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Introduction 

 

 Catalysis  

The term catalysis was coined in 1835 by Swedish chemist Jöns Jacob Berzelius.1 It is a 

combination of the Greek words κατά (kata, “down”) and λύω (luō, “loose”). The key point 

of catalysis is the increase of the rate of chemical reactions under practical conditions. At the 

end of 19th century, catalysis started to be applied in the industry, and up to now, nearly 90% 

of all chemical processes involve catalysts which make these processes economically and 

practically possible. The well-known applications of catalysis are: the use of the three-way 

catalyst for abatement of unwanted emissions of noxious gases from gasoline cars, the 

production of ammonia for fertilizers (Haber-Bosch process), fuel production and processing 

such as Fischer-Tropsch and fluid catalytic cracking (FCC), and nitric acid production for 

explosives (Ostwald process), etc. In our bodies, enzymes, which are natural catalysts, are 

responsible for almost all biological processes. Clearly, catalysts are critical in both society 

and personal life.  

A catalytic reaction involves a catalyst which accelerates reactions, where chemical bonds 

are being dissociated or formed. To explain the principle of this process, the reaction between 

molecules A and B to form molecule AB was depicted in Fig. 1.1. Without a catalyst, the 

formation of molecule AB requires a significant amount of energy to overcome an energy 

barrier, which implies that a high temperature is usually needed. In catalytic reaction pathway, 

a catalyst will lower the energy barrier for the overall reaction by providing an alternative 

reaction path. In the first adsorption step, the reactants A and B form bonds with the catalyst 

surface, lowering the free energy. Subsequently, the adsorbed reactants may form bonds 

functionalized by the catalyst to produce the desired product AB. In desorption step, the 

product AB desorbs from the catalyst surface. The presence of the catalyst lowers the overall 

activation energy of a chemical reaction. This gives the hint that the same reaction can be 

carried out at a lower temperature than the non-catalytic reaction. The catalyst is not 

consumed in the catalyzed reaction and can continue to act repeatedly. In reality, catalysts 

tend to deactivate via various mechanisms, and have to be regenerated or removed from the 

process. 
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Fig. 1.1 Schematic representation of a catalytic reaction between molecule A and B to form 

molecule AB. The top line shows the un-catalyzed reaction and the lower line shows the 

catalyzed pathway. 

In chemistry, catalysis can be categorized into homogeneous catalysis and heterogeneous 

catalysis. Strictly speaking, homogeneous catalysis refers to catalytic reactions where the 

catalyst is in the same phase as the reactants. Homogeneous catalysis applies to reactions in 

the gas phase and even in solids. One of the typical homogeneous catalyst is enzymes. The 

term heterogeneous catalysis describes a catalytic reaction in which the reactants are in a 

different phase with the catalyst. Usually, reactants are either gas or liquid and the catalyst is 

a solid. An important class of heterogeneous catalysts are zeolites. 

 

 Zeolites 

Zeolite was named in 1756 by Swedish mineralogist Axel Fredrick Cronstedt. When 

rapidly heating the material, he observed that it produced large quantities of steam from 

adsorbed water inside. Based on this fact, he called the material zeolite, from the Greek ζέω 

(zéō), meaning "to boil" and λίθος (líthos), meaning "stone".2 The first synthesis of zeolite in 

laboratory was performed by Saint Clair Deville in the middle of 18th century.3 Up to now, 

due to the advantages of favorable textural properties, tunable surface acidity, high thermal 
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stability, high surface area, and high connectivity of uniformly-sized micropores, zeolites 

have been widely used in industry application such as arsenic control, water purification, 

construction, detergents, and conversion of crude oil into gasoline and other fuels and so on.4-

16  

Zeolites are called molecular sieves as well, regarding to their ability to discriminate 

molecules on the basis of their micropore size (< 2 nm). As crystalline aluminosilicates, 

zeotype structures are regularly represented by three dimensional frameworks formed by 

primary building unit tetrahedral [TO4], typically [SiO4] and [AlO4], which are linked to each 

other by corner-sharing oxygen bridges to form the so-called secondary building units 

(SBUs). More complex composite building units (CBUs) can be formed by linking groups of 

SBUs. These CBUs units are further combined to form a specific structure in the presence of 

channels and chambers of different shapes, which finally determine the framework types the 

zeolite.  

 
 

Fig. 1.2 Schematic representation of a strong Brønsted acid site associated with the presence 

of framework Al substitution. 

 

Generally, the zeolite framework types are depended on the chemical composition of the 

precursor gel, the presence of organic/inorganic additives, and the hydrothermal synthesis 

conditions. The use of organic structure-directing agents (SDAs), on one side, facilitates 

crystallization, on the other side, helps orientation of crystal growth. The SDA usually 

requires high hydrothermal treatments for its decomposition and removal from the zeolite. 

Since SDAs were applied in zeolite synthesis, numerous novel types of zeolites, e.g. VPI-517 

and ITQ-4318 zeolites, have been discovered. According to International Zeolite Association, 

up to September of 2016, about 232 different zeolites and zeotype materials have been 

identified. Among these, the most popular ones in industrial applications are ZSM-5 (MFI), 

Y (FAU), MCM-22 (MWW), mordenite (MOR), and β (BEA) zeolites. 

The introduction of an aluminum atom in the silica lattice results in the formation of 

negative charges on the framework, which is compensated by loosely extraframework cations 

(e.g., Na+, K+, etc.) located in the channels. When proton is the compensating cation, zeolites 
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possess strong Brønsted acid sites (Fig. 1.2).4 The strength of the Brønsted acid site depends 

significantly on the type of next nearest neighbor substitutions. Some elements, such as Ga, 

Fe and B, reaches weaker acid sites upon framework substitution than Al.19  

 

 MFI zeolite 

MFI zeolite belongs to pentasil family. It is composed of pentasil units which are linked 

together by oxygen bridges to form pentasil chains. A pentasil unit consists of eight 5-

membered rings. The structure of MFI zeolite has 10-membered oxygen ring and two types 

of channel systems with straight channels  about 5.4 × 5.6 Å  and sinusoidal channels about 

5.1 × 5.5 Å. (Fig. 1.3). These two different channels are perpendicular to each other, 

generating intersections with diameters of 8.9 Å. The crystallographic unit cell of MFI zeolite 

has 96 T atoms, 192 O atoms, and/or a number of compensating cations, with lattice constants 

a = 20.1, b = 19.9, and c = 13.4 Å.20 

 

Fig. 1.3 (Left) Skeletal diagram of the [100] face of MFI zeolite. (Right) Channel structure 

of ZSM-5. 

 

Zeolite Socony Mobil-5 (ZSM-5), first reported by Mobil Co. in 1972,21 is a typical 

aluminosilicate MFI zeolite, which has been widely applied as heterogeneous catalysts at 

industrial level, e.g., in catalytic breakdown of natural oils, benzene alkylation, and methanol 

to gasoline conversion.22 Table 1.1 lists the typical SDAs used for synthesis of ZSM-5 zeolite. 

Among all these SDAs tetrapropyl ammonium hydroxide (TPAOH) is a one widely used for 

the synthesis of ZSM-5. Attempts have been also made to synthesize high silica ZSM-5 
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zeolites in the absence of SDA. In some cases seed crystals have been applied to facilitate 

the crystallization.  

 

Table 1.1 Organic molecules used for synthesis of ZSM-5.22-27  

Tetrapropylammonium Di-n-propylamine Tetraethylammonium 

1,5-Diaminopentane Tripropylamine 1,6-Diaminohexane 

Ethyldiamine Morpholine Propanolamine 

Pentaerythritol Ethanolamine Dipropylenetriamine 

Methyl quinuclide Dihexamethylenetriamine NH3 + alcohol 

Triethylenetetramine Alcohols Diethylenetetramine 

Glycerol Di-n-butylamine n-Propylamine 

Hexanediol   

1-alkyl-4-azonibicyclo[2,2,2]octane-4-oxide halide 

Cetyltrimethylammonium 

C22H45-N+(CH3)2-C6H12-N+(CH3)2-C6H13 

C6H5–C6H4–O–C10H20–N+(CH3)2–C6H13 

 

 Hierarchization in zeolites 

Notwithstanding the extraordinary shape selectivity due to an ordered network of 

micropores in zeolites, the much smaller size of the pores as compared with the size of zeolite 

crystals often imposes severe diffusion limitations during the catalytic reactions. 

Consequently, the internal regions of zeolite crystals cannot be efficiently explored. In 

addition, bulky reactant molecules will not be converted over the active sites as they do not 

fit in the micropores. To increase the accessibility of the zeolite micropore space has become 

quite important research topic in zeolite community.5,9  

In the last two decades, considerable strategies were applied to improve mass transport or 

increase the accessibility of acid sites in zeolite crystals. Generally, the strategies can be 

categorized into enlarging the size of the pores of zeolites and shortening the diffusion path 

length in the microporous domains.10-12 The wide-pore zeolites, containing rings of 12 or 

more T-atoms, are mostly phosphate-based or germanosilicate, which are catalytically less 

active or chemically less stable than aluminosilicate zeolites. Besides, they commonly have 

low-framework density as well as limited hydrothermal stability. Representative examples 

are ITQ-15,28 ITQ-33,29 ITQ-43,18 VPI-5,17 UTD-1,30 and ECR-34.31 Another strategy about 

shortening the diffusion length commonly involves two types. One is related with reduction 
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of the size of zeolite crystal domains to nano-rods, nano-sheets or nano-crystals. But in 

ordinary syntheses, such materials of high aspect ratio are thermodynamically unfeasible due 

to Ostwald ripening. Besides, the synthesis of nano-sized zeolites is not economic at the 

industrial scale, because the small crystals bring the problem in separation processing.10 The 

other approach is to synthesize hierarchical zeolites, in which wider pores are integrated in 

crystalline microporous zeolites. The additional porosity can be placed within or between 

zeolite crystals. The microporous domain enables them to fulfill the complementary tasks of 

catalyzing chemical reactions, and the presence of larger pores facilitate the fast transport of 

reactants and products.9-12  

Post-synthetic demetallation of zeolite framework has been applied to obtain hierarchical 

zeolite, in which the framework constituents, Al or Si, are partially extracted from a pre-

synthesized zeolite crystal through dealumination or desilication in acids or bases.32-34 

Industrially, the dealumination approach has been practiced on a large scale to prepare highly 

acidic faujasite-based cracking zeolites.35 Although these methods are economic, versatile 

and amenable to scale-up, they usually allow little control over mesoporosity of the final 

zeolite. Besides, their effectiveness in producing secondary pores significantly depend on the 

Si/Al ratio of the parent zeolite materials. 

Compared with post-synthetic demetallation approach, the direct synthesis routes using 

hard or soft templates shows better control over the pore hierarchy and the final acidity of 

zeolites.10 In this direct synthesis, a SDA is responsible for the templating action for the 

micropore formation; while the hard or soft templates can function as mesoporogen for 

producing secondary pores. The main achievements are collected in Table 1.2. The addition 

of hard templates, such as mesoporous carbons,36 can generate well defined mesoporous 

structure during zeolite synthesis. Soft templates such as polymers,37,38 silylated agents,39-42 

or bifunctional surfactants24,25,43 are also widely applied in the one-pot synthesis of 

hierarchical zeolites. The bifunctional surfactants, which usually have a hydrophilic head 

group serving as a structure-directing moiety in zeolite synthesis, and a hydrophobic tail 

being involved in stabilizing textures at the mesoscale, are quite promising candidate in one-

step synthesis of hierarchical zeolites. Breakthrough in this field has come from the use of 

diquaternary ammonium surfactant (DQAS, Fig. 1.4) developed by Ryoo’s group.25 The 

ammonium head group of DQAS can direct the MFI zeolite formation, and the long 

hydrophobic tail limited the crystal growth. The obtained ZSM-5 zeolites exhibit a sheet-like 

structure with a size in the b-direction limited to several unit cell dimensions. By varying the 

number of ammonium groups in the hydrophilic head group, the thickness of such ZSM-5 

zeolite nanosheets can be controlled.43 So far, there have been many promising showcases of 

the potential of these bifunctional surfactants or their analogues for the synthesis of 

nanostructured zeolites.44-46 However, these DQAS are made by multiple alkylation steps, 
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which makes them too expensive for industrial application. Thus, it would be appealing to 

employ cheaper surfactants such as monoquaternary ammonium surfactants for synthesizing 

hierarchical zeolites. In this case, cetyltrimethyl-ammonium (CTA, usually charge-stabilized 

by Br- or OH-) is up for consideration, as it is an inexpensive, long-tail surfactant, and an 

analogue of tetramethyl ammonium (TMA), a known SDA in zeolite synthesis.47,48  

 
Fig. 1.4 Diquaternary ammonium-type surfactant used to direct formation of MFI nanosheet 

developed by Ryoo’s group.25 

 

When CTA’s surfactant-like properties were successfully exploited in silica condensation, 

hexagonal arrays, similar to those in beeswax, of silicate were formed: MCM-41.49-51 Yet, 

the structure does not contain long-range atomic order and the walls are made up of 

amorphous silica: structure-direction at the meso-scale comes at the cost of microcrystallinity 

and hydrothermal stability. Afterwards, it was also realized that inclusion of aluminium in 

these ordered mesoporous silica did not induce acidity inherent to zeolites and, accordingly, 

materials like those in the M41S and SBA-n mesoporous silicas are regarded as unfit to 

replace zeolites in industrial applications.15  

There have been many attempts at synthesizing hierarchical zeolites with CTA. A notable 

strategy relied on combining a conventional SDA such as tetrapropylammonium for ZSM-5 

synthesis with CTA. But the resulting materials are invariably physical mixtures of MCM-

41 and zeolite, which shows that two types of SDA do not generally work in concert to 

generate a hierarchical structure.52,53 Recently, it has been reported that hierarchical ZSM-5 

zeolite can be synthesized in the presence of CTA, albeit it that seeds are required likely to 

act as a crystal surface on which further zeolite growth occurs.54-57 

 Methanol conversion reactions 

The realization that the glut of oil will not be permanent has led to novel chemical 

conversion technologies to obtain chemicals and fuels from other feedstock. Converting 

synthesis gas into liquid hydrocarbons can be achieved in two different manners. The Fischer-

Tropsch process can convert mixtures of CO and H2 into methane and long-chain paraffins. 

