43.0 28.3 

ITQ-27 (2) 75.8 18.7 10.4 42.9 28.1 

Y 79.5 21.9 10.0 41.1 27.0 

Beta 81.5 21.4 11.3 41.2 26.1 

Mordenite 78.6 21.5 10.8 40.7 27.0 

ZSM-12 72.7 16.2 9.6 44.8 29.4 

ZSM-5 74.4 0.2 3.0 59.6 37.2 

At 
thermodynamic 

equilibrium 
– 37.8 18.5 30.6 13.1 

*DMB = dimethylbutane and TMP = trimethylpentane 

 

Slawek et al. recently investigated the effect of the zeolite channel intersection 

geometry on the adsorption of the different hexane isomers by combining Monte Carlo 

simulations and temperature-programmed adsorption/desorption experiments to 

determine surface sites of adsorption for medium pore ZSM-5 and ZSM-11 zeolites 

(Figure 40a).723 Both have 3D zeolites with intersecting 10-ring pores but with different 

channel intersection dimensions. According to the results obtained, hexane isomers 

were preferentially located in channel intersections for both structures. Furthermore, 

monobranched hexane isomers showed higher affinity for the longer but narrower 
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intersections of ZSM-11, whereas 2,3-dimethylbutane preferred to adsorb within the 

shorter but wider intersections of ZSM-5 (Figure 40b). These results agree with the 

adsorption and thermodynamic results exposed by Maesen and co-workers on n-decane 

hydroconversion.95. More recently, Noh and co-workers investigated the confinement 

effects on the n-heptane isomerization and the competing cracking reaction over a 

series of bifunctional Pt-containing catalysts with microporous zeolite structures of 

similar acid strength, including zeolites Y, beta and ZSM-5.724 They showed higher 

isomerization rates for structures with small voids resembling the geometry of the 

transition state (ZSM-5 structure) because of the stabilization of the transition state by 

effective Van der Waals interactions. However, these voids also imposed diffusional 

impediments that influenced the degree of secondary interconversions of the alkene 

intermediates to a higher extent than the stabilization effects. 

 

Figure 40. (a) 3D surfaces of adsorption sites defined in the (010) plane for (top) MFI 
with intersection (blue) and straight channel (green) sites and for (bottom) MEL with 
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type I (cyan) and type II sites (blue) ; (b) Calculated adsorption isobars (at 10 mbar) of 
an equimolar mixture of 2-methylpropane (2MP), 3-methylpropane (3MP), 2,3-

dimethylbutane (23DMB) and 2,2-dimethylbutane (22DMB) in MFI (top) and MEL 
(bottom) zeolites. Adapted from ref.723 with permission from the American Chemical 

Society, copyright 2017. 
 

 

As mentioned in the introduction to this section, the distribution of the acid or 

dehydrogenating/hydrogenating function at the nanoscale within the bifunctional 

catalyst strongly affects the cracking/isomerization selectivity of C5+ alkanes. Very 

recently, the group of de Jong demonstrated this for the hydroisomerization of n-

heptane in the presence of a bifunctional composite catalysts using the 1D 10-ring ZSM-

22 or 1D 12-ring mordenite zeolites and a γ-alumina binder.703 The Pt particles were 

selectively located, either inside the zeolite micropores or on the binder (see Figure 

41a,c), thus varying the distance between the acid and metal sites. Catalyst Pt-Al2O3/H-

ZSM-22, with both sites separated at the nanoscale, yielded more isomers than the 

catalyst with Pt inside the zeolite crystals, which offers closer proximity. This was also 

confirmed for the large crystal-sized mordenite. They claimed that the constrained 

space within the micropores impose diffusion limitations on the reaction intermediates 

leading to re-cracking events of the isomers and that this was more pronounced for 

zeolites with narrow pores or larger crystals. The dimensionality of the zeolite also 

affected the extent of the influence of the Pt distribution as observed by Samad et al725 

and Moussa et al.717 Further studies by the group of de Jong showed that the location 

of the Pt particles did not affect the activity and showed very little impact on the 

selectivity for n-heptane hydroisomerization over 3D medium pore ZSM-5.703 The only 

exceptions was the iso-butane/n-butane ratio, which was significantly lower for the 
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catalysts with Pt embedded in the micropores, suggesting that the energetically 

unfavorable secondary-to-secondary cracking reactions are promoted inside the ZSM-5 

micropores. The results are in disagreement with previous work by Höchtl et al., also on 

n-heptane hydroconversion over Pd/SAPO-5 and SAPO-11, where it was reported that 

the distance between the two functions weakly influenced the isomerization selectivity 

as long as metal and zeolite are in direct contact.726 
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Figure 41. HAADF-STEM images with ultramicrotomy of Pt-H-ZSM-22/Al2O3 with Pt in 
and on the zeolite crystal (a, left), Pt-Al2O3/H-ZSM-22 with Pt on the alumina binder (a, 
right), Pt-H-MOR/Al2O3 in closest proximity (c, left) and Pt-Al2O3/H-MOR in nanoscale 

proximity (c, right). Impact of the Pt location on activities(b, d, left) and total (solid lines 
with circles), dibranched (solid lines with triangles) and cracking (dashed lines with 

squares) C7 yields , (b, d, right) of n-heptane hydroconversion over these two catalysts. 
Reproduced from ref.703 with permission from Wiley-VCH, copyright 2020. 
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The environmental constraints associated with the aromatic composition in the blend 

gasoline, particularly benzene, has driven the research to the possibility to selectively 

isomerize higher alkane chains (C7+) previously directed to BTX formation by naphtha 

reforming. However, hydroconversion of these larger alkanes with high 

isomerization/cracking selectivity is a challenging issue, since these alkanes are easier to 

crack and this will force working at lower temperatures if formation of light gases is to 

be avoided.  