Initially developed in wartime Germany, it has been further developed into commercial 

technology by SASOL and Shell.67-69 The other route is the conversion of synthesis gas to 

methanol, a well-established process, followed by dehydration of methanol to gasoline-range 
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hydrocarbons in the Mobil process (methanol-to-gasoline, MTG).70-73 Key to its initial 

commercialization was the discovery of a new zeolite H-ZSM-574 (MFI topology), allowing 

for a more narrow product distribution than obtained with the Fischer-Tropsch synthesis 

process at high conversion. Overall, gasoline yields of 75-80 wt% can be realized in this 

manner.70 Although the decline in crude oil prices led to the discontinuation of the only 

running MTG plant in New-Zealand, similar technology to convert methanol to light olefins, 

primarily used as building blocks for polymers, has recently been commercialized, mainly in 

China.75,76 For the conversion of methanol to olefins (MTO), small-pore zeolites are most 

effective, with the silicoaluminophosphate H-SAPO-34 being the commercially preferred 

catalyst.77-79 This weakly acidic catalyst allows obtaining light olefins in yields higher than 

80%.79-81 A major challenge is catalyst deactivation due to build-up of bulky aromatics in the 

cages of the chabazite structure.72,80,82 These species cannot escape through the 8-membered 

ring (8MR) pore apertures of these small-pore zeolites.83 Compared to H-SAPO-34, H-ZSM-

5 is less prone to deactivation, which is likely due to the possibility of aromatic products to 

leave the micropores through its 10MR pore system.73,77 Although H-ZSM-5 produces a 

wider range of products in the gasoline range than 8MR zeolites, it can also be tuned to obtain 

propylene in high yield in the methanol-to-propylene process (MTP).75,77 

There has been a long-standing debate on the mechanism of methanol conversion in 

zeolites.84 A breakthrough was the realization by Kolboe and co-workers that a “hydrocarbon 

pool” is acting as reaction intermediates in methanol conversion reactions in zeolites.85-87 

Currently, it is widely accepted that there are two types of hydrocarbon pools, resulting in 

different cycles that convert methanol to higher hydrocarbons (Fig. 1.5).88-90 When olefins 

are the dominant intermediates, mainly propylene and higher hydrocarbons are the products 

of olefin methylation and cracking reactions.89,90 These olefins can be further converted into 

higher olefins, aromatics and paraffins via oligomerization, cracking, aromatization and 

hydrogen transfer reactions. Ethylene is typically obtained in small amounts because of the 

low stability of primary carbenium ions.91 When polymethylated benzenes contribute to 

methanol conversion as reaction intermediates, ethylene yield is usually much higher because 

the polymethylated benzenes can undergo a series of gem-methylation, deprotonation, side-

chain methylation and elimination reactions.92 Ultimately, the zeolite micropores become 

plugged because of the formation of polycyclic aromatics, high molecular weight polymeric 

carbon, amorphous carbon and so forth.93,94 In 8MR zeolites where polymethylated 

benzenes95 cannot escape the scene of catalysis, ethylene yield is typically much higher and 

deactivation more pronounced in comparison to zeolites with larger micropores.73,75  
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Fig. 1.5 Dual-cycle concept for the conversion of methanol over H-ZSM-5.75,89,90,96 

 

Performance in terms of product distribution and deactivation depends not only on zeolite 

pore topology but also on the acidity of zeolites.97-101 Focusing on H-ZSM-5, various 

approaches have been followed to modify its acidity, mainly to decrease coking deactivation 

and influence product selectivity. Previous studies showed that doping H-ZSM-5 with 

elements such as P,102 Fe,103 Ga,104 or B98,105 improved the selectivity of light olefins and/or 

prolonged the lifetime of catalysts. Recently, Yarulina et al. found that after incorporation of 

Ca2+ in H-ZSM-5, a total light-olefin selectivity as high as 90% was obtained in MTH 

reaction together with prolonged catalyst lifetime.106 Synthesis of MFI zeolite using other 

framework substituents than Al3+ (H-ZSM-5) was also investigated as a way to tune the 

acidity.107-109 Klinowski and co-workers found that the selectivity of aromatics in the MTH 

reaction depends strongly on the gallium concentration in gallosilicate MFI-type zeolites;107 

Borosilicate MFI-type zeolite showed extremely low activity in converting methanol to 

higher hydrocarbons.108-110  

Deactivation due to coking can lead to underutilization of the micropore space of zeolites, 

mainly because of diffusional limitations.45,99 Heavy deposits formed close to the external 

surface block the access of methanol to the internal parts of the zeolite crystals. An obvious 

way to improve catalytic performance is then to decrease the size of the microporous domains, 

for instance by using smaller zeolite crystals111 or to integrate additional intra- or 

intercrystalline porosity in zeolites.9,10,16 The latter solution has been followed in a wide 

variety of manners, and methanol conversion has been a stock reaction in demonstrating the 

improved performance in terms of a decreased rate of deactivation, most evidently from the 

increased amount of methanol converted before the zeolite micropores become blocked. 

Examples of the latter include steaming112,113, desilication99,114 and hard63,115 and soft 

templating25,45 methods to introduce additional porosity. An extreme case of control of 
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hierarchical organization of micro- and mesopores was demonstrated by the group of Ryoo, 

who showed that diquaternary ammonium surfactants allow obtaining sheet-like zeolites in 

which in one direction the size is limited to several nanometers, the sheets being separated 

by mesopores.25 Such zeolite samples display greatly improved catalytic performance in the 

MTH reaction.45,97  

 Scope of thesis 

The research in this thesis addresses promise of hierarchical MFI nanosheet zeolites and 

novel approaches to obtain hierarchical MFI zeolites by using relatively cheap surfactant. 

The Chapter 2-4 is focused on the influences of texture and acidity of the hierarchical MFI 

nanosheet zeolites on different kinds of reactions. Due to the high cost of diquaternary 

ammonium surfactant (DQAS, C22H45-N+(CH3)2-C6H12-N+-(CH3)2-CnH2n+1) for synthesizing 

nanosheet MFI zeolite, two different approaches for synthesizing hierarchical MFI zeolites, 

which involves much cheaper monoquaternary ammonium surfactants, are proposed in 

Chapter 5-7.  

Chapter 2 explores the use of diquaternary ammonium surfactant and tetraquaternary 

ammonium surfactant as SDAs for obtaining highly mesoporous nanosheet Fe/ZSM-5 

zeolites, and investigates their catalytic performance in benzene to phenol oxidation reaction. 

Fe-modified ZSM-5 features as the catalyst. By tailoring the DQAS surfactant and Fe content, 

significant improvements in catalyst stability are achieved. The influence of the preparation 

on the state of the active Fe centers is investigated in detail. 

Chapter 3 investigates the influence of acidity (by using Al, Ga, Fe and B as T atoms) 

and morphology (DQAS-derived nanosheets vs. bulk zeolite) in methanol-to-hydrocarbons 

(MTH) reaction. The T atom choice has a profound influence on the Brønsted and Lewis 

acidity of the final materials with overall decreasing Brønsted acidity in the order Al > Ga > 

Fe > B. Nanosheet zeolites perform better than bulk zeolites with the optimum material being 

[Al]MFI. 

Chapter 4 discusses the influence of zeolite domain size and acidity on the 

hydroconversion of n-decane and n-nonadecane. For this purpose, bulk and desilicated 

(mesoporous) zeolites are compared to nanosheet zeolites of 2 and 6-8 nm at Si/Al ratios of 

20 and 40. It is found that transition-state shape-selectivity and product-diffusion selectivity 

strongly influence the catalytic behavior during the reaction. 

Chapter 5 investigates alternative SDAs for expensive DQAS such as the amphiphilic 

surfactant C16MP, which is comprised of a mono-quaternary ammonium head group (N-

methylpiperidine) and a long aliphatic tail. The benefit is that it can be used in small quantities 

to obtain hierarchical MFI zeolite in combination with regular SDAs for obtaining bulk 
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zeolite. Through optimization of the SDA, it is found that diethylamine in combination with 

C16MP results in nearly similar performance as nanosheet zeolites in the MTH reaction.  

Chapter 6 discovers what limits the crystallization of MFI zeolite in the presence of 

commercially available single quaternary ammonium surfactant cetyltrimethyl-ammonium 

(CTA). By replacing NaOH as mineralizing agent by KOH, amorphous silica dissolution is 

sped up and crystallization can occur in a single step using CTA both as mesoporogen and 

SDA. Highly mesoporous MFI zeolite prepared in this manner shows significantly improved 

catalytic performance in the MTH reaction compared to bulk ZSM-5.  

In Chapter 7, the synthesis of CTA-derived zeolites is investigated in detail (influence of 

base type, surfactant concentration, Al content and counter-ion). 
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Stable Fe/ZSM-5 nanosheet zeolite catalysts for the 

oxidation of benzene to phenol 

ABSTRACT 

Fe/ZSM-5 nanosheet zeolites of varying thickness were synthesized with di- and 

tetraquaternary ammonium structure directing agents and extensively characterized for their 

textural, structural and catalytic properties. Introduction of Fe3+ ions in the framework of 

nanosheet zeolites was slightly less effective than in bulk ZSM-5 zeolite. Steaming was 

necessary to activate all catalysts for N2O decomposition and benzene oxidation. The higher 

the Fe content, the higher the degree of Fe aggregation was after catalyst activation. The 

degree of Fe aggregation was lower when the crystal domain size of the zeolite or the Fe 

content was decreased. These two parameters had a substantial influence on the catalytic 

performance. Decreasing the number of Fe sites along the b-direction strongly suppressed 

secondary reactions of phenol and, accordingly, catalyst deactivation. This together with the 

absence of diffusional limitations in nanosheet zeolites explains the much higher phenol 

productivity obtainable with nanostructured Fe/ZSM-5. Steamed Fe/ZSM-5 zeolite 

nanosheet synthesized using C22-6-3·Br2 (domain size in b-direction ~ 3 nm) and containing 

0.24 wt% Fe exhibited the highest catalytic performance. During the first 24 h on stream, this 

catalyst produced 185 mmolphenol g-1. Calcination to remove the coke deposits completely 

restored the initial activity. 
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 Introduction 

Phenol is an important industrial precursor for the production of various polymers such as 

nylon and phenolic resins, drugs, herbicides and detergents.1 In industrial practice, phenol is 

obtained from benzene via the three-step cumene process. This process is environmentally 

stressing and its economics are disadvantaged by the co-production of equimolar amounts of 

acetone.2,3 Substantial efforts have been made to develop more attractive one-step routes for 

phenol manufacture.2-7 Panov and co-workers found that Fe/ZSM-5 zeolite catalyzes the 

oxidation of benzene to phenol using nitrous oxide as oxidant.6,8-10 N2O can for instance be 

obtained from waste streams in nitric acid and adipic acid plants.11 Although not 

commercialized, this approach constitutes an interesting alternative to the cumene process. 

The mechanism of the benzene oxidation to phenol reaction with Fe/ZSM-5 zeolite 

catalysts involves two steps10:  

N2O + ( )α → (O)α + N2                                                                                                                                                           (2.1) 

C6H6 + (O)α → ( )α + C6H6O                                                                                                                                                (2.2) 

N2O decomposition proceeds on active iron centers (“α-sites”) to form a surface oxygen 

species that is often called “α-oxygen”; “α-oxygen” is able to oxidize benzene to phenol. 

Although the exact structure of the “α-sites” in Fe/ZSM-5 zeolites for N2O decomposition 

and oxidation of benzene to phenol remains unclear, most studies agree that on the role of 

cationic extraframework Fe complexes in Fe/ZSM-5 zeolites.9,12-17 It has been found that only 

a fraction of these “α-oxygen” are able to oxidize benzene to phenol.5,15 Steaming of 

isomorphously substituted Fe/ZSM-5 zeolite is crucial to enhance the number of 

extraframework Fe ions.9,18 During steaming, Fe–O–Si bonds in Fe/ZSM-5 crystals are 

broken, resulting in the migration of Fe from the zeolite framework to extraframework 

locations. In this process, a range of extraframework Fe species are usually formed including 

isolated Fe cations, oligomeric cationic Fe complexes and neutral Fe-oxide clusters (FexOy) 

as well as larger Fe-oxide aggregates. Bulk Fe-oxides species display very low activity in the 

decomposition of N2O.16 There are strong indications that isolated Fe2+ sites are involved in 

the unusual oxidation chemistry of Fe/ZSM-5 zeolites.1 A recent DFT study by Li et al. 

confirmed that “α-oxygen” obtained by N2O decomposition on isolated ferrous (Fe2+) species 

can catalyze the oxidation of benzene to phenol. When “α-oxygen” atoms are generated on 

isolated or oligomeric ferric (Fe3+) oxide clusters, the oxidation of benzene to phenol results 

in formation of a phenolate intermediate, which is strongly adsorbed to the Fe sites and causes 

deactivation. This may explain why not all “α-oxygen” is active in benzene oxidation. The 

strongly adsorbed phenolate intermediate has also been considered as a precursor of coke, 
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contributing to pore plugging.19 These ideas are in keeping with earlier findings of Sachtler 

and co-workers.5 Another side-reaction involves the oxidation of phenol into 

dihydroxybenzenes and their condensation into high-molecular weight aromatic compounds, 

which slowly migrate through the micropores and may also deposit there.20 Brønsted acid 

sites in zeolite channels are believed to be another cause of coke formation in these Fe/ZSM-

5 zeolites.5,20-22 All of these coking mechanisms will contribute to blocking of the zeolite 

micropores, explaining the relatively rapid deactivation of Fe/ZSM-5 catalysts in benzene 

oxidation. It is important to mention that ion exchange of ZSM-5 with Fe-salts in various 

ways results in poor catalysts for benzene oxidation with nitrous oxide,13,23 mainly because 

of the more extensive agglomeration of iron.12 

Besides the high price of nitrous oxide, rapid deactivation of Fe/ZSM-5 catalysts is a 

serious challenge in realizing a commercial process for the direct oxidation of benzene using 

nitrous oxide. Catalyst stability can be improved by decreasing mass transfer limitations 

imposed by the micropore system of Fe/ZSM-5 zeolite. These limitations are caused by the 

long intra-crystalline pathways that molecules have to traverse in pores of similar size as 

reactant and product molecules. Various strategies have been employed to achieve increased 

mass transport such as synthesizing zeolites with extra-large micropores,24 introducing intra-

crystalline mesopores in zeolite particles and reducing the zeolite crystal size.25-27 Using 

diquaternary ammonium structure directing agents (SDAs), Ryoo and co-workers 

successfully synthesized ZSM-5 zeolites with a sheet-like structure with a size in the b-

direction of MFI zeolite limited to several unit cell dimensions.28,29 By varying the number 

of ammonium groups in the hydrophilic head group, the thickness of such ZSM-5 zeolite 

nanosheets can be controlled.30 Using a similar diquaternary ammonium SDA, Koekkoek et 

al. synthesized for the first time Fe/ZSM-5 zeolite nanosheets.1 When applied in benzene 

oxidation, such Fe/ZSM-5 nanosheet zeolites were found to exhibit higher catalytic activity 

and longevity than conventional bulk Fe/ZSM-5 zeolites. As these initial synthesis efforts 

were hampered by several issues related to the use of the SDA,31 it was not possible to draw 

meaningful conclusions on the influence of the Fe content and crystal size for these promising 

nanosheet zeolites as catalysts for the oxidation of benzene to phenol. The main starting point 

of the present study was to explore the hypothesis that consecutive reactions of phenol can 

be suppressed by (i) lowering the Fe content and (ii) decreasing the crystal thickness in the 

b-direction of MFI nanosheets. Therefore, in this work we prepared a set of Fe/ZSM-5 zeolite 

nanosheets with varying Fe content by hydrothermal synthesis. The thickness of zeolite 

nanosheets was controlled by using di- and tetraquaternary ammonium SDAs [C22H45-

N+(CH3)2-C6H12-N+(CH3)2-C3H7]Br2 and [C22H45-N+(CH3)2-C6H12-N+(CH3)2-C6H12-

N+(CH3)2-C6H12-N+(CH3)2-C3H7]Br4. Compared to our earlier work,1 these SDAs are 

terminated on the short-chain side by a propyl group, which facilitates crystallization of the 
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structure.31 The structural and textural properties of these materials were characterized in 

detail by elemental analysis, transmission electron microscopy (TEM), X-ray diffraction 

(XRD), Ar porosimetry, and diffuse-reflectance UV-Vis (DR-UV-Vis) and UV Raman 

spectroscopy. The catalytic performance in the oxidation of benzene to phenol was 

investigated for these Fe/ZSM-5 zeolite nanosheets and their bulk counterparts. The results 

are discussed with emphasis on catalyst activity and stability as function of nanoscale 

dimensions of the zeolites.  

 

 Experimental 

2.2.1 Sample preparation 

Synthesis of SDAs. [C22H45-N+(CH3)2-C6H12-N+(CH3)2-C3H7]Br2 (denoted as C22-6-3·Br2): 

3.9 g (0.01 mol) 1-bromo-dococane (TCI, 98 %) was dissolved in 50 mL toluene (Biosolve, 

99.5%) and added dropwise into a 50 mL solution of 21.4 mL (0.1 mol) N,N,N’N’-

tetramethyl-1,6-diaminohexane (Aldrich, 99 %)  in ethanol (Biosolve, 99.8%). The solution 

was refluxed in an oil bath at 343 K for 12 h. After cooling to room temperature, the solution 

was kept at 277 K for 1 h, then filtered and washed with diethyl ether (Biosolve, 99.5 %). 

The resulting solid product N-(6-(dimethylamino)hexyl)-N,N-dimethyldocosan-1-aminium 

bromide (denoted as C22-6·Br) was dried in a vacuum oven at 323 K overnight. This 

intermediate was subsequently reacted with 4.92 g (0.04 mol) 1-bromopropane (Aldrich, 99 

%) in ethanol at 343 K for 12 h. The resulting solution was cooled in a refrigerator at 277 K 

for 1 h, then filtered, washed with diethyl ether and dried in a vacuum oven at 323 K. The 

product was C22-6-3·Br2. 