The versatility of zeolites compositions and structures is, again, key to reach this goal, 

and crystalline materials with mild acidity and large pores, such as Y and SAPO-11 limit 

the undesired re-cracking of the branched octane isomers and favor the formation and 

diffusion of multibranched products.706 Pt/ZSM-5 medium pore catalysts showed, 

however, lower selectivity to dimethylhexanes. A comparative study of different zeolites 

as catalysts for n-octane hydroisomerization, 727 showed that zeolite beta-based catalyst 

was the most selectivity to mono- and di-branched paraffins. This was explained by the 

fact that over this zeolite the rate of n-octane isomerization to the mono-branched 

products was faster than that of cracking of the active dibranched isomers, thus reaching 

the thermodynamic equilibrium under the given conditions. As the rate of mono- to 

dibranched isomerization was close to that of the dibranched isomers cracking, the 

selective formation of di- and specially tribranched C8 isomers was difficult. 
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5.2.2. Isomerization of heavy C10+ alkanes 

Precipitation of long chain n-alkanes at low temperatures leads to undesired cold 

properties of fuels and lube oils, such as their pour point, their freezing point or their 

cloud point. These properties can be improved by two main approaches: isomerization 

of the linear paraffins, or selective cracking of the n-alkanes to smaller branched 

products. Both processes, also known as dewaxing processes, are catalyzed by zeolites 

since the late 1960s and early 1970s. Pt-loaded mordenite (1D 12-ring) and ZSM-5 (3D 

10-ring) were two of the first zeolite-base catalysts proposed.19 In fact, the medium pore 

ZSM-5, in its acid form, was particularly active for dewaxing by selective cracking of the 

linear molecules by reactant shape selectivity. Another zeolite-related material 

proposed in these early years was SAPO-11. This zeotype, with a 1D medium pore 

channel system and a lower acidity, favored isomerization over cracking.728 Besides Pt-

based catalysts, zeolites containing less expensive transition metals, such as Ni or Mo, 

have also been reported to be active for catalytic dewaxing.729 

Although dewaxing by hydrocracking or by combination of cracking and isomerization 

are effective routes for upgrading fuels and lube oils, the process is less suitable when 

the content of waxes in the feed is high, due to the large loss of product. In such cases, 

the selective conversion of long-chain n-alkanes by hydroisomerization on zeolite-based 

bifunctional catalyst is the preferred route. In the late 1980’s, researchers from Chevron 

showed that zeolites with unidirectional medium pore structures, such as SAPO-11, 

were selectively converting long-chain alkanes into monobranched isomers,706 and this 

was the basis for the isodewaxing process.707 
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ZSM-22, with a 1D 10-ring topology, has also been described as catalyst for the 

hydroisomerization of heavy n-paraffins. Thus, Martens and his group studied the 

adsorption of n-alkanes of different chain length and their hydroconversion over ZSM-

22 acid zeolites.730–735 According to their results they proposed the models of “pore-

mouth” and “key-lock” catalysis,702 as particular shape-selectivities, which consider that 

unidirectional medium pore acid structures will only catalyze specific alkane 

hydroisomerization reactions corresponding to specific physisorption modes. 

The influence of the pore size was evidenced by comparison of diffusion constants and 

adsorption enthalpies and entropies obtained for a range of n-alkanes (C5 to C24 ) and 

different coverages over a set of large and medium pore zeolites.734,736,737 Higher Van 

der Waals interaction of the n-alkane with the zeolite pores was observed with 

decreasing pore diameter and, as the zeolite pore size increased, a nonselective 

adsorption between n-alkanes and iso-alkanes inside the micropores or on the external 

surface was observed. ZSM-22 zeolite showed a selective adsorption of the n-alkanes 

through the pore mouths into the micropores and of the alkane isomers at the external 

surface only. This behavior led to the proposal of the “pore mouth” shape selectivity, 

according to which the longest possible linear backbone of the alkane will penetrate the 

zeolite pore, where its interaction with the zeolite is energetically favored, as illustrated 

for a C21 monomethyl isomer in Figure 42a. Additionally, a preferential selectivity to 

mono-branched iso-alkanes, with the methyl in the second carbon, was observed for 

conversion of n-alkanes up to C22 on ZSM-22 (Figure 42b). The model assumes that the 

hydroconversion does not involve net transport through the zeolite micropores due to 

the sterically hindrance. Therefore, the branching of the n-alkane is catalyzed by an acid 
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site located near the pore entrance, where the slightly wider space will allow free 

motion of the alkane methyl groups. The pore-mouth selectivity was also observed for 

ferrierite, with a 2D 8x10-ring pore structure.738 

Martens and co-workers also defined the so-called “key-lock” mechanism for 

hydroisomerization on long-chain alkanes on ZSM-22.698,699,730,731,733,735,736 This was not 

attributed to a shape selective effect, but to a selective hydroisomerization reaction on 

the external surface of ZSM-22, by which the monobranched alkane (key) anchored on 

an active site in one pore mouth, is stretched across the external zeolite surface and 

penetrates into one or more additional pore mouths (lock) (see Figure 42c). 

 

Figure 42. Schematic representation of favorable adsorption configurations of MC21 
molecules on ZSM-22 structure simulating the pore mouth (a) and key-lock (c, d) 
catalysis; (b) Distribution (mol %) of methylalkane isomers obtained at 25-30% 

hydroisomerization conversion of n-alkanes on Pt/H-ZSM-22 catalyst at T=233 ºC and 
PH2/PHC=13.1. Adapted from ref.702 with permission from Elsevier, copyright 2001. 
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Hydroisomerization of long n-alkanes on on Pt/ZSM-22 with the zeolite pores partially 

or fully filled with organic templates further confirmed the pour-mouth catalysis taking 

place on these mono-dimensional 10-ring zeolite structures.739,740 Additional evidences 

for the “key-lock” mechanism have been recently reported for the hydroisomerization 

of n-hexadecane over a bifunctional ZSM-23-based catalysts, also with a 1D 10-ring 

structure.741 

Although the aforementioned studies suggest that isomerization occurs at the pore 

mouths, close to the external zeolite surface, other groups demonstrated that the 

monobranching through PCP intermediates (Figure 43a) can occur on acid sites located 

inside the micropores of unidirectional 10-ring structures, such as ZSM-22 and Theta-1 

(TON), ZSM-23 (MTT), ZSM-48 (MRE) and SAPO-41 (AFO).713,742,743 Molecular dynamics 

and catalytic test results indicated that, for zeolites in which the external acid sites were 

depleted and the acid sites were located inside the micropores, terminal monobranched 

isomers can be formed and they react (to form dibranched isomers) in the micropore 

BAS more easily than bulkier isomers (Figure 43b, 3-4), because of the shape selective 

effect. These terminal monobranched alkanes can also diffuse out to the external zeolite 

surface and isomerise to dibranched alkanes when an acid center is located near the 

external surface, where there is no steric impediments for them or bulkier isomers 

(Figure 43b, 1-2). Another supporting finding was the minor variation of n-decane 

hydroconversion activity after a dramatic reduction in the density of external active sites 

of TON and MTT zeolites. Furthermore, adsorption thermodynamic studies showed that 

the adsorption entropy of n-alkanes was similar at the exterior and interior pore 

surfaces, 744 but stabilization by Van der Waals interactions increased when moving from 
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the external surface to the interior of the pore. For branched alkanes, the adsorption 

enthalpy was similar at the internal or external zeolite surfaces, but the entropy 

increased within the pores, resulting in higher interaction. In this case, the relative lack 

of mobility observed for the adsorbed methylalkanes at the external surface agrees with 

the assumptions of the “pore-mouth” and “key-lock” model. 