[C22H45-N+(CH3)2-C6H12-N+(CH3)2-C6H12-N+(CH3)2-C6H12-N+(CH3)2-C3H7]Br4 (denoted 

as C22-6-6-6-3·Br4): 5.62 g (0.01 mol) C22-6·Br and 24.4 g (0.1 mol) 1,6-dibromohexane 

(Aldrich, 96 %) were dissolved in 50 mL ethanol and stirred at 323 K for 24 h. After cooling 

to room temperature, the solution was kept at 277 K for 1 h, then filtered and washed with 

diethyl ether. The resulting solid product [C22H45-N+(CH3)2-C6H12-N+(CH3)2-C6H12-Br]Br2 

(denoted as C22-6-6-Br·Br2) was dried in a vacuum oven at 323 K overnight. The intermediate 

C22-6-6-Br·Br2 and 21.4 mL (0.1 mol) N,N,N’N’-tetramethyl-1,6-diaminohexane were 

dissolved in 50 mL ethanol and refluxed at 343 K for 12 h. After cooling at 277 K for 1 h, 

the solution was filtered and washed with diethyl ether, the white intermediate [C22H45-

N+(CH3)2-C6H12-N+(CH3)2-C6H12-N+(CH3)2-C6H12-N(CH3)2]Br3 (denoted as C22-6-6-6-0·Br3) 

was dried in in a vacuum oven at 323 K overnight. The compound C22-6-6-6-0·Br3 was reacted 

with 4.92 g (0.04 mol) 1-bromopropane at 343 K in 50 mL ethanol for 12 h. Afterwards, the 
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liquid mixture was cooled at 277 K for 1 h. The solid product was filtered and washed with 

diethyl ether, then dried in a vacuum oven at 323 K for 12 h. The final product was C22-6-6-6-

3·Br4 

Synthesis of zeolites. Fe/ZSM-5 zeolite nanosheets were synthesized using C22-6-3·Br2 and 

C22-6-6-6-3·Br4 as SDAs. In a typical synthesis, NaOH (Merck, 99%) and SDA were dissolved 

in demi-water at 333 K for 1 h. After cooling to room temperature, a second solution which 

was made by mixing tetraethylorthosilicate (TEOS, Merck, 99%), aluminum nitrate 

nonahydrate (Aldrich, reagent grade), iron nitrate nonahydrate (Aldrich, reagent grade) and 

demi-water was added under vigorous stirring. The molar ratio of the gel compositions was 

as follows: 22 NaOH : 2.5 Al(NO3)3·9H2O : 100 SiO2 : 7.5 C22-6-3·Br2 (or 3.25 C22-6-6-6-3·Br4) 

: x Fe(NO3)3·9H2O (x = 0.556, 0.278 or 0.139) : 4000 H2O. After stirring for 1 h, the resultant 

gel was transferred into a Teflon-lined autoclave and heated under rotating (60 rpm) at 423 

K for 9-25 days. 

For the synthesis of bulk Fe/ZSM-5 catalysts, TEOS and tetrapropylammonium hydroxide 

(TPAOH, Merck, 40%) were mixed with demi-water and added dropwise into the solution 

which was made by dissolving aluminum nitrate nonahydrate and iron nitrate nonahydrate in 

demi-water. The molar ratio of the gel compositions was as follows: 2.5 Al(NO3)3·9H2O : 

100 SiO2 : 30 TPAOH : x Fe(NO3)·9 H2O (x = 0.556, 0.278 or 0.139) : 4500 H2O. After 

vigorous stirring at room temperature for 1 h, the resulting gel was transferred to a Teflon-

lined autoclave and crystallized statically at 448 K for 5 days. 

After crystallization, the products were filtered, washed with copious amounts of demi-

water and dried overnight at 383 K. The zeolites were calcined at 823 K for 10 h under 

flowing air. The calcined zeolites were ion-exchanged three times with 1 M NH4NO3 

solutions followed by calcination at 823 K for 4 h under flowing air in order to obtain their 

proton forms. The nanosheet zeolites are denoted as Fe/ZSM-5(xN, y) with x the number of 

quaternary ammonium ions in templates (2 or 4) and y the Si/Fe ratio in synthesis gel (180, 

360 or 720). The bulk zeolites are denoted as Fe/ZSM-5(TPA, y) with y the Si/Fe ratio (180, 

360 or 720) in synthesis gel. 

Steaming activation  was carried out by heating the samples in a flow of 10% water vapor 

in artificial air (100 mL min-1) at 973 K for 3 h. The steamed samples are denoted by using 

the suffix “-st”. The details of the syntheses procedure are collected in Table 2.1. 
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Table 2.1 Details about the synthesis of bulk and sheet-like Fe/ZSM-5 catalysts.  

Catalyst SDA 
Gel composition (molar ratio) T Time 

SDA TEOS Al(NO3)3 NaOH Fe(NO3)3 H2O K (days) 

Fe/ZSM-5 
(TPA,180) 

TPAOH 30 100 2.5 - 0.556 4500 443 5 

Fe/ZSM-5 
(TPA, 360) 

TPAOH 30 100 2.5 - 0.278 4500 443 5 

Fe/ZSM-5 
(TPA,720) 

TPAOH 30 100 2.5 - 0.139 4500 443 5 

Fe/ZSM-5 
(2N,180) 

C22-6-3·Br2 7.5 100 2.5 22 0.556 4000 423 9 

Fe/ZSM-5 
(2N,360) 

C22-6-3·Br2 7.5 100 2.5 22 0.278 4000 423 9 

Fe/ZSM-5 
(2N,720) 

C22-6-3·Br2 7.5 100 2.5 22 0.139 4000 423 9 

Fe/ZSM-5 
(4N,180) 

C22-6-6-6-3·Br4 3.25 100 2.5 22 0.556 4000 423 25 

Fe/ZSM-5 
(4N,360) 

C22-6-6-6-3·Br4 3.25 100 2.5 22 0.278 4000 423 15 

Fe/ZSM-5 
(4N,720) 

C22-6-6-6-3·Br4 3.25 100 2.5 22 0.139 4000 423 15 

 

2.2.2 Characterization  

The elemental composition of the catalysts was determined by Inductively Coupled 

Plasma Optical Emission Spectrometry (ICP-OES). To extract metals, samples were 

dissolved in a mixture of HF/HNO3/H2O (1:1:1).  

DR-UV-Vis spectra were recorded on a Shimadzu UV-2401 PC spectrometer in diffuse-

reflectance mode with a 60 mm integrating sphere. BaSO4 was used as the reference. The 

spectra were transformed into the Kubelka–Munk function. 

UV Raman spectra were recorded with a Jobin-Yvon T64000 triple stage spectrograph 

with spectral resolution of 2 cm-1. The laser line at 244 nm of a Lexel 95-SHG laser was used 

as exciting source with an output of 20 mW. The power of the laser at the sample was about 

2 mW. 

XRD patterns were recorded on a Bruker D4 Endeavor powder diffraction system using 

Cu Kα radiation with a scanning speed of 2.4 ° min-1 in the range of 5-60°. 

TEM images were taken on a FEI Tecnai 20 at an electron acceleration voltage of 200 kV. 

Prior to measurement, the catalysts were suspended in ethanol and dispersed over a Cu grid 

with a holey carbon film. 

Surface area and porosity of zeolites were determined by Ar physisorption in static mode 

at 87 K on a Micromeritics ASAP 2020 instrument. The samples were outgassed at 723 K 
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for 8 h prior to the sorption measurements. The BET surface area of ZSM-5 zeolite was 

determined in the relative pressure range (p/p0) 0.05–0.25. The total pore volume was 

calculated at p/p0= 0.97; The micropore (pores < 1.0 nm) and supermicropore (pores in the 

range of 1.0-2.0 nm) volumes of sheet-like Fe/ZSM-5 zeolites were determined by the 

NLDFT method (Ar at 87 K assuming slit pores without regularization). The micropore 

volume of bulk Fe/ZSM-5 zeolites were determined by the t-plot method via the Broekhoff-

de Boer model in the thickness range 0.34-0.50 nm. The mesopore volume and pore size 

distribution were determined from the adsorption branch of the isotherm using the NLDFT 

method.  

2.2.3 Catalytic activity measurement 

Quantification of active Fe sites. The amount of active sites (“α-sites”) in catalyst was 

determined by titration of the catalyst with N2O gas at 523 K. In a typical procedure, 100 mg 

catalyst (sieve fraction 125–250 μm) was placed in a stainless-steel microreactor. Prior to 

testing, the catalyst was calcined in He (140 mL min-1) from 298 K to 823 K at a ramp rate 

of 2 K min-1 followed by an isothermal period of 1 h. After cooling the sample to 523 K in 

He (140 mL min-1), the He flow was switched to a reactant flow with the composition 1.03% 

Ar and 0.98% N2O in He gas at a total flow rate 140 mL min-1. Argon served as an inert 

tracer. A well-calibrated mass spectrometer was used to determine the amount of N2 in the 

reactor effluent. 

Catalytic activity measurements. The catalytic activity of the Fe/ZSM-5 zeolites in the 

oxidation of benzene to phenol using N2O as oxidant was determined out in a tubular fixed-

bed reactor with 4 mm inner diameter. Typically, an amount of 100 mg catalyst, which was 

pressed and sieved into 125-250 μm particles, was loaded into a quartz tube. Prior to reaction, 

the catalyst was calcined in artificial air (100 mL min-1) to 823 K at a ramp rate of 2 K min-1 

followed by an isothermal period of 2 h. After cooling to 623 K in artificial air, the catalyst 

was exposed to the reaction feed mixture which consists of 1 vol% benzene and 4 vol% N2O 

in He at a total flow rate of 100 mL min-1. The weight-hourly space velocity (WHSV) was 

1.89 g g−1 h−1. We also evaluated the catalytic performance of the best performing catalyst 

against its bulk counterpart in excess benzene conditions. For this purpose, the catalyst was 

exposed to a reaction feed mixture of 5 vol% benzene and 0.5 vol% N2O in He at a total flow 

rate of 100 mL min-1 at 643 K. The WHSV was 9.45 g g−1 h−1. The reactor effluent was 

analyzed by gas chromatography (Hewlett-Packard GC-5890 equipped with an HP-5 column 

and a flame ionization detector) and a Balzers-Pfeiffer quadrupole mass spectrometer. The 

coke content of the spent catalyst after a reaction time of 24 h was determined by 

thermogravimetric analysis (TGA) on a TGA/DSC 1 STAR system of Mettler Toledo. The 
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temperature was increased from 298 K to 1273 K with a ramping rate 10 K min-1 under 

flowing artificial air at a rate of 50 mL min-1.  

 

 Results and discussion 

2.3.1 Structural characterization  

 

  

 

Fig. 2.1 X-ray powder diffraction patterns of calcined (left) and steamed (right) zeolites. (a) 

Fe/ZSM-5(TPA,360), (b) Fe/ZSM-5(4N,360), (c) Fe/ZSM-5(2N,180), (d) Fe/ZSM-

5(2N,360) and (e) Fe/ZSM-5(2N,720). 

 

The XRD patterns of the calcined and steamed Fe/ZSM-5 samples are collected in Fig. 

2.1. All zeolites have the MFI framework topology.1 No features belonging to large iron 

oxide particles were observed, which is indicative for the high Fe dispersion in the as-

synthesized zeolites. Different from bulk zeolite, only the h0l reflections in the XRD patterns 
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of the nanosheet Fe/ZSM-5 zeolites were sufficiently sharp for indexing. The absence or 

strong broadening of the 0k0 reflections is due to the very small size of the zeolite in the b-

direction (i.e., the direction of the straight channels in zeolites with the MFI topology). The 

XRD patterns of the steamed samples are similar to those of the calcined parent ones, which 

demonstrates the good hydrothermal stability of bulk and nanosheet Fe/ZSM-5 zeolites.  

The elemental compositions of the zeolites as determined by ICP elemental analysis are 

listed in Table 2.2. All of the zeolites have a similar Si/Al atomic ratio close to 40. Si/Fe 

ratios of 180, 360 and 720 in the synthesis gel led to zeolites with Si/Fe ratios around 180, 

360 and 770-850, respectively. Thus, nearly all Al and Fe ions present in the synthesis gel 

were built into the Fe/ZSM-5 zeolites. Steaming did not alter the elemental composition of 

the samples. 

 

Fig. 2.2 Ar physisorption isotherms (left) and pore size distribution (right) of Fe/ZSM-5 

zeolites. (a) Fe/ZSM-5(TPA,360)-st, (b) Fe/ZSM-5(2N,360), (c) Fe/ZSM-5(2N,360)-st and 

(d) Fe/ZSM-5(4N,360)-st. The isotherms were vertically offset by equal intervals of 50 cm3 

g−1. The pore size distributions were calculated using the NLDFT method using the 

adsorption branch and vertically offset by equal intervals of 0.05 cm3 g−1. 
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Fig. 2.2 display the Ar physisorption isotherms and pore size distribution of bulk and 

nanosheet Fe/ZSM-5 zeolites. The strong uptake at low p/p0 confirms the presence of 

micropores. Typically, the Fe/ZSM-5 nanosheet zeolites show a gradual uptake over the p/p0 

range 0.4–0.9 with a H4 hysteresis loop, which is characteristic for materials that contain 

mesopores. As usual estimations for pore size distribution such as the BJH method are 

considered unreliable for the H4 type of isotherm, we applied the NLDFT method using the 

adsorption branch of the isotherm (assuming slit-shaped pores). Pore size distribution data 

demonstrate that the nanosheet zeolites contain a large amount of mesopores with a wide 

distribution. For all bulk zeolites, the mesopore volume is very small. These mesopores 

originate from voids between the zeolite crystals. 

The corresponding textural properties of these zeolites are listed in Table 2.2. The BET 

surface area, the total pore volume and the mesopore volume of the nanosheet zeolites are 

significantly higher than those of bulk Fe/ZSM-5 zeolites. The micropore volume of the bulk 

zeolites is higher than that of nanosheet zeolites. For nanosheet zeolites, the BET surface area 

reached value as high as 540 m2 g-1, and the largest total pore volume was 0.61 cm3 g-1, which 

is much higher than the micropore volume of bulk Fe/ZSM-5 zeolite. Mesopores contribute 

significantly to the total pore volume of the nanosheet zeolites. It is interesting to note the 

relatively small difference in textural properties between calcined and steamed Fe/ZSM-

5(2N,360), underpinning further the very good hydrothermal stability of the nanosheet 

zeolites. 

Fig. 2.3 shows representative TEM images of the Fe/ZSM-5 zeolites prepared at a Si/Fe 

of 360. It is clear that all of the nanosheet zeolites contain quite narrow a-c planes. The 

samples synthesized using the diquaternary ammonium SDA C22-6-3·Br2 consist of uniform 

unilamellar nanosheets with a thickness of around 3 nm. Considering that zeolite MFI’s unit 

cell dimension in the b-direction of 1.974 nm,28,29 the nanosheet zeolites are about 1.5 unit 

cells thick in this direction. There is no significant difference in morphology among the 

nanosheets with different Fe content (Fig. 2.3a, 2.3b and 2.3c). Consistent with the XRD and 

Ar physisorption results, TEM images of Fe/ZSM-5(2N,360) before (Fig. 2.3d) and after 

steaming show similar morphology and texture. The nanosheet zeolites synthesized by SDA 

C22-6-6-6-3·Br4 (Fig. 2.3e) are less uniform in terms of thickness in the b-direction. The on-

average ~6-8 nm thickness in the b-direction of these nanosheets corresponds to about 3~4 

unit cells. The bulk zeolite (Fig. 2.3f) consists of large spherical particles with several 

hundreds of nanometers as reported before.27 
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Fig. 2.3 Representative TEM images of (a) Fe/ZSM-5(2N,180)-st, (b) Fe/ZSM-5(2N,360)-

st, (c) Fe/ZSM-5(2N,720)-st, (d) Fe/ZSM-5(2N,360), (e) Fe/ZSM-5(4N,360)-st and (f) 

Fe/ZSM-5(TPA,360)-st. 

2.3.2 DR-UV-Vis and UV Raman spectroscopy  

The coordination state and extent of aggregation of Fe3+ in Fe/ZSM-5 zeolites were 

investigated by DR-UV-Vis spectroscopy. The UV-Vis spectra of the calcined and steamed 

zeolites are shown in Fig. 2.4. The spectra of the calcined zeolites are dominated by two 

characteristic oxygen-to-metal charge-transfer bands around 211 nm and 245 nm, which are 

related to Fe3+ at isolated tetrahedral framework sites.32-34 Thus, we conclude that Fe3+ is 

predominantly built into the zeolite framework by isomorphous substitution of Si4+ by Fe3+. 