 

Figure 43. (a) Mechanims of n-alkane isomerization, adapted from ref.745 with 
permission from Elsevier, copyright 2005; (b) Isomerization of mono- and di-branched 
alkanes on acid sites located in the external surface of the micropore (1-2) or at the 
interior of the micropores (3-4), adapted from ref.743 with permission from Elsevier, 

Copyright 2000. 

 

The long n-alkane hydroisomerization ability of unidirectional medium pore molecular 

sieves was successfully extended to 10-MR unidirectional silicoaluminophosphates, such 

as the cited SAPO-41 (AFO) or SAPO-11 (AEL) for hydroisomerition of heavy 

waxes.424,742,746 A specific review on hydroisomerization of long-chain alkanes over 

SAPO-n molecular sieves is available for the interested reader.747 
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Several multi-stage processes based on bifunctional zeolite-metal catalysts have been 

reported for hydroconversion of more complex feedstocks containing long n-alkanes, 

which included a hydroisomerization step based on unidirectional medium pore 

zeolites. Thus, feedstocks containing n-alkanes but also a significant percentage of 

aromatics can be selectively converted by a two-isomerization steps, based, for 

instance, on a first beta zeolite bed to process aromatics and perform cracking and a 

second bed with ZSM-22 for hydroisomerization of the linear paraffins.705 Dewaxing can 

also be combined with the overall gas-to-liquids Fischer-Tropsch process for upgrading 

the FT waxes by hydroisomerization alone or combined with hydrocracking.608 A number 

of zeolites were studied for this purpose, namely ZSM-48, ZSM-30, EU-2 and EU-11. On 

the other hand, the presence of oxygenates in the FT streams can greatly alter the 

balance between the acidic and the metallic hydrogenation/dehydrogenation function 

and the middle distillates selectivity of the bifunctional catalysts. 

In a recent publication, Weston and co-workers reported high activity and iso-decane 

selectivity obtained with a catalyst based on a new zeolite, EMM-17.748 The good 

performance was related to the particular multipore structure of EMM-17, a 3D channel 

system with intersecting 11x10x10-ring pores that improved the accessibility of the feed 

alkane, leading to higher activity, and facilitated the transport of the isomerized 

intermediates out of the zeolite pores, thus improving iso-decane selectivity by avoiding 

re-cracking in the small pores. 
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5.2.3. Hydrocracking of heavy C10+ alkanes 

Hydrocracking is a major conversion process in the refining industry aimed to convert 

complex heavy feedstocks such as gasoil from thermal cracking or VGO or paraffin-rich 

fractions, such as FT waxes or biomass derived fractions.19,20,93 Unlike FCC, which 

preferentially yields gasoline or light olefins, hydrocracking is mainly directed to the 

production of middle-distillates, mainly diesel and kerosene, for their use as 

transportation fuel blendstocks. The process usually operates at lower temperatures 

than FCC (300-450 ºC) and high H2 pressures (ca. 150 bar).19,20 Lower temperatures favor 

aromatic hydrogenation and increase the cetane number of the middle distillates. The 

presence of hydrogen favors the saturation of the hydrogen-deficient compounds 

formed by cracking and minimizes coke formation. As it was for cracking, besides the 

alkane chain breaking, other elementary reactions occur during hydrocracking, such as 

isomerization to branched alkanes and hydrogenation/dehydrogenation of the C-C 

bond, together with ring closure to form aromatics and olefins. Regarding the severity 

of the process, the search for a poison resistant catalyst becomes more challenging 

when feeds contain high levels of impurities, such as N or S. 

From the mechanism perspective, there are important differences when comparing the 

cracking and hydrocracking processes, first identified in the pioneering works of 

Coonradt and Garwood749 and extensively confirmed by later studies.25 On the one 

hand, the carbenium to be cleaved is formed from a penta-coordinated carbonium 

during cracking as described in previous sections, while it results from an unsaturated 

alkene in hydrocracking. On the other hand, the hydrogen co-fed in HDC saturates 

hydrocarbons from the reacting pool and minimizes the formation of carbonaceous 
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deposits, thus minimizing catalyst deactivation. Finally, the branching degree of the 

cracked products formed from the n-alkane can be controlled in hydrocracking, whereas 

it is extensive in FCC, leading to more re-cracking events. This is a consequence of the 

selective desorption mechanism of the primary cracked products from the acid sites 

before suffering a second C-C bond cleavage, leading to a homogeneous distribution of 

hydrocracked products. The yields to gasoline-range products or middle distillates can 

be adjusted by varying the severity of the process conditions or the properties of the 

zeolite component, such as the acid site density.750 This illustrates the high product 

flexibility as compared to FCC. In addition, long alkanes with chains with more than 8 

carbon numbers rapidly crack once they isomerize on monofunctional acidic zeolites, 

while bifunctional catalysts allow high isomer selectivities at moderate conversions. 

The size of the feed alkanes and of the cracked products usually involve intra-crystalline 

diffusion constraints withing the zeolite micropores, so hydrocracking catalysts are 

usually based on large pore zeolites such as Y, mordenite or beta. In the case of ultra-

heavy crudes processing, Mo nanoparticles dispersed on a FCC-type acid catalyst are 

useful.19,20,751 As mentioned in former sections, the intrinsic reactivity of the zeolite 

generally increases with the length of the n-alkane. However, this is true if the reactions 

are kinetically but not diffusion limited as could be the case for large pore zeolites. In 

fact, the opposite trend was observed on a Pt-loaded ERI-type zeolite,with a 3-

dimensional small pore structure with cages, where the particular topology leads to a 

monotonically decrease in reactivity with increasing the length of the n-alkane, in 

contrast to the behavior of the Y-based catalysts under the same reaction conditions 

(Figure 44). Thus, besides the kinetics and diffusion rates of the n-alkane, 
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thermodynamic implications, encompassed in the Gibbs free energy of adsorption, need 

to be considered when analyzing reactant shape selectivity, as mentioned in the 

introduction of this Section. 

 

Figure 44. Variation in n-alkane hydroconversion activity (k´) with n-alkane chain length 
on Pt/ERI at 670-700K and Pt/FAU zeolites at 513K and similar hydrogen-to-

hydrocarbon molar ratio and contact time. Reprinted from ref.710 with permission from 
Elsevier, copyright 2006. 

 

As it was for FCC, USY is the preferred acidic zeolite component of hydrocracking 

catalysts, because of its high activity, hydrothermal stability and resistance against 

deactivation by coking or poisoning. Moroever, USY provides reasonable product 

flexibility in n-alkane hydrocracking, since the Si/Al ratio can be adjusted by 

dealumination to direct the selectivity towards naphtha or middle distillates. Besides 

the framework BAS, the EFAl content and textural properties of the zeolite component 

drastically influence the product distribution,19 underlining the importance of 

controlling the diffusional and compositional catalyst descriptors for hydrocracking. 
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Even for highly dealuminated USY zeolite, re-cracking of the middle distillates in the 

large micropores cannot be completely discarded. This can be tackled, for instance, by 

facilitating the diffusion of the middle distillates while keeping similar zeolite 

architecture. A prime example is the use of the large pore three-dimensional NiMo-ITQ-

21 zeolite with enhanced void accessibility.647 as hydrocracking component for a 

hydrotreated gasoil conversion.752 As compared to zeolite Y- and beta-based catalysts, 

ITQ-21 maximized the selectivity to diesel-range products at high conversions under 

same reaction conditions, by facilitating the diffusion of primary products and 

minimizing re-cracking events. 

As shown previously in this section, post-synthesis delamination of layered zeolite 

precursors is an interesting approach for increasing the accessibility of microporous 

crystalline materials. The benefits of these increased accessible surface areas were 

evidenced when ITQ-2, the delaminated counterpart of MCM-22, was compared to a Ni-

USY zeolite for hydrocracking of a VGO,753 and was shown to be more active and less 

selective towards light gases under similar experimental conditions. The advantages of 

ITQ-2 zeolite were also demonstrated for other stepwise hydrocracking related 

technologies, such as upgrading of heavy linear alkanes from primary Fischer-Tropsch 

synthesis fractions.608,754  

Reducing the crystal size has also improved hydroconversion zeolite based catalysts. 

Camblor et al.755 and later Arribas et al.756 showed both cracking activity and selectivity 

benefits from the decrease of the beta zeolite crystal size as compared to the usual 

micrometer range crystallites. Additionally, bifunctional catalysts containing nano-beta 

zeolites were more selective to middle distillates and less to low weight gaseous alkanes, 
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formed by consecutive cracking steps, than the commonly used USY zeolite. Further 

studies supported these findings for n-hexadecane conversions over Pt-Pd-nanobeta 

bifunctional catalysts.757 Relevant kinetic and diffusion studies by Marin and co-workers 

showed that the intracrystalline diffusion limitations suffered for the branched C7 

isomer after n-heptane hydroisomerization in the presence of ZSM-5, could be mitigated 

by decreasing the size of the ZSM-5 crystallites.758,759 

The generation of mesopores within the crystals of zeolite Y and the benefits when using 

these improved zeolites as hydroprocessing catalyst were already studied in early works 

by Mao et al.,760,761 and continued later by Sato et al.762 Fajula and co-workers, following 

a post-synthetic approach that combined steaming, acid treatment and controlled 

desilication processes,763 succeeded in the generation of well defined and 

interconnected intracrystalline mesopores with a trimodal distribution and improved 

diffusion properties. The resulting Y zeolites were reported to behave close to ideal 

hydrocracking catalyst with high selectivity to middle-range distillates from n-

hexadecane and squalene (C30).25 

In a different approach, Brosius et al. highlighted the importance of the use of steam for 

ZSM-5 zeolite-based hexadecane hydrocracking, which was shown to be even more 

beneficial in terms of linear alkane selectivity than the generation of mesopores.764 The 

presence of water suppressed re-cracking and isomerization of primary cracking 

products by competitive adsorption in the ZSM-5 micropores. 

Alkaline desilication methods have been widely used to improve the performance of 

one-directional zeolite supports for long n-alkanes hydroconversion. By continuing their 

works on n-decane, n-dodecane and pristane (C19) hydroisomerization, Martens et al. 
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demonstrated higher performance over mesoporous Pt/ZSM-22 catalysts obtained by 

alkaline treatment as compared to the pure microporous support.765 This was also 

proven by Verboekend et al. for n-octane hydroisomerization over sequential base and 

acid treated ZSM-22.766 The construction of hierarchical structures by combined 

alkaline-acid leaching treatments has been employed to increase the n-hexane 

isomerization selectivity for mordenite and beta based bifunctional catalysts.767,768 

5.3.  n-alkanes dehydrocyclization 

Although other processes for production of aromatics (and H2) are gaining interest, such 

as the dehydroaromatization of methane and light alkane described in the previous 

sections, dehydrocyclization of low value naphtha fractions, rich in linear and 

cycloalkanes, is still the main industrial route for producing BTX aromatics.19 The main 

reactions involved in this alkane conversion process, also known as catalytic reforming, 

are cyclization and dehydrogenation.19,769 

The process is strongly endothermic and thermodynamically unfavorable. The first 

activation step over the metallic sites, i.e. the alkane dehydrogenation, detailed for 

other processes in previous sections, is also valid here. However, the unsaturated 

intermediates formed in this case are long enough to directly cycle, so oligomerization 

of the formed alkenes is not required. Even though the C-H bond of longer alkanes is 

easier to activate due to the influence of the surrounding C atoms on the C-H 

dissociation energy, the efficiency to cycle and aromatize of the intermediate species is 

generally low,716 and can be increased by using shape selective zeolites, such as zeolite 

L or ZSM-5, among others. 
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Noble-metals, such as Pt, have been extensively investigated for the n-alkane 

aromatization because of their high dehydrogenating activity.468 Since the nonselective 

steps of cracking, isomerization or oligomerization of the intermediate alkenes should 

be minimized during aromatization, the acidic function of the zeolite is not a 

requirement and the catalyst efficiency will depend on a high 

hydrogenation/dehydrogenation activity provided by the metals. Thus, zeolites 

providing large surface area and no acid site density are used, with the main role of 

supporting the metal atoms and controlling the selectivity. The nature of the feed alkane 

also influences the selectivity, and the cycloalkane formed and the corresponding 

aromatic, i.e. benzene, toluene or xylenes, will depend on the number of carbons of the 

starting hydrocarbons.770 

The mechanisms of n-hexane aromatization over Pt loaded zeolites have been studied 

for long.468 Pt-loaded zeolite L, generally exchanged with elements providing a base 

character, such as K, Mg, Ba or Ce, and more specifically Pt/K-L, has been the preferred 

catalyst to convert linear C6 paraffins into aromatics,771 because of its nonacidic 

character and its 1D large pore structure (see Figure 45a). Both, the lower coke 

formation and the low metal sintering degree lead to a low deactivation rate. Whereas 

the metal, usually Pt, provides the adequate dehydrogenation activity, the 

aromatization mechanism is related to the zeolite pore shape effects, site accessibility, 

basicity and electronic descriptors derived from zeolite-metal interactions.772,773 

Dehydrocyclization is a complex process that involves multiple individual reactions of 

cyclization and dehydrogenation but also skeletal isomerization and hydrogenolysis 

(Figure 45b).770 
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Figure 45. (a) Structure of the L zeolite highlighting the 12-ring internal channel. 
Structures taken from the IZA webpage.37; (b) Individual reactions that can be occurring 

during dehydrocyclization of n-hexane. 
 