The charge transfer band around 275 nm is typical for highly dispersed octahedral Fe 

species.33 Compared to bulk zeolite, the calcined nanosheet zeolites contain already a certain 

fraction of highly dispersed extraframework Fe atoms. This difference points to a less rigid 

coordination around Fe atoms in sheet-like MFI zeolites compared with bulk zeolite. This 

may have to do with the location of part of the Fe sites near the surface of the zeolite 

nanosheets. Steaming results in extensive migration of tetrahedral Fe species from the crystal 

framework towards extraframework positions: oligomeric iron oxide clusters (333 nm), 

larger Fe2O3-like aggregates (427 nm) and bulk Fe2O3 (545 nm) can be distinguished.1,34 

Absent in bulk zeolite, a distinct shoulder around 275 nm in the spectra of steamed nanosheet  
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Fig. 2.4 DR-UV-Vis spectra of the calcined (full line) and steamed (dashed line) Fe/ZSM-5 

zeolites. (a) Fe/ZSM-5(2N,180), (b) Fe/ZSM-5(2N,360), (c) Fe/ZSM-5(2N,720), (d) 

Fe/ZSM-5(4N,180), (e) Fe/ZSM-5(4N,360), (f) Fe/ZSM-5(4N,720), (g) Fe/ZSM-

5(TPA,180), (h) Fe/ZSM-5(TPA,360) and (i) Fe/ZSM-5(TPA,720).  

zeolites confirms the presence of a larger fraction of highly dispersed Fe species inside the 

nanostructured materials. The nanosheet zeolites also contain a lower amount of FexOy 

agglomerates. This is attributed to the small crystal size in the b-direction, which limits the 

agglomeration of Fe atoms during steaming. As expected, the degree of aggregation of Fe 

species tends to increase with Fe loading in both the bulk and nanosheet zeolites. 

Fig. 2.5 shows the UV Raman spectra (244 nm laser excitation) of calcined and steamed 

Fe/ZSM-5 zeolites. The strong band at 378 cm-1 observed for all of the zeolites can be 

assigned to the characteristic double five-ring silica moiety in MFI zeolite.33,35 Two more 

Raman bands at 480 cm–1 and 800 cm–1 are also typical for the MFI structure.35 Upon 

steaming, these three peaks did not decrease in intensity, further confirming the good 

hydrothermal stability of the zeolites. The band at 516 cm–1 is due to the symmetric 

stretching/bending vibrational modes of isolated Fe–O–Si species in the framework, while 

the bands at 1015 cm–1, 1115 cm–1 and 1165 cm–1 can be ascribed to the asymmetric Fe–O–

Si stretching vibrational modes.33,34 After steaming, these bands are substantially broadened 

or, in some cases, even absent. These changes can be explained by decreased framework Fe3+ 

content upon steaming due to Fe migration towards extraframework positions. Importantly, 

steaming results in increased intensity of the band at 743 cm–1, which has been related to 

active Fe centers for the oxidation of benzene to phenol in previous studies.1,33 The 743 cm-1 

band is already visible in the spectra of the calcined zeolites. It is more prominent in the   

 



- 31 - 

 

 

 

Fig. 2.5 UV Raman spectra of the calcined and steamed Fe/ZSM-5 zeolites. (a) Fe/ZSM-

5(TPA,180), (b) Fe/ZSM-5(TPA,360), (c) Fe/ZSM-5(TPA,720), (d) Fe/ZSM-5(4N,180), (e) 

Fe/ZSM-5(4N,360), (f) Fe/ZSM-5(4N, 720), (g) Fe/ZSM-5(2N,180), (h) Fe/ZSM-5(2N,360) 

and (i) Fe/ZSM-5(2N, 720). 

spectra of the calcined nanosheet Fe/ZSM-5 zeolites than in those of the calcined bulk 

zeolites. There are two possible reasons for this. Firstly, it may be difficult to incorporate all 

of the Fe3+ ions in the zeolite framework of the nanosheets and, accordingly, already some of 

the Fe ions end up at extraframework positions during zeolite synthesis. This is in line with 

the UV-Vis data. The limited inclusion of heteroatoms in the framework of nanosheet zeolite 

has also been observed for Al3+.36,37 Secondly, it may be that a larger part of the framework 

Fe3+ ions already migrate into extraframework positions during calcination of nanosheet 

zeolites.1 
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Fig. 2.6 Rate of phenol formation as a function of time on stream for bulk and nanosheet 

Fe/ZSM-5 zeolites synthesized by: (a) C22-6-3·Br2, (b) C22-6-6-6-3·Br4 and (c) TPAOH (Reaction 

conditions: 1.01 vol% C6H6 and 4.01 vol% N2O in He; T = 623 K; WHSV = 1.89 g g−1 h−1). 

2.3.3 Quantification of “α-sites” 

N2O can be decomposed on “α-sites” of Fe/ZSM-5 zeolites at 523 K by stoichiometric 

reaction N2O + ( )α = (O)α + N2. Extraframework isolated Fe2+ and oligomeric Fe complexes 

are usually considered to be the main species to decompose N2O. Assuming that this reaction 

is proceeding via a simple chemisorption of one oxygen atom on each active site, the number 

of “α-sites” in catalyst can be determined by measuring the amount of effluent N2.17,35,38 

Active site densities determined in this manner are collected in Table 2.3. Before steaming, 

zeolite nanosheets contain already more “α-sites” than their bulk counterparts. This correlates 

with the higher amount of extraframework Fe seen in the nanosheet zeolites by DR-UV-Vis 

and UV Raman spectroscopy. Steaming leads to higher “α-sites” densities in all zeolite 

samples. This is rationalized by Fe3+ migration from zeolite framework towards 
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extraframework positions. Except for the calcined and steamed Fe/ZSM-5(2N,360) sample, 

the “α-sites” density trends with Fe content. The crystal size of the zeolites does not 

significantly affect the “α-sites” density. The zeolite samples with Si/Fe ratio of 180 contain 

more than twice the amount of “α-sites” than the samples with Si/Fe ratio of 720.  

It is important to underline that not all the “α-oxygen” sites formed by stoichiometric N2O 

decomposition on “α-sites” exhibit the same activity in benzene conversion. It has been noted 

that only isolated Fe2+ in Fe/ZSM-5 extraframework position is effective in catalyzing 

benzene oxidation to phenol. Oligomeric complexes such as [Fe(µ-O)Fe]2+ and also the ferryl 

cations [FeO]+ result in stable grafted phenolate species upon benzene oxidation. The 

resulting phenolate complex is so strongly adsorbed that it blocks the Fe sites. The bulky 

nature of these species results in blockage of the micropores.5,19 

2.3.4 Catalytic activity measurements 

The time on stream behavior in the catalytic oxidation of benzene to phenol for various 

calcined and steamed zeolites is displayed in Fig. 2.6. The corresponding data are listed in 

Table 2.3. As expected, the initial benzene conversion, phenol formation rate and phenol 

selectivity (after 5 min on stream) were substantially higher for the steamed zeolites in 

comparison to the calcined ones. At the start of the reaction, the reaction rate is mainly 

determined by the active site density (isolated Fe2+). The steamed Fe/ZSM-5 zeolites 

deactivate more severely than the calcined ones. This is attributed to the higher density of 

isolated Fe2+ and FexOy aggregates in the steamed zeolites. As a consequence, the total phenol 

yield in 24 h reaction was substantially higher for steamed Fe/ZSM-5 zeolites than for their 

calcined counterparts. Despite their greater extent of deactivation, steamed Fe/ZSM-5 

zeolites are preferred as catalysts for the oxidation of benzene to phenol.  

The bulk zeolites deactivate more rapidly than the nanosheet zeolite samples. The initial 

activity of the Fe/ZSM-5(2N,180)-st sample is higher than that of a similar zeolite catalyst 

using a less-optimal SDA.1 For the bulk zeolites, it is seen that both the activity and the extent 

of deactivation (ratio of reaction rate after 24 h and initial reaction rate; R24h/Rinit) increase 

with Fe content. Among the steamed 2N Fe/ZSM-5 nanosheet samples, the initial benzene 

conversion and phenol formation rate, the extent of deactivation and the amount of coke 

deposited also correlate with Fe content. There is no clear trend between the phenol 

selectivity after 5 min on stream and the Fe content. The bulk zeolites exhibit a lower phenol 

selectivity, which can be related to secondary reactions due to longer residence time of the 

desired product in the zeolite crystals. Increasing Fe content led to higher initial activity, 

although the differences are less pronounced for the nanostructured zeolite in comparison 

with the bulk zeolites.  
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Fig. 2.7 The concentration of “α-sites”, the phenol formation rate after 5 min time on stream 

(Rinit) and the ratio of reaction rate after 24 h and initial reaction rate (R24h/Rinit) at various Fe 

contents of steamed Fe/ZSM-5 catalysts synthesized using (a) C22-6-3·Br2, (b) C22-6-6-6-3·Br4 

and (c) TPAOH.  

 

As mentioned above, not all of the “α-sites” are active in benzene to phenol reaction. 

Therefore, we do not report turnover frequencies. The higher fraction of inactive “α-sites” in 

bulk Fe/ZSM-5 zeolite relates to formation of more dimeric/oligomeric Fe2+ species in bulk 

zeolite. A larger contribution of monomeric Fe2+ in nanosheet samples then explains why 

variation in Fe content does not affect the initial activity as much as it does for bulk zeolite. 

Higher Fe content in nanosheet zeolites resulted in faster catalyst deactivation. After 24 h 

reaction, the phenol formation rate decreased by 78% for Fe/ZSM-5(2N,180)-st, while only 

about a third of the activity of Fe/ZSM-5(2N,720)-st was lost. Consistent with this, zeolite 

nanosheets with higher Fe content produced more coke. 

Fig. 2.7 highlights the trends observed between the density of “α-sites”, the initial phenol 

formation rate and the extent of deactivation in 24 h with the Fe content of the zeolites. Higher 

Fe content leads to a higher density of “α-sites”, regardless of the crystal size. The “α-sites” 

density of the sample prepared at intermediate Fe content with C22-6-3Br2 is an outlier. The 

higher Fe content also results in higher initial phenol formation rate. The nanosheet samples 

display a higher rate than the bulk samples. At the same time, the extent of deactivation trends 
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oppositely with the Fe content. That is to say, the nanosheet samples deactivate less severely 

than the bulk zeolite with the lowest extent of deactivation observed for the thinnest 

nanosheets at the lowest Fe content.  

We estimated whether mass transport can limit the reaction rate of benzene to phenol 

reaction. We used the Weisz-Prater criterion, as the detailed kinetics of benzene oxidation by 

nitrous oxide are unknown: 

ϕ	= 
L2rv,obs

Deff.Csurface
	<	0.15                                                                                                          (2.3) 

Ignoring external mass transfer by setting the surface benzene concentration to the bulk 

gas phase value of Csurface = 0.2 mol m-3, using the bulk density of ZSM-5 (0.72 g mL-1) to 

convert initial reaction rates to volumetric rates, Lbulk zeolite = 200 nm, Lnanosheet = 1 nm, Deff  = 

10-13 m2 s-1 for benzene and assuming the reaction order as 1, we find ϕbulk zeolite ≈ 4 and 

ϕnanosheet ≈ 10-4. As we expect that phenol diffuses slightly slower through the zeolite channels 

than benzene, we conclude that the reaction rate is limited by mass transport of benzene in 

the bulk zeolite, but not in the nanosheet zeolite. This difference contributes to the higher 

initial rates observed for the zeolite nanosheet samples. We did not observe a strong 

correlation between the “α-site” densities and the initial reaction rate for the nanosheet 

samples. The main reason for this should be that not all “α-sites” are involved in the benzene 

oxidation reaction as discussed in the introduction.  

Fig. 2.8 discusses schematically the decreasing probability of Fe agglomeration sites in 

the channels as a function of Fe content. Each MFI unit cell contains 2 straight channels and 

96 T atoms. For the thinnest Fe/ZSM-5 nanosheet zeolite, the number of T atoms amounts to 

approximately 72 per straight channel. Thus, a benzene molecule diffusing through Fe/ZSM-

5 nanosheet zeolite with a Si/Fe ratio of 360 will encounter on average much less than 1 Fe 

site. This limits the contribution of secondary reactions of phenol as compared to bulk zeolite. 

Deactivation is lowered, when the Fe content of the nanosheet zeolite is lowered to Si/Fe = 

720. Nevertheless, coking deactivation will still occur in the nanosheet zeolites. With 

decreasing Fe content, the extent of deactivation decreases and the value of R24h/Rinit levels 

off at ~0.6. In comparison, secondary reactions play a more important role in bulk zeolite,  

explaining the greater extent of deactivation. Even for Si/Fe = 720, R24h/Rinit is 0.33 for bulk 

zeolite. The overall coke content for the bulk zeolites is lower than for the nanosheet samples, 

which we attribute to the lower utilization degree of the micropore space. That is to say that 

the mass transfer limitations in the bulk zeolite limit the reaction zone of the zeolite crystal. 

As the carbonaceous deposits are large, benzene cannot reach the inner parts of the zeolite 

anymore. This is the most important cause of the lower phenol yield for the bulk zeolites. 
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The thicker Fe/ZSM-5 zeolite nanosheets synthesized with C22-6-6-6-3·Br4 behave in a similar 

manner with slightly lower performance as compared with the 2N samples.  

 
 

Fig. 2.8 Schematic illustration of influence of Fe content and zeolite domain size for calcined 

and steamed Fe/ZSM-5 zeolite. 
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Fig. 2.9 Ar physisorption isotherms (left) and pore size distribution (right) of spent zeolites. 

(a) Fe/ZSM-5(TPA,360)-st, (b) Fe/ZSM-5(2N,180)-st, (c) Fe/ZSM-5(2N,360)-st, (d) 

Fe/ZSM-5(2N,720)-st and (e) Fe/ZSM-5(4N,360)-st. The isotherms were vertically offset by 

equal intervals of 80 cm3 g−1. The pore size distributions were calculated via NLDFT method 

using the adsorption branch and vertically offset by equal intervals of 0.04 cm3 g−1. 

 

Overall, the highest catalytic performance was observed for Fe/ZSM-5(2N,360)-st with a 

thickness of 3 nm and on average 0.2 Fe sites per pass through the straight channels. The 

phenol productivity was 185 mmol g-1 and the zeolite retained more than half of its initial 

activity after 24 h. The reusability of this catalyst was assessed in three reaction-regeneration 

cycles. No significant decrease in its catalytic performance in these experiments was 

observed and phenol productivities remained around 180-200 mmol g-1 after intermittent air 

calcination at 823 K to burn off the coke.  

The textural properties of the spent catalysts were also investigated by Ar physisorption 

measurements (Fig. 2.9). The corresponding numerical data are collected in Table 2.4. The 

isotherm of spent Fe/ZSM-5(TPA,360)-st has the same characteristic type I shape as the fresh 

zeolite. Although the isotherms of spent Fe/ZSM-5 zeolite nanosheets are still of type IV, the 

area of hysteresis loop is significantly smaller than for the fresh zeolites. This is because part  
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Fig. 2.10 Rates of phenol formation as a function of time on stream for bulk and nanosheet 

Fe/ZSM-5 zeolites (Reaction conditions: 5 vol% C6H6 and 0.5 vol% N2O in He; T = 643 K; 

WHSV = 9.45 g g−1 h−1). 

of the mesopores in the spent catalysts are blocked by coke deposits. The pore size 

distribution of the spent samples confirms the lowered mesopore volume. The data in Table 

2.4 illustrate that, compared with the fresh samples, all of the spent samples have lower BET 

surface area and total pore volume. The decrease of the total pore volume is much more 

pronounced for the Fe/ZSM-5 zeolite nanosheets than for the bulk zeolites. One reason could 

be that, compared with bulk Fe/ZSM-5 zeolites, the small size along the b-direction of zeolite 

nanosheets facilitates mass transport, which leads to more efficient utilization of the 

micropore space. This contributes to higher activity of nanosheet zeolites as discussed above. 

The higher utilization degree of the crystal also leads to a higher amount of coke deposited. 

Deactivation due to plugging of pores in naosheet zeolites by carbonaceous deposits is much 

less pronounced for the nanosheet zeolites, because of the much higher surface to bulk ratio. 

Notably, increasing thickness of Fe/ZSM-5 zeolite nanosheets in b-direction results in a 

stronger decrease of the pore volume during the oxidation reaction. This is in accordance 
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Table 2.4 Composition and textural properties of spent Fe/ZSM-5 catalysts after 24 h 

reaction in benzene oxidation. 
 

Catalyst 
SBET

 a 
(m2 g-1) 

Vtotal
 b 

(cm3 g-1) 
Vmeso

 c 

(cm3 g-1) 
Vsupermicro

d 

(cm3 g-1) 
Vmicro

e 
(cm3 g-1) 

Vmeso 
/Vmeso,0 

Vmicro 
/Vmicro,0 

Fe/ZSM-5 
(2N,180)-st 

350 0.41 0.31 0.000 0.08 0.86 0.62 

Fe/ZSM-5 
(2N,360)-st 

453 0.47 0.33 0.003 0.17 0.87 1.40 

Fe/ZSM-5 
(2N,720)-st 

372 0.37 0.25 0.000 0.14 0.76 0.93 

Fe/ZSM-5 
(4N,360)-st 

326 0.28 0.18 0.008 0.12 0.38 0.92 

Fe/ZSM-5  
(TPA,360)-st 

284 0.17 0.04 0.007 0.10 1.00 0.65 

a Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.25); b Total pore volume at 

relative pressure p/p0 = 0.97; c Mesopore volume calculated by the NLDFT method using the 

adsorption branch of the isotherm; d Supermicropore volume defined as pores in the range 

1.0–2.0 nm, determined by the NLDFT method; e Micropore volume of bulk Fe/ZSM-5 was 

determined by t-plot method via the Broekhoff-de Boer model in the thickness range 0.34-

0.50 nm, Micropore (< 1.0 nm) volume of sheet Fe/ZSM-5 was determined by the NLDFT 

method. 

with the difference in catalytic performance after 24 h reaction. Textural characterization of 

the spent nanosheet zeolites shows that carbonaceous coke was mainly deposited in the 

mesopores in nanosheet zeolites. In comparison with spent bulk zeolite, the micropore 

volume was less affected. This may be explained by the shorter diffusion pathways of coke 

or coke precursors to reach the external surface of the nanosheet zeolites. As diffusion 

distances to the external surface of bulk zeolite are much longer, coke will be mostly 

deposited in the micropores. 

Panov and co-workers found that catalyst deactivation due to coking could be significantly 

decreased by operating the benzene oxidation reaction at high C6H6/N2O ratio, i.e., in excess 

benzene.6,39 We also investigated catalyst performance at a C6H6/N2O ratio of 10 for the best 

performing Fe/ZSM-5 nanosheet zeolite (Fe/ZSM-5(2N, 360)-st) and its bulk counterpart 

(Fe/ZSM-5(TPA, 360)-st) at a reaction temperature of 643 K. The time on stream plots are 

shown in Fig 2.10 and the corresponding catalytic performance data are listed in Table 2.5. 

Notably, the N2O selectivity was close to 100%, indicating that phenol was the major product. 

i.e., overoxidation to dihydroxybenzenes is limited under these conditions. We surmise that 

the high concentration of benzene lowers the rate of consecutive oxidation of benzene, 

suppressing the formation of heavy by-products that can deactivate the catalyst. Similar to 

the reports of Panov,6,39 catalyst deactivation is much less pronounced in excess benzene. The 
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Table 2.5 Catalytic properties of Fe/ZSM-5 zeolite catalysts in oxidation of benzene to 

phenol.a 

Catalyst 
S5 min

b 
(%) 

S24 h
c 

(%) 
X1 h

d 
(%) 

Rinit
e 

(mmol g-1 h-1) 
R24 h

f 
(mmol g-1 h-1) 

R24 h 

/Rinit 
Cokeg 

(mg g-1) 

Fe/ZSM-5(TPA,360)-st >99 >99 34.5 4.2 1.9 0.45 76 

Fe/ZSM-5(2N,360)-st >99 >99 51.7 6.2 3.7 0.60 124 

a Reaction conditions: 5 vol% C6H6 and 0.5 vol% N2O in He; 100 mg catalyst; T = 643 K; b 

Selectivity of phenol after 5 min reaction; c Selectivity of phenol after after 24 h reaction; d 

N2O conversion after 1 h reaction; e Phenol formation rate after 5 min reaction; f Phenol 

formation rate after 24 h reaction; g Determined by TGA methods after 24 h reaction.  

initial catalytic activity of the nanosheet zeolite is about 50% higher than that of the bulk

zeolite. We attribute the lower performance of the bulk zeolite to mass transport limitations. 

In accordance with this, we found that the amount of coke formed on the bulk zeolite under 

these conditions is lower than on the nanosheet zeolite (Table 2.5). This is due to a smaller 

fraction of the micropore space being involved in the benzene oxidation reaction. 

 Conclusions 

A set of Fe/ZSM-5 zeolite nanosheets with thickness of ~3 nm and ~6-8 nm and with 

varying Fe content were synthesized, extensively characterized and compared to bulk 

Fe/ZSM-5 zeolite in the oxidation of benzene to phenol with nitrous oxide. In all cases, 

steaming is effective in increasing the number of active Fe2+ centers for N2O decomposition 

and benzene oxidation. The degree of Fe aggregation during steaming increases with the Fe 

content and the crystal domain size. These two parameters also strongly affected the catalytic 

performance. Decreasing the number of active centers along the b-direction of the zeolite 

crystals strongly suppresses secondary reactions of phenol and, accordingly, the extent of 

deactivation. This together with the absence of diffusional limitations in nanosheet zeolites 

explains the much higher phenol yield that can be obtained with nanostructured Fe/ZSM-5. 

Steamed Fe/ZSM-5 zeolite nanosheet synthesized using C22-6-3·Br2 (domain size in b-

direction ~ 3 nm) and containing 0.24 wt% Fe exhibited the highest catalytic performance. 

During the first 24 h on stream, this catalyst produced 185 mmolphenol g-1. Calcination to 

remove the coke deposits completely restores the initial activity. The optimized catalyst 

retains its improved activity and stability during benzene oxidation at high benzene-to-nitrous 

oxide ratio.
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On the role of acidity in bulk and nanosheet 

[T]MFI (T = Al3+, Ga3+, Fe3+, B3+) zeolites in the 

methanol-to-hydrocarbons reaction 

 

ABSTRACT 

The influence of framework substituent (Al3+, Ga3+, Fe3+ and B3+) and morphology (bulk vs. 

nanometer-sized sheets) of MFI zeolite on acidity and catalytic performance in the methanol-

to-hydrocarbons (MTH) reaction was investigated. The Brønsted acid density and strength 

decreased in the order Al(OH)Si > Ga(OH)Si > Fe(OH)Si >> B(OH)Si. Pyridine-15N NMR 

spectra confirmed differences in the Brønsted and Lewis acid strengths but also evidenced 

site heterogeneity in the Brønsted acid sites. Due to the lower efficiency with which tervalent 

ions can be inserted into the zeolite framework, sheet-like zeolites exhibited lower acidity 

than bulk zeolites. The sheet-like Al-containing MFI zeolite exhibited the greatest longevity 

as MTH catalyst, outperforming its bulk [Al]MFI counterpart. While the lower acidity of 

bulk [Ga]MFI led to better catalytic performance than bulk [Al]MFI, the sheet-like [Ga]MFI 

sample was found to be nearly inactive due to lower and heterogeneous Brønsted acidity. All 

Fe- and B-substituted zeolite samples displayed very low catalytic performance due to their 

weak acidity. Based on product distribution, the MTH reaction was found to be dominated 

by the olefins-based catalytic cycle. The small contribution of the aromatics-based catalytic 

cycle was larger for bulk zeolite than for sheet-like zeolite, indicating that shorter residence 

time of aromatics can explain the lower tendency to coking and enhanced catalyst longevity. 
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 Introduction 

Converting synthesis gas into liquid hydrocarbons can be achieved in two different 

manners. The Fischer-Tropsch process can convert mixtures of CO and H2 into methane and 

long-chain paraffins. Initially developed in wartime Germany, it has been further developed 

into commercial technology by SASOL and Shell.1-3 The other route is the conversion of 

synthesis gas to methanol, a well-established process, followed by dehydration of methanol 

to gasoline-range hydrocarbons in the Mobil process (methanol-to-gasoline, MTG).4-7 Key 

to its initial commercialization was the discovery of a new zeolite H-ZSM-58 (MFI topology), 

allowing for a more narrow product distribution than obtained with the Fischer-Tropsch 

synthesis process at high conversion. Overall, gasoline yields of 75-80 wt% can be realized 

in this manner.4 Although the decline in crude oil prices led to the discontinuation of the only 

running MTG plant in New-Zealand, similar technology to convert methanol to light olefins, 

primarily used as building blocks for polymers, has recently been commercialized, mainly in 

China.9,10 For the conversion of methanol to olefins (MTO), small-pore zeolites are most 

effective, with the silicoaluminophosphate H-SAPO-34 being the commercially preferred 

catalyst.11-13 This weakly acidic catalyst allows obtaining light olefins in yields higher than 

80%.13-15 A major challenge is catalyst deactivation due to build-up of bulky aromatics in the 

cages of the chabazite structure.6,14,16 These species cannot escape through the 8-membered 

ring (8MR) pore apertures of these small-pore zeolites.17 Compared to H-SAPO-34, H-ZSM-

5 is less prone to deactivation, which is likely due to the possibility of aromatic products to 

leave the micropores through its 10MR pore system.7,11 Although H-ZSM-5 produces a wider 

range of products in the gasoline range than 8MR zeolites, it can also be tuned to obtain 

propylene in high yield in the methanol-to-propylene process (MTP).9,11 

There has been a long-standing debate on the mechanism of methanol conversion in 

zeolites.18 A breakthrough was the realization by Kolboe and co-workers that a “hydrocarbon 

pool” is acting as reaction intermediates in methanol conversion reactions in zeolites.19-21 

Currently, it is widely accepted that there are two types of hydrocarbon pools, resulting in 

different cycles that convert methanol to higher hydrocarbons.22-24 When olefins are the 

dominant intermediates, mainly propylene and higher hydrocarbons are the products of olefin 

methylation and cracking reactions.23,24 These olefins can be further converted into higher 

olefins, aromatics and paraffins via oligomerization, cracking, aromatization and hydrogen 

transfer reactions. Ethylene is typically obtained in small amounts because of the low stability 

of primary carbenium ions.25 When polymethylated benzenes contribute to methanol 

conversion as reaction intermediates, ethylene yield is usually much higher because the 

polymethylated benzenes can undergo a series of gem-methylation, deprotonation, side-chain 
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methylation and elimination reactions.26 Ultimately, the zeolite micropores become plugged 

because of the formation of polycyclic aromatics, high molecular weight polymeric carbon, 

amorphous carbon and so forth.27,28 In 8MR zeolites where polymethylated benzenes29 cannot 

escape the scene of catalysis, ethylene yield is typically much higher and deactivation more 

pronounced in comparison to zeolites with larger micropores.7,9  

Performance in terms of product distribution and deactivation depends not only on zeolite 

pore topology but also on the acidity of zeolites.30-34 Focusing on H-ZSM-5, various 

approaches have been followed to modify its acidity, mainly to decrease coking deactivation 

and influence product selectivity. Previous studies showed that doping H-ZSM-5 with 

elements such as P,35 Fe,36 Ga,37 or B31,38 improved the selectivity of light olefins and/or 

prolonged the lifetime of catalysts. Recently, Yarulina et al. found that after incorporation of 

Ca2+ in H-ZSM-5, a total light-olefin selectivity as high as 90% was obtained in MTH 

reaction together with prolonged catalyst lifetime.39 Synthesis of MFI zeolite using other 

framework substituents than Al3+ (H-ZSM-5) was also investigated as a way to tune the 

acidity.40-42 Klinowski and co-workers found that the selectivity of aromatics in the MTH 

reaction depends strongly on the gallium concentration in gallosilicate MFI-type zeolites;40 

Borosilicate MFI-type zeolite showed extremely low activity in converting methanol to 

higher hydrocarbons.41-43  

Deactivation due to coking can lead to underutilization of the micropore space of zeolites, 

mainly because of diffusional limitations.32,44 Heavy deposits formed close to the external 

surface block the access of methanol to the internal parts of the zeolite crystals. An obvious 

way to improve catalytic performance is then to decrease the size of the microporous 

domains, for instance by using smaller zeolite crystals45 or to integrate additional intra- or 

intercrystalline porosity in zeolites.46-48 The latter solution has been followed in a wide 

variety of manners, and methanol conversion has been a stock reaction in demonstrating the 

improved performance in terms of a decreased rate of deactivation, most evidently from the 

increased amount of methanol converted before the zeolite micropores become blocked. 

Examples of the latter include steaming49,50, desilication32,51 and hard52,53 and soft 

templating44,54 methods to introduce additional porosity. An extreme case of control of 

hierarchical organization of micro- and mesopores was demonstrated by the group of Ryoo, 

who showed that diquaternary ammonium surfactants allow obtaining sheet-like zeolites in 

which in one direction the size is limited to several nanometers, the sheets being separated 

by mesopores.54 Such zeolite samples display greatly improved catalytic performance in the 

MTH reaction.30,44  

In the present work, we set out to systematically investigate the role of acid strength in 

zeolite MFI by using Al, Ga, Fe and B as framework substituents. Based on literature55-58, it 

is expected that the acidity decreases in the order Al > Ga > Fe > B. As it has been shown 
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that the presence of mesopores improves the utilization degree, we prepared both bulk MFI 

zeolites and sheet-like MFI zeolites using the approach of Ryoo et al.54 The obtained zeolites 

were extensively characterized for their morphological, textural and acidic properties by 

elemental analysis, transmission electron microscopy (TEM), scanning electron microscopy 

(SEM), X-ray diffraction (XRD), Ar porosimetry, Fourier transform infrared (FTIR) 

spectroscopy and solid state NMR spectroscopy. We specifically focused on the extent of 

incorporation of the tervalent cations in the zeolite framework and the acid strength. The 

influence of acid strength and crystal domain size on the catalytic performance in the MTH 

reaction (activity, lifetime, amount of methanol converted, product distribution) will be 

discussed. 

 Experimental 

3.2.1 Sample preparation 

Synthesis of structure directing agent (SDA). For the synthesis of C22H45-N+(CH3)2-

C6H12-N+(CH3)2-C6H13]Br2 (denoted as C22-6-6·Br2), 39 g (0.1 mol) 1-bromodococane (TCI, 

98 %) was dissolved in 500 mL toluene (Biosolve, 99.5%) and added dropwise into a mixture 

of 214 mL (1 mol) N,N,N’N’-tetramethyl-1,6-diaminohexane (Aldrich, 99 %)  and 500 mL 

ethanol (Biosolve, 99.8%). The solution was refluxed in an oil bath at 413 K for 12 h. After 

cooling to room temperature, the suspension was cooled at 277 K for 1 h. The white solid 

was filtered and washed with diethyl ether (Biosolve, 99.5%). The resulting solid product N-

(6-(dimethylamino)hexyl)-N,N-dimethyldocosan-1-aminium bromide was dried in a vacuum 

oven at 323 K overnight. This intermediate product was subsequently reacted with 66.0 g 

(0.4 mol) 1-bromohexane (Aldrich, 98 %) in 500 mL ethanol at 443 K for 12 h. The resulting 

solution was cooled at 277 K for 1 h. The white solid in the suspension was filtered, washed 

with diethyl ether and dried in a vacuum oven at 323 K overnight. 

Synthesis of zeolites. [T]MFI zeolite nanosheets (T = Al, Ga, Fe or B) were synthesized 

using C22-6-6·Br2 as SDA. Firstly, NaOH (Merck, 99%) and C22-6-6·Br2 were dissolved in demi-

water at 333 K. After cooling to room temperature, a second solution, which was made by 

mixing aluminum nitrate nonahydrate, gallium nitrate nonahydrate, iron nitrate nonahydrate 

or boric acid (Aldrich, reagent grade), tetraethylorthosilicate (TEOS, Merck, 99%), and demi-

water were added under vigorous stirring. The gel compositions employed in the present 

study are shown in Table 5. After stirring for 1 h, the gel was transferred into a Teflon-lined 

autoclave and heated to 423 K and kept at this temperature for 6 days while rotating at 50 

rpm.  