Early studies related to the possible reaction mechanisms over acid zeolites focused on 

the formation of the C6 ring on Pt/K-L catalysts. 467,774 It was proposed that the K-L 

structure induced the orientation of the alkane molecule in the linear channels in such 

a way that it favored terminal carbon adsorption and C1-C6 ring closure on the Pt sites 

and not through 5-ring closure followed by ring expansion, because the latter can only 

occur following a carbocation pathway.470 Furthermore, the cavities of the L-type zeolite 

might lead to alkane chain arrangement into an intermediate structure resembling that 

of the transition state for n-alkane cyclization and stabilized by confinement effects.471 

Later works payed more attention to the intermediates formation,775–777 and partially 

dehydrogenated linear C6 species were identified as intermediates in a reaction pathway 
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by which dehydrogenation steps were fast as compared to the C1-C6 ring closure, which 

was considered to be the rate-determining step.770 n-Hexane conversion in the presence 

of a typical naphtha reforming bifunctional catalyst was suggested to proceed via 

successive dehydrogenation to hexa-1, 3, 5-triene, followed by C1-C6 ring closure to 

cyclohexadiene and finally dehydrogenation to benzene (Scheme 22a).770 The 

dehydrocyclization mechanisms for the conversion of n-heptane to toluene over Pt/K-L 

follow similar reaction routes with heptatrienes and ethylcyclopentane being the 

intermediates involved in ring closure and isomer formation, respectively (see paths II 

and III-IV in Scheme 22b)778 A parallel route involving first ring closure followed by 

progressive dehydrogenation can also take place (path I in Scheme 22b)472 The detailed 

mechanisms proposed for the ring closure from heptatrienes or methyl-cyclohexane are 

showed in Scheme 23a and b, respectively. An exhaustive review on alkane 

dehydrocyclization mechanisms on different type of catalysts, including metal-loaded 

zeolites was published by Davis.770 
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Scheme 22. (a) Possible routes for n-hexane aromatization through sequential 
dehydrogenation and ring C1-C6 ring closure, adapted from ref.777 with permission from 

Elsevier, copyright 1994 and (b) proposed reaction mechanisms for the n-heptane 
dehydroclyclization to toluene (CY=cyclization, DH=dehydrogenation, 

HL=hydrogenolisis, IS=isomerization). Reprinted from ref.472 with permission from 
Elsevier, Copyright 2005. 

 

As Pt deactivation by coking was seen to take place mainly outside the zeolite pores, 

Jentoft et al. were able to significantly improve the catalyst performance by maximizing 

the proportion of Pt nanoparticles within the zeolite micropores where coke formation 

was inhibited.779 Later studies confirmed the role of the zeolite structure in protecting 

the Pt clusters from carbon fouling.780 Iglesia and Baumgartner related the n-heptane 
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dehydrocyclization activity to the clean Pt surface, regardless of the support.781 They 

observed that a at atmospheric pressure, the 2-methyl-cyclopentane rings formed at the 

initial reaction stages, were involved in coking reactions and contributed to rapid 

catalyst deactivation and decreased aromatics production following a monofunctional 

route. However, when working at industrially relevant reforming conditions (high 

pressures), the C5 rings could also undergo nonselective hydrogenolysis to acyclic 

alkanes that, in turn, might cycle to aromatics (see Scheme 23c). 

 

Scheme 23. Possible modes of C7 ring closure from heptatrienes (a) by the formation of 
cyclic or bicyclic structure and subsequent rearrangement/hydrogenolisis of the 

cyclopropane ring or from methyl-cyclohexane (b); (c) Cyclopentane hydrogenolysis 
possible steps to isopentane products. Adapted from ref.770 with permission from 

Elsevier, copyright 1999.  

 

Zn- and Ga-containing ZSM-5, largely studied in light alkane aromatization, have also 

been reported as catalysts for naphtha dehydroaromatization. In an early work by 

Viswanadham, comparing H-ZSM-5 and Zn/H-ZSM5 catalysts for aromatization of pure 

n-heptane and a light naphtha stream,782 an increase in the aromatic yield for the Zn/H-

ZSM-5 was observed. Moreover, the increased toluene selectivity suggested that direct 

dehydrocyclization of the alkanes took place in the presence of Zn. As it was for L-type 
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zeolites, the conversion of C6-C8 olefinic intermediates to the corresponding aromatics 

was suggested to be favored by the suppression of consecutive acid catalyzed reactions 

such as oligomerization, cracking, hydrogen transfer and transalkylation. 

The nature of the metal species and their interaction with the zeolite was investigated 

by Xin et al. and Thivasasith et al. for Ga/H-ZSM-5 dehydroaromatization catalysts.783,784 

Framework Ga species and dihydro gallium complexes, respectively, were identified as 

the active sites. More recently, Song and co-workers demonstrated that the use of ZSM-

5 support containing an excess of K+, beyond its ion exchange capacity, and well 

dispersed Pt in the micropores, catalyzes the aromatization of n-heptane and n-octane 

with high selectivity by 1,6-ring closure and reduces the deactivation usually 

encountered when aromatizing alkanes with more than six atoms.785 K+ was reported to 

play a double role, as inhibitor of strong acid sites and as an indirect Pt electron 

promoter. 

The conversion of n-hexane to aromatics over metal-free zeolites following direct 

conversion route or by coupling with other conversion processes has also been 

approached. Generally, the presence of an oxidant is required in order to reduce the 

energy barrier for the alkane activation. Wei et al. studied the co-reaction of n-hexane 

with CO over acidic ZSM-5 and observed a significant increase in the aromatic selectivity 

upon addition of CO.786 The identification of methyl-substituted cyclopentenones (CPOs) 

intermediates and CO2 led the authors to propose a reaction mechanism (Scheme 24) 

based on the CO insertion into the carbonium ions formed by protonation of the alkane 

on the BAS. This generates an acyl group that will react with olefins formed by cracking 

of the alkane to form cyclopentenones (CPOs) by intramolecular cyclization or alkene 
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coupling by Friedel-Crafts acylation. The CPOs are finally converted to aromatics by 

expanding and eliminating one water molecule. 