For the synthesis of bulk [T]MFI (T = Al, Ga, Fe or B) zeolites, tetrapropylammonium 

hydroxide (TPAOH, Merck, 40%) and TEOS were mixed with demi-water, and added 
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dropwise into a solution obtained by dissolving aluminum nitrate nonahydrate, gallium 

nitrate nonahydrate, iron nitrate nonahydrate or boric acid in demi-water. The corresponding 

gel compositions are also shown in Table 3.1. After vigorous stirring at room temperature for 

1 h, the gel was transferred to a Teflon-lined autoclave and crystallized statically at 443 K 

for 5 days.  

After crystallization, the zeolite products were filtered, washed with copious amounts of 

demi-water and dried at 383 K overnight. The zeolites were calcined at 823 K for 10 h under 

flowing air. In order to obtain the proton forms of zeolite, the calcined zeolites were ion-

exchanged three times with 1 M NH4NO3 solutions followed by calcination at 813 K for 4 h 

under flowing air. The proton form of nanosheet zeolites are denoted as [T]MFI-sheet (T = 

Al, Ga, Fe or B) the proton form of bulk zeolites as [T]MFI-bulk (T = Al, Ga, Fe or B). 

 

Table 3.1 Gel composition of bulk and sheet-like MFI zeolites.  
 

 Zeolite SDA 
Gel composition (molar ratio) T 

(K) 

Time 

(days) SDA TEOS Xa NaOH H2O 

[Al]MFI-bulk TPAOH 30 100 2 - 4500 443 5 

[Ga]MFI-bulk TPAOH 30 100 2 - 4500 443 5 

[Fe]MFI-bulk TPAOH 30 100 2 - 4500 443 5 

[B]MFI-bulk TPAOH 30 100 2 - 4500 443 5 

[Al]MFI-sheet C22-6-6·Br2 7.5 100 2 22 4000 423 6 

[Ga]MFI-sheet C22-6-6·Br2 7.5 100 2 22 4000 423 6 

[Fe]MFI-sheet C22-6-6·Br2 7.5 100 2 22 4000 423 6 

[B]MFI-sheet C22-6-6·Br2 7.5 100 2 24b 4000 423 6 

a Aluminum nitrate nonahydrate (Al(NO3)3 ∙ 9H2O) for [Al]MFI-bulk and [Al]MFI-sheet; 

Gallium nitrate hydrate (Ga(NO3)3 ∙ xH2O) for [Ga]MFI-bulk and [Ga]MFI-sheet; Iron nitrate 

nonahydrate (Fe(NO3)3 ∙ 9H2O) for [Fe]MFI-bulk and [Fe]MFI-sheet; Boric acid (BOH) for 

[B]MFI-bulk and [B]MFI-sheet. b More NaOH added into the gel to control pH in same value 

with the other cases.  
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3.2.2 Characterization 

Basic characterization. The elemental composition of the zeolites was determined by 

ICP-OES (Spectro CirosCCD ICP optical emission spectrometer). For analysis, an 

equivolumetric mixture of HF (40 wt% in water), HNO3 (65 wt% in water) and water was 

used to completely dissolve the zeolites.  

XRD patterns were recorded on a Bruker D2 Endeavor powder diffraction system using 

Cu Kα radiation. The scanning speed was 2.4° min-1 in the range of 5-40°. 

Surface area and porosity of zeolites were determined by Ar physisorption in static mode 

at 87 K on a Micromeritics ASAP 2020 instrument. The samples were outgassed at 723 K 

for 4 h prior to the sorption measurements. The BET surface area of the samples was 

determined from adsorption data in the relative pressure range p/p0 = 0.05–0.25. The total 

pore volume was calculated at p/p0= 0.97. The micropore volume of sheet-like MFI zeolites 

was determined by the NLDFT method (Ar at 87 K, assuming slit pores without 

regularization). The micropore volume of bulk ZSM-5 zeolites was determined by the t-plot 

method using the Broekhoff-de Boer model using a thickness range of 0.34-0.50 nm. The 

mesopore volume and mesopore size distribution were determined from the adsorption 

branch of the isotherms using the NLDFT method.  

Electron microscopy. Transmission electron microscopy (TEM) images were taken on a 

FEI Tecnai 20 at an electron acceleration voltage of 200 kV. Prior to measurement, the 

catalysts were suspended in ethanol and dispersed over a Cu grid with a holey carbon film. 

Scanning electron microscopy (SEM) images were taken on a FEI Quanta 200F scanning 

electron microscope at an accelerating voltage of 3-5 kV. 

Vibrational spectroscopy. FTIR spectra were recorded in the range of 4000-400 cm-1 by 

a Bruker Vertex V70v instrument. The spectra were acquired at a 2 cm-1 resolution and 

averaged over 64 scans. Typically, an amount of about 10 mg of zeolite was pressed into thin 

wafers with a diameter of 13 mm and placed inside a controlled-environment infrared 

transmission cell. Before measurement, the zeolite wafer was firstly heated to 823 K at a rate 

of 2 K·min-1 in artificial air. Then, the cell was outgassed at the final temperature until the 

residual pressure was below 5 × 10−5 mbar. A background IR spectrum was recorded. For 

CO adsorption, the sample was cooled to 77 K and CO was introduced into the cell via a 

sample loop connected to a Valco six-port valve. After each dosage, a spectrum was recorded 

at 77 K. To determine the density of acid sites in zeolites, pyridine was introduced from an 

ampoule at its vapor pressure at room temperature. The exposure time was 10 min. 

Afterwards, the cell was evacuated to a pressure lower than 5 × 10−6 mbar and a spectrum 

was recorded. Further spectra were recorded at 423 K after outgassing for 1 h at 423 K, 573 

K and 773 K. In order to quantify the amount of Brønsted and Lewis acid sites, molar 
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extinction coefficient values of 0.73 cm·µmol-1 and 1.11 cm·µmol-1 were applied, 

respectively.  

NMR spectroscopy. Nuclear Magnetic Resonance (NMR) spectra of the proton form of 

the MFI zeolites were recorded on a 11.7 T Bruker DMX500 NMR spectrometer operating 

at 500 MHz for 1H, 160 MHz for 11B, 132 MHz for 27Al, 99 MHz for 29Si, and 152 MHz for 
71Ga measurements. For the 27Al, 71Ga and 11B Magic Angle Spinning (MAS) NMR, a 

standard Bruker MAS probehead was used with a rotor having a diameter of 2.5 mm, 

operated at a spinning rate of 25 kHz. Quantitative NMR spectra were recorded using a single 

excitation pulse of 1 μs and an interscan delay of 1 s. The T atom coordination was estimated 

by spectral deconvolution and assignment of the respective signal components to literature 

data. The 27Al, 71Ga and 11B chemical shifts were referred to saturated solutions of Al(NO3)3, 

Ga(NO3)3 and BOH, respectively.  

Quantitative 29Si MAS NMR spectra were recorded at room temperature operating at a 

sample rotation rate of 10 kHz with rotor diameter of 4 mm, using a high power proton 

decoupling direct excitation (DE) pulse sequence with a 54° pulse duration of 3 μs and an 

interscan delay of 120 s. Tetramethylsilane (TMS) was employed as an external reference for 

the chemical shift of 29Si NMR.  

For Cross Polarization Magic Angle Spinning (CPMAS) 1H-15N NMR measurement, the 

sample was first subjected to a dehydration procedure. The sample was placed in special glass 

tube, which was connected to a vacuum line. After activation at 723 K at a pressure lower 

than 10-5 mbar for 6 h, the sample was cooled to room temperature and exposed to pyridine-
15N (98%, Sigma). After heating at 353 K for 0.5 h, the sample was evacuated at 423 K for 

0.5 h to remove physisorbed pyridine. CPMAS 1H-15N NMR spectra were measured at 223 

K. 

3.2.3 Catalytic activity measurements 

The catalytic performance of the zeolites in methanol-to-hydrocarbons reactions were 

measured in a quartz tubular fixed-bed reactor with 4 mm inner diameter. Typically, an 

amount of 50 mg of shaped catalyst (sieve fraction 250-425 µm) was placed in the reactor 

between two quartz-wool plugs. Prior to the reaction, the catalyst was calcined at 823 K in 

artificial air  for 4 h at a total flow rate of 30 ml·min-1. The methanol conversion reaction was 

performed at 673 K. Methanol (Merck, 99%) was introduced to the reactor by flowing He 

through a saturator kept at 292 K at two weight-hourly space velocities (WHSV) of 2 g∙g-1∙h-

1 and 6 g∙g-1∙h-1. The effluent was analyzed by an online gas chromatograph (Interscience 

Compact GC equipped with TCD and FID detectors with RT-Q-Bond and Al2O3/KCl 

columns). Dimethyl ether is considered as reactant. The coke deposited after a reaction time 

of 24 h was measured by thermogravimetric analysis (TGA) on TGA/DSC 1 STAR system 
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of Mettler Toledo. The temperature was increased from room temperature to 1123 K at a rate 

of 5 K·min-1 under flowing air (50 ml·min-1). 

 Results and discussion 

3.3.1 Structure and morphology 

The XRD patterns of the bulk and sheet-like MFI zeolites are depicted in Fig. 3.1. All 

patterns showed diffraction peaks characteristic for MFI zeolite,30 in which the relative 

intensity ratios of dominant (011), (200), (031) and (051) reflections are practically similar. 

For all T substituents considered here, zeolites with the MFI topology were obtained. 

Different from bulk zeolites, only the h0l reflections in the XRD patterns of sheet-like MFI 

zeolites were sufficiently sharp for indexing. Corresponding to their small crystal size in b-

direction (i.e., the direction of the straight channels), the 0k0 reflections are strongly 

broadened or even absent.  
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Fig. 3.1 X-ray powder diffraction patterns of bulk and sheet-like MFI zeolites.  

 

Representative SEM and TEM images collected in Fig. 3.2 indicate that all MFI zeolites 

synthesized by SDA C22-6-6·Br2 exhibit a plate-like morphology. Although not uniform in 

thickness, the size of these nanosheets is in the order of nanometers. There is no significant 

difference in morphology between [Al]MFI, [Ga]MFI, [Fe]MFI and [B]MFI nanosheet 
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samples. The bulk zeolite consists of large spherical particles with a size of several hundreds 

of nanometers as reported before.59 

 

Fig. 3.2 Representative SEM and TEM images of (a and b) [Al]MFI-sheet, (c and d) 

[Ga]MFI-sheet, (e and f) [Fe]MFI-sheet, (g and h) [B]MFI-sheet  and (i) [Al]MFI-bulk  

zeolites. 

 

Fig. 3.3 displays the Ar physisorption isotherms and corresponding pore size distributions 

(PSDs) of bulk and sheet-like MFI zeolites. All of the bulk MFI zeolites display the typical 

type I isotherm for microporous materials.60 For the sheet-like zeolites, type IV isotherms 

with distinct hysteresis loops indicate the presence of mesopores next to micropores.60,61 As 

usual estimations for pore size distribution such as the BJH method are considered unreliable 

for the H4 type of isotherm,60,61 we applied the NLDFT method using the adsorption branch 
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of the isotherm (assuming slit-shaped pores). The PSDs demonstrate that the sheet-like 

zeolites contain a significant amount of mesopores in the 2-20 nm size range. The feature in 

the PSD around 2 nm is likely due to the intersheet distance and the broader feature can be 

ascribed to the voids between the stacks of sheets. The bulk MFI zeolites have few 

mesopores. The relatively low mesopore volume likely originates from voids between the 

zeolite crystals. A distinct peak at 0.53 nm in the PSDs in all the zeolites corresponds to the 

pore size of MFI zeolites.  

 

 
 

Fig. 3.3 Ar physisorption isotherms (left) and pore size distribution (right) of bulk and sheet-

like MFI zeolites. The pore size distributions were calculated using the NLDFT method using 

the adsorption branch.  

 

The textural properties derived from the Ar sorption isotherms are listed in Table 3.2. The 

texture does not change when the T atom is varied. All the sheet-like MFI zeolites contain 
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significantly higher BET surface area, total pore volume and mesopore volume than their 

bulk counterparts. The BET surface area and the total pore volume of the sheet-like zeolites 

reached values as high as 580 m2·g-1 and 0.83 cm3·g-1, respectively. Mesopores contributed 

significantly to the total pore volume for these sheet-like zeolites. The micropore volume is 

comparable for bulk and sheet-like zeolites (typically in the 0.10-0.14 cm3·g-1 range). 

 

Table 3.2 Textural properties of bulk and nanosheet MFI zeolites. 

    Catalyst 
SBET

a 
(m2·g-1) 

Vtotal
b 

(cm3·g-1) 
Vmeso

c 
(cm3·g-1) 

Vmicro
d 

(cm3·g-1) 

[Al]MFI-bulk 343 0.18 0.02 0.10 

[Ga]MFI-bulk 435 0.22 0.03 0.13 

[Fe]MFI-bulk 402 0.22 0.04 0.11 

[B]MFI-bulk 353 0.18 0.03 0.10 

[Al]MFI-sheet 567 0.81 0.68 0.13 

[Ga]MFI-sheet 580 0.83 0.69 0.14 

[Fe]MFI-sheet 511 0.77 0.63 0.13 

[B]MFI-sheet 484 0.73 0.61 0.13 

a Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.25); b Total pore volume at p/p0 

= 0.97; c Mesopore volume by the NLDFT method using the adsorption branch. d The 

micropore volume of bulk MFI zeolite was determined by the t-plot method using the 

Broekhoff-de Boer model (thickness range 0.34-0.50 nm); the micropore (< 2.0 nm) volume 

of sheet MFI zeolite was determined by the NLDFT method.  

 

The elemental composition of the samples is given in Table 3.3. The bulk and sheet-like 

[Al]MFI, [Ga]MFI and [Fe]MFI zeolites have similar Si/T (T = Al, Ga, Fe) ratios (~45-50), 

indicating that nearly all substituent elements present in the synthesis gel were built into the 

zeolite framework. The Si/B atomic ratio was around 101 and 155 for bulk and sheet-like 

[B]MFI zeolites, respectively. This result is consistent with earlier findings that it is difficult 

to introduce B in zeolite frameworks.62 The primary cause of this is the small size of the 

boron cation in comparison to Si4+.62-64 
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Fig. 3.4 27Al MAS NMR spectra of [Al]MFI-bulk and [Al]MFI-sheet, 71Ga MAS NMR 

spectra of [Ga]MFI-bulk and [Ga]MFI-sheet, 11B MAS NMR spectra of [B]MFI-bulk and 

[B]MFI-sheet.  

 

In order to investigate the location of Al, Ga and B species in the calcined MFI zeolites, 
27Al, 71Ga and 11B MAS NMR spectra were measured (Fig. 3.4). The fraction of tetrahedral 

framework Al, Ga and B species in zeolites are given in Table 3.3. For bulk and sheet-like 

[Al]MFI zeolites, the 27Al MAS NMR spectra are dominated by a strong signal around 55 

ppm corresponding to tetrahedrally coordinated framework Al (AlIV).44 A weaker signal 

around 0 ppm is related to extraframework Al species in octahedral coordination (AlVI).30,44 

The spectra do not contain the feature around 30 ppm that is typical for five-coordinated Al  
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and/or distorted tetrahedral Al species.44 The fraction of AlIV in [Al]MFI-sheet of 84% is 

lower than that of 95% for [Al]MFI-bulk. This is in accord with earlier studies that reported 

the lower efficiency in building Al atoms in the MFI framework during nanosheet 

formation.44  

For bulk and sheet-like [Ga]MFI zeolites, the 71Ga MAS NMR spectra contain a broad 

feature in the 100-200 ppm region, which is usually assigned to tetrahedrally coordinated 

framework Ga (GaIV) species.40,64 The absence of the signal corresponding to octahedrally 

coordinated Ga (GaVI) has been ascribed to large electric field gradients over a fraction of the 

Ga nuclei and makes quantitative determination of the fraction of Ga inserted in the 

framework impossible.64  

The 11B MAS NMR spectra of bulk and sheet-like [B]MFI zeolites contain an intense 

feature at -3.6 ppm. This shows that most B atoms are present as tetrahedral species (BIV) in 

the zeolite framework.65,66 A weaker peak around 18-19 ppm corresponds to extraframework 

trigonal B species (BIII).65 There is no clear signal at 10 ppm, where one expects trigonal 

framework B species in B(OSi)3.65 It has been reported that exposure of the zeolites to a base 

such as H2O can convert the trigonal framework B species to tetrahedrally coordinated 

BIV.63,65,67 Similar with [Al]MFI, the [B]MFI-sheet zeolite contains a lower fraction of BIV 

species (85%) than its bulk counterpart (98%).  