 

Scheme 24. Proposed mechanism for the coupling conversion of n-hexane and CO to 
aromatics over H-ZSM-5 catalyst. The new aromatic generation route and new 

detected intermediates are marked in red. Reprinted from ref.786 with permission from 
the American Chemical Society, copyright 2020. 

 

5.4. Selective oxidation of C5+ alkanes 

The selective oxyfunctionalization of C5+ alkanes faces the same challenge that has been 

previously remarked for the partial oxidation of methane and light alkanes, the difficulty 

of performing the reaction with high selectivity to the target product, avoiding 

undesired overoxidation processes. The design of multi-functional catalysts with well 

defined, homogenously distributed active sites is, therefore, essential. In this section, 

we will cover the role of different modified zeolites and zeotypes as catalysts for 
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oxidation reactions of C5+ alkanes to different oxygenated hydrocarbons, such as 

alcohols, ketones and acids. 

In the early eighties, researchers from ENI successfully prepared the TS-1 crystalline 

material by introducing TiIV in framework positions of silicalite, a pure silica ZSM-5 with 

MFI topology.787,788 Shortly after, Jacobs and Tatsumi demonstrated that Ti containing 

silicalite with isolated Lewis acid sites was active for the shape-selective oxidation of 

alkanes into secondary alcohols and subsequent ketones in presence of H2O2, at 

moderate temperatures (20-150 ºC) and in an adequate solvent, following a mechanism 

that was thought to be ruled by radical species.789,790 Ti-silicalite showed low 

regioselectivity for the formation of the alcohol but high selectivity to the formation of 

ketones. The oxidation rates of n-alkanes were seen to exceed those of branched 

alkanes and, among the linear hydrocarbons, the rates decreased with increasing carbon 

number. Thus, the medium pore structure of Ti-TS1 limited its application to the 

conversion of relatively small molecules, able to penetrate within the 10-ring pores of 

silicalite (< 0.6 nm), because of diffusional restrictions or reactant shape-selectivity.790 

Vayssilov thoroughly reviewed the studies directed to the identification of Ti states and 

coordination in Ti-silicalite.791 The incorporation of titanium as Ti4+ in tetrahedrally 

coordinated framework sites was confirmed by different characterization techniques. 

When exposed to oxygen-containing molecules, such as H2O2, the Ti ions increased their 

coordination from 4 to 5 or 6, but at the time the exact geometry of the coordination 

complex formed was not fully understood. Still, three main modes were proposed, 

which are shown in Scheme 25. The formation of extraframework titania was also 

observed depending on the synthesis conditions, and negatively affected the catalytic 
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activity and selectivity. For more information about the synthesis strategies and Ti-sites 

interaction, the reader is referred to this review and the references therein.791 

 

Scheme 25. Possible interactions of Ti-sites with oxygen containing molecules. 
Reprinted from ref.791 with permission from Taylor & Francis Ltd, copyright 1997. 

http://www.tandonline.com 

 

http://www.tandonline.com/
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The nature of the surface intermediates and the reaction mechanism of n-hexane 

oxidation to hexanols and hexanones by H2O2 in the presence of Ti-silicalite for n-C6 

oxidation was also studied by Gallot.792 

Two main approaches were proposed to overcome the limitations of TS-1 as catalyst for 

the oxidation of bulkier molecules, either improving the accessibility of TS-1 and 

shortening the diffusion paths by reducing particle size or tuning the morphology of the 

crystallite,793 or synthesizing Ti-zeotypes with different, more accessible structures. In 

this line, Corma and co-workers synthesized for the first time a Ti-containing beta zeolite 

with both, Al and Ti in framework positions,794 with the Ti-Si distances resembling those 

for Ti-silicalite, as evidenced by combination of common characterization with EXAFS 

and XANES spectroscopic techniques.795 They also achieved the direct synthesis of pure 

silica Ti-beta zeolite in OH media796 and in fluoride media,797 the latter also free of 

connectivity defects. This improved the catalytic performance of Ti-beta as selective 

oxidation catalyst, and was particularly important for epoxidation reactions, where the 

BAS were seen to catalyze the epoxide ring opening, decreasing in this way the 

selectivity to the desired product.798 Moreover, this discovery represented a step-

forward in the use of zeolites as catalysts for oxyfunctionalization, and opened the 

pathway to the synthesis of other Lewis acidic materials, such as Sn- and Zr-beta, with 

complementary catalytic properties for very appealing oxidation reactions.799–802 The 

12MR channels of Ti-beta were accessible to larger reactants as compared to Ti-silicalite, 

thus expanding the possibility to catalyze the oxyfunctionalization of bulkier alkanes, 

among others.796 
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Recently, the preparation of Ti-beta zeolites with higher Ti loading than those prepared 

by conventional hydrothermal synthesis and with the majority of the Ti as isolated TiIV 

in framework positions was achieved by means of a two-step post-synthetic method.803 

The high Ti contents and the possibility of controlling the hydrophobicity/hydrophilicity 

of the final materials was expected to have a positive influence on their catalytic 

performance.  

Regiospecific oxyfunctionalization of C5+ alkanes by oxidation of the hydrocarbon chain 

at the terminal or penultimate position, leading to linear terminal alcohols or acids, are 

reactions of high interest, because of the high value of these oxygenated products as 

intermediates in the chemical and pharmaceutical industry. In this line, Thomas and co-

workers have thoroughly explored the direct selective terminal oxidation of n-alkanes 

over metal containing aluminophosphate (AlPO) microporous catalysts. Thus, AlPOs 

framework Al was partly substituted by small quantities of catalytically active transition 

metal ions, such as Co, Mn or Fe in high oxidation states and well-defined 

crystallographic sites. Co(II) and Mn(II) were incorporated to AlPO-18 and AlPO-34, two 