Fig. 3.5 shows direct excitation (DE) 29Si NMR spectra of the [Al]MFI, [Ga]MFI and 

[B]MFI zeolites. It has been demonstrated that the chemical shift of Si species in different 

coordination in MFI zeolite does not depend on the substituent.69 Accordingly, the 29Si NMR 

spectra of the samples were deconvoluted in a similar manner. A rather broad line centered 

at -112 ppm is assigned to Q4  = Si(OSi)4 silicon atoms.30,44,69,70 In this range, two signals can 

be distinguished, a strong component at -112 ppm and a minor shoulder at -116 ppm, which 

are respectively assigned to symmetric and slightly asymmetric Q4 silicon.30,68 The presence 

of tetrahedral Al, Ga or B species in the zeolite framework is evident from the signal at -106 

ppm in all of the spectra.30 The peak at -102 ppm is corresponding to Q3 = Si(OSi)3(OH) 

silicon atoms in zeolites.44,68  

Table 3.3 lists the Si/TF (framework Al, Ga or B) atomic ratios obtained by deconvolution 

of 29Si MAS NMR spectra. Combining the framework substituent content with the value of 

Si/Ttotal derived from elemental analysis, we obtain the fraction of T atoms in the zeolite 

framework as TF, Si NMR 
 
(%) = (Si/Ttotal)/(Si/TF) × 100%. Consistent with the TF, NMR 

determined by 27Al and 11B MAS NMR spectra, these data show that the largest part of the 

Al and B atoms was inserted into the framework. On the contrary, a significant fraction of 

the Ga atoms were located at extraframework position in the [Ga]MFI zeolites. The relatively 

low fraction of Ga atoms inserted in the MFI zeolite framework is consistent with the findings 
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Fig. 3.5 Direct-excitation 29Si MAS NMR spectra (blue solid line) of the zeolites. The grey 

lines indicate the deconvolution of the spectra, and the dashed lines show the integration of 

the grey lines.  

 

of Choudhary et al.71 It is important to note that the samples were calcined two times, one 

time to remove the organic template and the other time to remove ammonia after ion-

exchange of the Na-form. Release of water, most predominantly in the first calcination step, 

results in steaming of the zeolites, a process that leads to the hydrolysis of Si-O-T bonds and 

extraction of the substituents from the framework..64,71,72 The low framework site content of 

the calcined Ga-containing zeolites is consistent with  the lower stability of tetrahedral Ga 

speices in MFI zeolite in comparison to tetrahedral Al species.64 Others have studied the 

migration of Fe ions from the framework to extraframework positions in MFI zeolite.73 A 

general conclusion is that the fraction of tetrahedral T atom substituents is lower in the sheet-

like zeolites than in the corresponding bulk ones. This may be due to the less rigid structure 

of the sheet-like zeolites, resulting in easier extraction during calcination44 or the lower 

flexibility of the diquaternary structure-directing agent in comparison to TPA. 



 

- 61 - 

 

3.3.2 Acidity characterization 

The acid strength of the isomorphously substituted MFI zeolites was investigated by FTIR 

spectroscopy of adsorbed CO at 77 K of dehydrated samples (Fig. 3.6). Before CO 

adsorption, all the zeolites show a characteristic OH stretching band around 3750 cm-1, which 

can be assigned to terminal silanol groups.55,74-76 The concentration of these silanol groups is 

much higher in sheet-like zeolites than in bulk zeolites, which is due to the higher external 

surface area. The weak band at 3740 cm-1 present in some spectra is associated with internal 

isolated silanol groups.74,75 The band observed in the 3600-3650 cm-1
 region is assigned to 

T(OH)Si (bridging hydroxyl), whose frequency depends on Brønsted acid strength.55 

Consistent with literature,55,75,76 this band is located at 3616 cm-1, 3626 cm-1, 3634 cm-1 and 

3726 cm-1 for Al[MFI], Ga[MFI], Fe[MFI] and B[MFI] zeolites, respectively, consistent with 

acid strength decreasing in the order Al(OH)Si > Ga(OH)Si > Fe(OH)Si >> B(OH)Si.55 The 

red shift of these bands following CO adsorption also depends on the acidity of bridging 

hydroxyls in zeolites.76 For bulk and sheet-like [Al]MFI zeolites, the equal red shift of ~ 306 

cm-1 implies that the acid sites Al(OH)Si in these two forms of ZSM-5 zeolite have the same 

strength. When Al is replaced by Ga and Fe, the red shift decreases to ~ 290 cm-1 and ~ 275 

cm-1, respectively. Judging from the IR spectra, the amount of Brønsted acid sites in the two 

[B]MFI zeolites is very small and the corresponding red shift is lowest among the MFI 

zeolites studied here. Moreover, the B-substituted zeolites appear to be highly defective with 

a large amount of silanol groups. The sheet-like zeolite is more defective than its bulk 

counterpart.  

In the carbonyl stretching region, three bands at 2173 cm-1, 2155 cm-1 and 2138 cm-1 can 

be observed, which belong to CO adsorption on Brønsted acidic sites, silanol groups and 

physisorbed CO, respectively.30,44,77 The frequency of CO coordinating to the Brønsted acid 

sites does not depend on the type of substituent. Judging from the intensity of the band due 

to bridging hydroxyl groups, the number of acid sites decreases in the order Al(OH)Si ≈ 

Ga(OH)Si > Fe(OH)Si >> B(OH)Si. This order was as follows for the sheet-like zeolites 

Al(OH)Si > Fe(OH)Si > Ga(OH)Si >> B(OH)Si. 

Additional characterization of the acidity situation in these zeolites was obtained by low-

temperature 1H-15N CPMAS NMR experiments (223 K) after adsorption of pyridine-15N 

(Fig. 3.7). The NMR spectra of the zeolites showed three broad signals, which can be 

assigned based on literature.78,79 The signal in the 140-185 ppm range relates to pyridinium 

ions formed by protonation of pyridine-15N. Signals in the 185-220 ppm range correspond to 

interactions of the 15N lone pair with electron-deficient Lewis acid sites. Finally, signals in 

the 220-280 ppm range can be related to hydrogen bonding between pyridine-15N with silanol 

groups.78,79 It can be seen that the signal related to Brønsted acid sites appeared at 
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Fig. 3.7 1H-15N CPMAS NMR spectra of pyridine-15N absorbed on MFI zeolites. All the 

spectra were measured at 223 K.  

 

higher magnetic field in [Al]MFI zeolites than in [B]MFI zeolites. This is consistent with the 

higher acid strength of the former zeolite. The bulk and sheet-like [Ga]MFI zeolites contain 

two distinct signals in the 140-185 ppm range, suggesting that there are two types of Brønsted 

acid sites. It might relate to the specific location of the isomorphous substitution in MFI 
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zeolite. Although most pronounced for [Ga]MFI, the spectra of Al(OH)Si and B(OH)Si also 

contain indications for the presence of two types of Brønsted acid sites.  

Two signals at 253 ppm and 246 ppm observed in all of the spectra are related to hydrogen 

bonding between pyridine-15N and external and internal silanol groups, respectively. The 

chemical shifts related to pyridine-15N coordinating to Lewis acid sites are similar for 

[Al]MFI and [Ga]MFI zeolites. For [B]MFI zeolites, the signal occurs at lower magnetic 

field, characteristic of the weaker interaction between pyridine-15N and Lewis acid B sites. 

The density of Brønsted and Lewis acid sites was determined by use of IR spectroscopy 

of adsorbed pyridine. The spectra in the range of 1580-1400 cm-1 are shown in Fig 3.8. To 

quantify the total amount of Brønsted and Lewis acid sites, molar extinction coefficients of 

0.73 cm·µmol-1 and 1.11 cm·µmol-1 were used, respectively.80 These molar extinction 

coefficients have been earlier determined for HZSM-5 zeolite,80 and they are assumed to be 

independent of the zeolite topology and the strength of the acid sites.81,82 The IR bands at 

1545 cm-1 and 1455 cm-1 are assigned to pyridine associated with Brønsted and Lewis acid 

sites, respectively.80 The band at 1490 cm-1 arises from both types of pyridine.83  

The corresponding densities of acid sites determined after evacuation at 423 K are listed 

in Table 3.3. Clearly, [Al]MFI-sheet zeolite contains less Brønsted acid sites than its bulk 

counterpart. The difference is much larger between [Ga]MFI-sheet and [Ga]MFI-bulk and 

consistent with the lower fraction of tetrahedrally coordinated Al and Ga in sheet-like MFI 

zeolites as determined by NMR spectroscopy. Thus, the sheet-like zeolites contain more 

Lewis acid sites in the form of extraframework Al or Ga species than the bulk ones. The 

density of Brønsted and Lewis acid sites in bulk and sheet-like [Fe]MFI zeolites are 

comparable. Both bulk and sheet-like [B]MFI zeolites contain relatively small amounts of 

Brønsted and Lewis acid sites.  

For bulk MFI zeolites, the density of Brønsted acid sites decreases in the order of Al > Ga 

> Fe > B, consistent also with the CO IR data. Whilst no NMR data are available for Fe-

containing zeolites, the pyridine IR spectra show that the amount of Brønsted and Lewis acid 

sites in [Fe]MFI-bulk and [Fe]MFI-sheet zeolites are comparable. As the Brønsted acid site 

density is much lower in [Fe]MFI-bulk than in [Ga]MFI-bulk, we can estimate that the 

fraction of framework Fe ions is also much lower than the approximately 65% of Ga ions 

built into the [Ga]MFI-bulk framework. A similar analysis shows that the amount of Fe built 

into the sheet-like zeolite should be higher than the fraction of 44% of Ga ions built into 

[Ga]MFI-sheet. Taken together, this suggests that the fraction of Fe built into the framework 

is around 50-60%. 
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Fig. 3.8 IR spectra of pyridine adsorbed on bulk and sheet-like MFI zeolites after evacuation 

at 423 K, 573 K and 773 K. 

 

3.3.3 Catalytic activity measurements  

Results of methanol conversion as a function of time on stream obtained in a fixed-bed 

reactor at 673 K and two different space velocities (2 h-1 and 6 h-1) are presented in Fig. 3.9. 

Dimethyl ether (DME) is considered as a reactant in the following discussion. The product 

selectivities of methane, ethane, ethylene, propane, propylene, C4+ aliphatics and aromatics 

are collected in Table 3.4. Although the exact nature of the reaction intermediates in the 

“hydrocarbon pool” of methanol conversion remain unclear, there is growing consensus that 

ethylene is obtained in a catalytic cycle involving aromatic intermediates.9 Accordingly, 

ethylene selectivity can be considered as an indicator for the degree of the propagation via 

polymethylated benzenes.84 Similarly, higher-hydrocarbon C4+-selectivity can be used for 

assessing the importance of propagation via the olefins-based cycle.84 
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Fig. 3.9 Catalytic performance of MFI zeolites in the methanol-to-hydrocarbons reaction 

(reaction conditions: WHSV = 6 h-1 and 2 h-1, T = 673 K). 

 

We will discuss the activity results by comparing bulk and sheet-like zeolites. It is seen 

that [Al]MFI-sheet zeolite remains much longer active than its bulk counterpart at WHSV 

values of 2 h-1 and 6 h-1. This result is in line with earlier studies, demonstrating the superior 

performance of the nanostructured zeolite.30,44 At a WHSV of 6 h-1, the C4+-selectivity for the 

sheet-like zeolite is 53%. The low ethylene (2.6%) in comparison to propylene (42.2%) 

selectivity points to the dominance of the olefins-based cycle in methanol conversion for the 

[Al]MFI-sheet zeolite.34 Due to the short diffusion lengths in sheet-like MFI zeolite, the 

residence time of aromatics will be much shorter than in bulk MFI zeolite and the aromatics-

based cycle, which produces ethylene, is suppressed. In contrast, [Al]MFI-bulk exhibit 

significantly higher ethylene (~9%) and aromatics selectivities. Propylene selectivity is much 

higher than ethylene selectivity, indicating that an olefins-based cycle remains important. 

The higher coke content of the spent bulk zeolite sample is also consistent with this 

mechanistic difference, as we expect that heavy deposits are built up more rapidly in the 

aromatics-based cycle than in the olefins-based cycle. 

Although [Ga]MFI-bulk was not able to convert all methanol at the highest WHSV, it 

exhibited much higher stability in methanol conversion than [Al]MFI-bulk. We discuss two 

possible explanations. Firstly, [Ga]MFI-bulk contains less Brønsted acid sites than [Al]MFI-
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bulk.30,77 Secondly, these acid sites are weaker in the gallosilicate than in the aluminosilicate. 

Both aspects may contribute to a lower rate of secondary reactions that result in the formation 

of more bulky products. Based on the selectivities, we infer that the aromatics-based cycle 

contributes less in the gallosilicate, possibly because of the high acidity required for 

aromatization of linear olefins. Surprisingly, the [Ga]MFI-sheet zeolite displayed very poor 

activity in methanol conversion. Besides the lower amount of Brønsted acid sites, a 

significant fraction of these sites also shows weak acidity in comparison to the sites in 

[Al]MFI, as followed from the pyridine-15N NMR data. At higher WHSV, methanol 

conversion is low with CH4, CO and CO2 contributing significantly to the products. A likely 

mechanism for such products is hydride transfer between methanol and surface methoxy 

species, the resulting formaldehyde rapidly decomposing to CO.85,86 Methanol conversion at 

low WHSV is initially ~90%. Under these conditions, the product distribution is similar to 

the one of the other active zeolites with the olefins-based cycle being dominant. With time 

on stream, however, an increase in aromatics selectivity was observed before deactivation, 

which may be attributed to the role of extraframework Ga species in aromatization of 

olefins.40 [Fe]MFI-bulk shows much lower activity than [Ga]MFI-bulk and [Al]MFI-bulk, 

which is due to the low acid strength. Despite the low conversion, the aromatics selectivity 

for the [Fe]MFI-bulk increased to 34% at the expense of propylene and C4+ formation at low 

WHSV. At high WHSV, CH4, CO and CO2 were the dominant products. The two [B]MFI 

zeolites display very low methanol conversion. Earlier, it  has been suggested that Al at the 

impurity level is responsible for the catalytic activity of B-containing zeolites.43 Elemental 

analysis showed that both zeolites contain less than 10 ppm Al. Given this almost negligible 

amount, we attribute the residual activity of the two [B]MFI zeolites to a small amount of 

bridging OH sites. The products were mainly CO, CO2 and CH4. 

To better investigate the influence of acid strength of MFI zeolites in the MTH reaction, 

we determined the turnover number (TON) as the molar amount of methanol converted into 

hydrocarbon products before deactivation normalized to the amount of Brønsted acid sites. 

The TON values are listed in Table 3.4. For bulk MFI zeolites, TON increases in the order 

[Ga]MFI-bulk > [Al]MFI-bulk > [Fe]MFI-bulk. The [Al]MFI-sheet as the highest TON of 

all the zeolites, which can be ascribed to the high density of Brønsted acid sites in 

combination with the open pore architecture, resulting in optimal use of the micropore space 

and short residence times of precursors to coke. [Ga]MFI-sheet has a much lower TON 

compared to [Al]MFI-sheet due to the weaker strength of the acid sites. 
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 Conclusions 

A series of bulk and sheet-like MFI zeolites with varying acidity was obtained by 

hydrothermal synthesis using gels containing Al3+, Ga3+, Fe3+ or B3+. All obtained materials 

had the MFI zeolite topology, consisting either of crystals of several hundreds of nanometers 

(tetrapropylammonium SDA, bulk zeolites) or several-nanometer-thick platelets (C22-6-6·Br2 

SDA, sheet zeolites). NMR spectroscopy showed that a high fraction of the relatively small 

B and Al cations was inserted in the MFI framework, whereas only about half of the Ga and 

Fe cations ended up in in the framework. The Brønsted acid strength as determined from the 

bridging hydroxyl frequency shift upon CO adsorption decreased in the order Al(OH)Si > 

Ga(OH)Si > Fe(OH)Si >> B(OH)Si. Judged from the intensity of the band due to CO 

adsorbed on bridging hydroxyl groups, the concentration of Brønsted acid decreased in the 

order Al(OH)Si > Ga(OH)Si > Fe(OH)Si >> B(OH)Si for bulk and Al(OH)Si > Fe(OH)Si > 

Ga(OH)Si >> B(OH)Si for sheet-like zeolites. Especially, the amount of Brønsted acid sites 

was lower in sheet-like [Ga]MFI in comparison with bulk [Ga]MFI. Pyridine-15N NMR 

spectra showed that there was more than one population of Brønsted acid sites in the zeolites. 