8-ring small pore zeotypes with cages,23,804 and it was during the calcination step 

required for removing the organic OSDAs, that the oxidation state of Co(II) and MN(II) 

increased to Co(III) and Mn(III). When used as alkane oxidation catalysts, the selectivity 

to the different oxygenates was determined by the Co/P ratio. At low ratios n-hexane 

was selectively converted to terminal alcohols (1-hexanol), whereas at high Co/P ratio 

the catalysts converted n-hexane to adipic acid. The pore diameter and cage 

configuration of AlPO-18,804,805 and AlPO-34,23 favored the shape-selective conversion 

at the terminal (C1) methyl group of the n-alkane chain (see Figure 46a). In contrast, 
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when AlPO-36 (ATS) or AlPO-5 (AFI 1D 12-), with 1D 12-ring structures and much larger 

pores than AlPO-18 and AlPO-34, were used as catalysts, the shape selective effect 

disappeared, as well as the restriction for the n-alkane disposition into the framework, 

resulting in higher selectivities to products with high carbon numbers.23 The process 

faces the difficulty associated with the activation of the C-H bond of primary carbon 

atoms, with a higher dissociation energy than secondary or tertiary carbons. From the 

molecular perspective and taking n-hexane as example, computer simulation 

experiments revealed that when the alkane adopted the state of the lowest energy806 

inside of the chabazite cavity of an AlPO-18 framework, the terminal methyl group 

tightly fitted into the catalyst pore and the extremes of its van der Waals radii were very 

close to those of the framework oxygen atoms, thus stabilizing the reactant-substrate 

pair. 

 

Figure 46. (a) View of a single chabazite cage with  a single CoII atom through which 
molecules of O2 (red) permeate freely but alkanes (green chain) can enter the chabazite 

cage only by an end-on approach and (b) energy-minimized configuration of the n-
hexane molecule and two separated CoII ions in each cage of the AlPO-18 structure. 
Adapted from ref.23 with permission from the American Chemical Society, copyright 

2001. 



204 
 

 

The research conducted by the group of Thomas showed that following this theory not 

only n-hexane, but also n-octane, n-decane and n-dodecane exhibited high terminal 

selectivities by preferential oxidation at C1 and C2 chain positions, resulting in the 

production of the corresponding acids, aldehydes or alcohols. As anticipated, the 

fraction of the metal in the +3 oxidation state within the framework is crucial for the 

process. Particularly, the CoAlPO-18 catalyst with a Co/P ratio of 0.04 was highly 

selective to oxidize n-hexane to 1-hexanol.23 The mechanism of the oxidation of the 

alkane with molecular oxygen (or air) by the Co and Mn ions in the MAlPO catalyst 

generally involved free-radicals and it was believed to be ruled by catalytic 

autoxidation.804 Proofs of this were the easier oxidation after increasing the 

coordination number of the transition metal ions from M(II) in the as-prepared 

molecular sieve to M(III) in the active form, and the lack of oxidizing activity of catalyst 

containing divalent ions that could not be converted to higher oxidation states, such as 

Mg(II).23 In addition, a strong poisoning effect for CoAlPO-18 catalysts was observed 

upon addition of acetonitrile, a molecule which easily coordinates Co (II) atoms,807 

supporting that the autoxidation proceeds via free radicals formed by interaction with 

the catalyst and not by free radicals produced in the gas phase. 

The selective conversion of n-hexane to adipic acid involves the (oxy)functionalization 

of both methyl ends of the alkane. Therefore, the synthesis should allow the 

introduction of two Co(III) ions in each AlPO chabazite cage and preferably in sites 

opposite to each other. Computational estimations whereby framework Al atoms were 

spatially random substituted by Co(III) ions showed that this was possible by preparing 
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Co-AlPO catalysts with Co/P ratios higher than 0.08806 (see the molecular energy-

minimized configuration state in Figure 46b). The selectivity toward adipic acid for the 

n-hexane oxidation was demonstrated by using Co-AlPO-18 and Co-AlPO-34 molecular 

sieves as catalysts.23 Detailed kinetic analysis clarified the reaction mechanism. First, 1-

hexanol was predominantly formed, but it was subsequently converted to 1-hexanal and 

to hexanoic acid. Later, both methyl ends of the alkane chain were activated resulting in 

increasing selectivities to 1,6-hexanediol and 1,6-hexanedial. Finally, at longer reaction 

times, they oxidized to adipic acid and the concentration of the former gradually 

decreased. Interestingly, the hexanoic acid formation reached similar levels as that of 

adipic acid. Furthermore, the catalytic results indicated that the reaction was not 

affected by the n-hexane/Co mole ratio. The studies also showed that the Co-AlPO-18 

catalysts with Co/P 0.1 was highly stable upon the action of moderate solvents.808  

The regiospecific oxyfunctionalization of n-alkanes on the terminal position of the 

hydrocarbon chain by MeAPO type catalysts was questioned by later studies by Iglesia 

and co-workers for n-hexane oxidation on MnAPO-5 and MnAPO-18, with 1D, 12-ring 

and 3D, 8-ring + cages channel systems, respectively.809 n-hexane was converted to 

different oxidation products included hydroperoxides, alcohols, ketones, aldehydes and 

acids, with limited terminal selectivity, below 10% (see Figure 47a). The oxidation 

mechanism proposed here involves the formation and decomposition of alkyl-

hydroperoxide intermediates by means of bound radical-like intermediates (see Figure 

47b). A similar mechanism was previously proposed for oxidation of cyclohexane on 

MnAPO-5.810 The decomposition of hexyl-hydroperoxide on the Mn redox sites was 

identified as the kinetically-relevant step, and this rate was found to be the same for the 
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two MeAPOs, indicating that n-hexane easily diffused through the channels systems of 

both structures. However, the turnover rates observed for oxidation of cyclohehane 

were significantly lower for the small pore MnAPO-18, due to diffusional limitations. 

 

Figure 47. n-hexane conversion to products on MnAPO-18 (a); Cyclic scheme for alkane 
oxidation on MnAPO materials (b). Reprinted from ref.809 with permission from the 

American Chemical Society, copyright 2007. 

 

Additional studies of n-hexane oxidation on Mn-exchanged zeolites with different 

structures evidenced the reaction followed the same ROOH-mediated mechanism as in 

the case of the MnAPOs.811 It was concluded that the regiospecific oxidation on terminal 

positions was strongly affected by the regeneration of the hydroperoxides, by the spatial 

constrains around the Mn cations, and by extension of non-catalytic, non-selective 

pathways. 

 

a b
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6. OUTLOOK AND PERSPECTIVES 

Along the different sections of this review, we have described the nature of the active 

sites and the role of pore confinement when using microporous zeolite-type materials 

as catalyst for the activation and conversion of alkanes. Their influence on the reaction 

mechanisms has been discussed and the challenge of selectively converting the alkanes 

with high yields has been evidenced, especially in the case of methane and light alkanes. 

Activation of methane and its conversion into higher value chemicals and/or fuels 

following direct sustainable routes is, at present, one of the most attractive but also one 

of the most ambitious goals within the chemical industry. Much research is being done 

at the fundamental level, some of which has opened new possibilities for stablishing 

connections between the activation of methane by enzymes and by well defined active 

sites formed by two or three metal atoms, in where the cavities of the zeolite also act 

as a scaffold. However, despite the intense research effort performed in the last 

decades, upgrading methane to valuable chemicals by means of an efficient and 

sustainable, environmentally affordable route, has no yet been achieved, and remains a 

very exciting research subjet. 

In the case of methane selective oxidation to methanol, high costs associated to oxidants 

other than oxygen are the main disadvantage when using Fe-exchanged zeolites. On the 

other hand, low activity and selectivity are the main drawbacks when using Cu-zeolites 

in the presence of O2. Now that the active sites and the activation mechanisms in 

metallozeolite-based catalysts are better understood, it is crucial to direct research 

efforts to increase the catalytic activity and process efficiency, together with  the 

implementation of strategies for increasing methanol selectivity. Approaches based on 
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cascade-type reactions, such as the carbonylation of methanol produced by methane 

hydroxylation in a previous step, appears as an elegant solution that should be further 

explored.  

Increasing catalyst life is the main objective when converting methane under non-

oxidative conditions, as coke formation is thermodynamically favored at the high 

temperatures required for non-oxidative methane-coupling. Moreover, recent studies 

point to an active contribution of a hydrocarbon-pool-type mechanism to the methane 

aromatization process and, consequently, coking should be fully integrated as in the 

case of the methanol to hydrocarbon processes. Two main approaches can be 

considered. From the catalyst perspective, and despite the large number of zeolites and 

transition metals studied so far as bifunctional catalysts, there is still room for 

improvement by specific location of both, the metal species and the BAS. Not only the 

relative amount of the two catalytic functions but also their position within the zeolite 

structure may avoid the formation, by shape selectivity, of large aromatic-type coke 

precursors leading to catalyst deactivation, or may favor the stabilization of selective 

metal oxocarbide species. From the process perspective, optimization of reaction 

conditions, such as increasing pressure, or the design of specific reactor configurations, 

such as circulating fluidized bed systems, operation in cyclic CH4-H2 feed switch mode, 

or the use of membrane reactors are the most interesting approaches.  

One step further in methane conversion, from the sustainability and carbon economy 

perspective, is the carboxylation of methane for direct synthesis of acetic acid. This 

direct conversion is feasible, as it occurs in marine sediments,812 and has been achieved 

in the presence of metallozeolites, although with low conversion and selectivity.383 The 
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coordination environment of the metal active species within the zeolite structure will be 

key in order to simultaneously active CO2 and CH4.384 

Regarding methane’s indirect conversion to chemicals via the production of syngas by 

dry reforming, although not commercially applied so far, could be an interesting 

alternative to steam reforming, as it involves conversion of both greenhouse gases, 

methane and CO2. Stabilization of the active metal species by confinement within zeolite 

pores and/or cavities could be the answer to catalyst deactivation by metal sintering but 

a larger effort has to be directed to reducing deactivation by coking.  

The processes involving the activation and conversion of light alkanes face similar 

drawbacks and challenges as those exposed for methane. Their high stability requires 

high temperatures for conversion under non-oxidative conditions, even in the presence 

of bi-functional catalysts, favoring coke formation and metal sintering. When working 

under oxidative conditions, avoiding over-oxidation of the primary products and 

achieving acceptable selectivities are two important milestones. Also in this case, an 

efficient alkane conversion will require highly specific catalysts, with the proper 

combination of structural and chemical features. Again, microporous zeolite-based 

materials appear as good candidates, as they are able to stabilize specific reaction 

intermediates or specific metal active sites, controlling in this way, not only the 

activation of the alkanes, but also their selective conversion to the desired products. In 

order to improve the design of catalysts based on zeolite-related materials, it is 

important to understand the catalytic process at the molecular level. The combination 

of advanced characterization techniques and theoretical modelling has demonstrated 

to be key for this purpose and is expected to be essential in the near future.813  
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Regarding the activation and upgrading of larger alkanes, most of the reactions 

described in this review are the basis for well-known mature industrial processes, many 

of which already employ zeolite-based catalysts. However, the appearance of alkane 

rich streams from sources alternative to oil, such as the Fischer-Tropsch synthesis or 

renewable sources such as bio-oils, vegetable oils or lignocellulose remains an incentive 

for improving and adapting existing technologies and for optimizing the catalysts 

employed. Again, the zeolite structure and the location of the active sites will play an 

important role in the final selectivity obtained. Nevertheless, in the case of these larger 

alkanes, with larger diffusion limitations, the accessibility of the active sites will be an 

issue of special concern. Thus, synthesizing nanocrystalline zeolites and optimizing 

hierarchical zeolite-type materials with inter- and/or intracrystalline mesoporosity on 

the one-hand, and controlling active site location within specific pores and/or cavities 

of the microporous structure on the other, will be key approaches for the design of 

efficient catalysts for C5+ alkanes conversion. 

Besides the processes described in this review, new routes for alkane functionalization 

need to be explored, such as for instance, the selective halogenation of alkanes, the 

insertion of carbynes and nitrenes, regioselective catalysis by single metal atoms or 

aerobic oxidation in liquid phase. Alkane halogenation is an important reaction for the 

production of chemicals, pharmaceuticals and polymers, which proceeds through a 

radical mechanism, where controlling the product distribution becomes a difficult task. 

It would be highly interesting to study the reactivity of isolated Cu species in zeolites, as 

well as subnanometric Cu clusters for oxyhalogenation of alkanes in the zeolitic confined 

spaces.814 Functionalization of alkanes by activation of C-H bonds and insertion of 
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carbine and nitrene is possible nowadays in the presence of molecular Rh-metal 

complexes,815 but has never been achieved using solid catalysts. In a different approach, 

and taking into account that single metal atoms (Pt, Ir, Rh) can be stabilized within the 

zeolite structure, it would be worth exploring the combined effect of those active metal 

sites when interacting with the adequate framework atoms within a selected cavity or 

pore and their suitability for catalyzing regioselective reactions. Finally, the aerobic 

oxidation of alkanes in liquid phase usually follows a radical-type mechanism, in which 

the role of the metal catalyst is the production of oxygen radicals for sustaining the chain 

reaction. The use of metallozeolite-based catalysts in these type of processes may 

provide important benefits, as was already shown for the oxidation of cyclohexane to 

cyclohexanone, an intermediate for the production of caprolactame, efficiently 

performed in the presence of metal-containing zeolites. 
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