This was most evident for the [Ga]MFI with one type of acid sites being stronger than the 

other one. The [B]MFI contained only Brønsted acid sites of the weaker sort. The Lewis acid 

sites in [B]MFI zeolites were also weaker than that those in [Ga]MFI and [Al]MFI zeolites, 

the latter samples displaying similar Lewis acid strengths. In general, the acidity in the 

nanosheet zeolites was weaker than in the bulk zeolites, mainly due to a lower efficiency in 

the inclusion of tervalent cations in the framework. The sheet-like Al based MFI zeolites 

exhibited the highest longevity in the MTH reaction, strongly outperforming its bulk [Al]MFI 

counterpart. While the lower acidity of bulk [Ga]MFI led to better catalytic performance than 

bulk [Al]MFI, the sheet-like [Ga]MFI sample was found to be nearly inactive. The Fe- and 

B-substituted zeolite samples displayed very low catalytic performance due to their too low 

acidity. Based on the selectivities, the MTH reaction was dominated by olefins-based 

catalytic cycles. Nevertheless, the improved catalyst longevity of the sheet-like [Al]MFI 

zeolite can be attributed to shorter residence time of aromatic coke-precursors in the 

micropores (as evident from the lower ethylene selectivity) than of bulk [Al]MFI zeolite. 
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Hydroconversion of n-decane and n-nonadecane 

over ZSM-5 zeolite: impact of morphology and 

acidity 

 

ABSTRACT  

The influence of zeolite domain size and acidity on the hydroconversion of n-decane and n-

nonadecane was investigated. Bulk and desilicated (mesoporous) zeolites were compared to 

nanosheet zeolites of 2 and 6-8 nm at Si/Al ratios of 20 and 40. Ar physisorption results 

revealed the presence of large mesopore volume in nanosheet zeolites. The isomerization of 

n-decane over Pd-containing bulk ZSM-5 bifunctional catalysts led a typical to n-

methylnonane distribution with an overrepresentation of 2-methyl nonane. When nanosheet 

catalysts were used, a more uniform distribution of n-methylnonane isomers was obtained. 

The formation of bulky tribranched C10 isomers is severely hindered for all the catalysts, 

which is related to a combination of transition-state shape-selectivity and product-diffusion 

selectivity. Hydrocracking is delayed when the crystal size is reduced. The highest skeletal 

isomerization yield is observed for the thick nanosheet zeolites, which is possibly due to the 

larger number of external Bronsted acid sites in the thick nanosheet zeolites in comparison 

to the thin ones. The carbon number distribution of bulk ZSM-5 catalyst displayed a typical 

“M” shape, which is more bell-shaped for nanosheet catalysts. The short residence time of 

the fragments inside the short nanosheet samples suppresses secondary cracking. All 

catalysts give low yields of skeletal isomers throughout the whole range of n-nanodecane 

conversion. The strongly skewed distributions are indicative of significant over-cracking due 

to the long residence times of the hydrocarbons in the medium-pore zeolite domains. 
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 Introduction 

Hydroconversion operations are important to modern petroleum refineries and comprise 

hydroisomerization and hydrocracking reactions.1 Hydroisomerization (skeletal 

isomerization) is mainly used to increase the octane number of gasoline fuel2 or to improve 

the cold-flow properties of kerosene and diesel fuel.3 Hydrocracking involves a shift in the 

boiling point by reducing the carbon number of hydrocarbons.4-6 The catalysts used in the 

bifunctional mechanism underlying these processes comprise a 

hydrogenation/dehydrogenation component, typically noble metal Pd7 or Pt8 or sulfides of 

Ni or Co with Mo,9-11 and a Brønsted acid component, often zeolite or amorphous silica-

alumina.9 By tuning the acid strength, a wide range of high-quality products can be obtained 

in hydrocracking processes. Usually, these processes target the conversion of heavy gasoil 

fractions to more valuable diesel fuel.  

The bifunctional mechanism of hydroconversion reactions involves several steps: (i) 

dehydrogenation of alkanes on the metal/metal sulfide sites to form intermediate alkenes; (ii) 

diffusion of these alkenes to the acid sites; (iii) protonation of the alkenes to carbocationic 

intermediates on the Brønsted acid sites, leading to isomerized alkenes or β-scission cracking 

reactions, involving carbenium-ion transition states; (iv) desorption and diffusion of the 

alkenes to the metal/metal sulfide sites, and (v) hydrogenation of the alkene products to 

alkanes.1,4-6  

The dominant β-scission type during the reactions depends significantly on the acidity and 

topology of the zeolite. For ZSM-5 zeolite, one of the most used zeolites in the chemical 

industry12 and characterized by its three-dimensional 10-membered ring pore system (~ 5.5 

Å),13 the reaction is strongly shape selective and the main β-scissions reactions involve 

dibranched alkenes (type B). Type A β-scissions reactions, which proceeds via tribranched 

carbenium ions, are severely hindered due to the relatively small pores of this zeolite.1 As a 

result, the product distribution obtained with ZSM-5 containing hydrocracking catalysts is 

different from the one obtained with faujasite zeolite.1,10,11,14  

Recently, Ryoo and co-workers synthesized sheet-like ZSM-5 zeolites by diquaternary 

ammonium structure directing agents (SDAs).15 The thickness of nanosheets in the b-

direction is limited to several nanometers. By varying the number of ammonium groups in 

the hydrophilic head group of SDA, the thickness of such ZSM-5 zeolite nanosheets can be 

controlled.16 Later on it was found by Zhu et al.17 that when these SDAs are terminated on a 

propyl instead of hexyl group, at higher hydrothermal synthesis temperature with addition of 

NaF, the obtained ZSM-5 nanosheet with low Si/Al molar ratio exhibit much higher 

crystallinity. Based on the fact that the bulky intermediates or transition states are suppressed 

during the hydrocracking of reactants (carbon number ≥ 7) over ZSM-5 zeolites due to its 
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limited size of pore system, the extremely small thickness of the nanosheet ZSM-5 zeolite 

and the presence of large mesopore volume inside might reduce the transition-state selectivity 

and mass transport limitations, thus influencing product selectivity.  

In this work, we investigated the hydrocracking (hydroisomerization and hydrocracking) 

of n-decane and n-nonadecane model compounds over Pd-containing ZSM-5 nanosheets of 

varying thickness, and compared with bulk as well as mesoporous ZSM-5 zeolites, to probe 

for the occurrence of molecular shape-selectivity and diffusion during the reactions. For 

zeolites with the same morphology, the acidity-selectivity relations during the reactions were 

studied as well by varying densities of Brønsted acids in the ZSM-5 zeolites. The obtained 

zeolites were extensively characterized for their morphological, textural and acidic properties 

by elemental analysis, transmission electron microscopy (TEM), scanning electron 

microscopy (SEM), X-ray diffraction (XRD), Ar porosimetry, Fourier transform infrared 

(FTIR) spectroscopy and solid state NMR spectroscopy.  

 

 Experimental 

4.2.1 Sample preparation 

Synthesis of structure directing agents (SDAs). [C22H45-N+(CH3)2-C6H12-N+(CH3)2-

C3H7]Br2 (denoted as C22-6-3·Br2): 3.9 g (0.01 mol) 1-bromo-dococane (TCI, 98 %) was 

dissolved in 50 mL toluene (Biosolve, 99.5%) and added dropwise into a 50 mL solution of 

21.4 mL (0.1 mol) N,N,N’N’-tetramethyl-1,6-diaminohexane (Aldrich, 99 %)  in ethanol 

(Biosolve, 99.8%). The solution was refluxed in an oil bath at 343 K for 12 h. After cooling 

to room temperature, the solution was kept at 277 K for 1 h, then filtered and washed with 

diethyl ether (Biosolve, 99.5 %). The resulting solid product N-(6-(dimethylamino)hexyl)-

N,N-dimethyldocosan-1-ammonium bromide (denoted as C22-6·Br) was dried in a vacuum 

oven at 323 K overnight. This intermediate product was subsequently reacted with 4.92 g 

(0.04 mol) 1-bromopropane (Aldrich, 99 %) in ethanol at 343 K for 12 h. The resulting 

solution was cooled in a refrigerator at 277 K for 1 h, then filtered, washed with diethyl ether 

and dried in a vacuum oven at 323 K. The product was C22-6-3·Br2.17 

[C22H45-N+(CH3)2-C6H12-N+(CH3)2-C6H12-N+(CH3)2-C6H12-N+(CH3)2-C3H7]Br4 (denoted 

as C22-6-6-6-3·Br4): 5.62 g (0.01 mol) C22-6·Br and 24.4 g (0.1 mol) 1,6-dibromohexane 

(Aldrich, 96 %) were dissolved in 50 mL ethanol and stirred at 323 K for 24 h. After cooling 

to room temperature, the solution was kept at 277 K for 1 h, then filtered and washed with 

diethyl ether. The resulting solid product [C22H45-N+(CH3)2-C6H12-N+(CH3)2-C6H12-Br]Br2 

(denoted as C22-6-6-Br·Br2) was dried in a vacuum oven at 323 K overnight. The intermediate 

C22-6-6-Br·Br2 and 21.4 mL (0.1 mol) N,N,N’N’-tetramethyl-1,6-diaminohexane were 
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dissolved in 50 mL ethanol and refluxed at 343 K for 12 h. After cooling at 277 K for 1 h, 

the solution was filtered and washed with diethyl ether, the white intermediate product 

[C22H45-N+(CH3)2-C6H12-N+(CH3)2-C6H12-N+(CH3)2-C6H12-N(CH3)2]Br3 (denoted as C22-6-6-

6-0·Br3) was dried in in a vacuum oven at 323 K overnight. The compound C22-6-6-6-0·Br3 was 

reacted with 4.92 g (0.04 mol) 1-bromopropane at 343 K in 50 mL ethanol for 12 h. 

Afterwards, the liquid mixture was cooled at 277 K for 1 h. The solid product was filtered 

and washed with diethyl ether, then dried in a vacuum oven at 323 K for 12 h. The final 

product was C22-6-6-6-3·Br4.18 

Synthesis of zeolites. ZSM-5 zeolite nanosheets were synthesized using C22-6-3·Br2 and 

C22-6-6-6-3·Br4 as SDAs. In a typical synthesis, NaOH (Merck, 99%) and SDA were dissolved 

in demi-water at 333 K for 1 h. After cooling to room temperature, a second solution obtained 

by mixing tetraethylorthosilicate (TEOS, Merck, 99%), Al(OH)3 (Aldrich, reagent grade) and 

demi-water was added under vigorous stirring. In some cases, NaF (Merck, 99.5%) was 

added along with Al(OH)3 to the starting gel. After stirring for 1 h, the resulting gel was 

transferred into a Teflon-lined autoclave and heated while rotating (60 rpm). Bulk ZSM-5 

zeolites were synthesized following a procedure from literature.17,19 The details of the zeolite 

syntheses are collected in Table 4.1. 

After crystallization, the products were filtered, washed with copious amounts of demi-

water and dried overnight at 383 K. The zeolites were calcined at 823 K for 10 h under 

flowing air. The calcined zeolites were ion-exchanged three times with 1 M NH4NO3 

solutions followed by calcination at 823 K for 4 h under flowing air in order to obtain their 

proton forms.  

The nanosheet zeolites are denoted as MFI(xN,y) with x indicating the number of 

quaternary ammonium ions in the SDA (2 or 4) and y the Si/Al ratio in the synthesis gel (20 

or 40). The bulk zeolites are denoted as MFI(TPA,y) with y indicating the Si/Al ratio (20 or 

40) in the synthesis gel.  

Desilication. A bulk ZSM-5 sample with a Si/Al ratio of 30 was desilicated in order to 

obtain a mesoporous ZSM-5 zeolite.20 An amount of 3 g of NaZSM-5 was suspended in a 

150 mL NaOH solution (0.2 mol/L) at 338 K for 0.5 h. After desilication, the hot liquor was 

filtered and washed with copious amounts of deionized water. The obtained mesoporous 

NaZSM-5 was dried overnight at 383 K, following by ion-exchange with ammonium nitrate 

and calcination to obtain the proton form. The final product had a Si/Al ratio of about 20 and 

is denoted as MFI(meso, 20). 
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Table 4.1 Gel composition and synthesis details of MFI zeolites. 

    Zeolite SDA 
Molar gel composition 

T 
(K) 

Time 
(days) 

SDA TEOS Al(OH)3 NaOH NaF H2O 

MFI(TPA,20) TPAOH 3 100 5 22 0 4000 423 3 

MFI(TPA,40) TPAOH 30 100 2.5 0 0 4500 443 5 

MFI(meso,20)a TPAOH 30 100 3.3 0 0 4500 443 5 

MFI(2N,20) C22-6-3·Br2 7.5 100 5 22 10 4000 443 5 

MFI(2N,40) C22-6-3·Br2 7.5 100 2.5 22 0 4000 423 5 

MFI(4N,20) C22-6-6-6-3·Br4 3.25 100 5 22 10 4000 443 8 

MFI(4N,40) C22-6-6-6-3·Br4 3.25 100 2.5 22 0 4000 423 8 

a Si/Al = 30 in the gel.  

 

4.2.2 Characterization 

Basic characterization. The elemental composition of the zeolites was determined by 

ICP-OES (Spectro CirosCCD ICP optical emission spectrometer). For analysis, an 

equivolumetric mixture of HF (40 wt% in water), HNO3 (65 wt% in water) and water was 

used to completely dissolve the zeolite sample. 

X-Ray Diffraction (XRD) patterns were recorded on a Bruker D4 Endeavor diffractometer 

using Cu Kα radiation with a scanning speed of 0.02 ° s-1 in the 2θ range of 5−40°.  

Ar physisorption experiments were carried out in static mode at 87 K on a Micromeritics 

ASAP 2020 instrument. The zeolites were outgassed at 723 K for 6 h prior to the sorption 

measurements. The BET surface area of ZSM-5 zeolite was determined in the relative 

pressure range 0.05–0.25. The total pore volume was calculated at p/p0 = 0.97. The micropore, 

mesopore volume and pore size distribution (PSD) of zeolites were determined by the 

NLDFT method (Ar at 87 K assuming slit pores without regularization). 

Electron microscopy.Scanning electron microscopy (SEM) images were taken on a FEI 

Quanta 200F scanning electron microscope at an accelerating voltage of 5 kV. Transmission 

electron microscopy (TEM) pictures were taken on a FEI Tecnai 20 at 200 kV. The samples 

were suspended in ethanol and dispersed over a holey Cu grid coated with carbon film prior 

to measurements. 

Vibrational spectroscopy. FTIR spectra were recorded in the range of 4000-400 cm-1 by 

a Bruker Vertex V70v instrument. The spectra were acquired at a 2 cm-1 resolution and 
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averaged over 64 scans. Typically, an amount of about 10 mg of zeolite was pressed into thin 

wafers with a diameter of 13 mm and placed inside a controlled-environment infrared 

transmission cell. Before measurement, the zeolite wafer was first heated to 823 K at a rate 

of 2 K·min-1 in artificial air. Then, the cell was outgassed at the final temperature until the 

residual pressure was below 5 × 10−6 mbar. A background IR spectrum was recorded. For 

CO adsorption, the sample was cooled to 77 K and CO was introduced into the cell via a 

sample loop connected to a Valco six-port valve. After each dosage, a spectrum was recorded 

at 77 K. To determine the density of acid sites in zeolites, pyridine or 2,4,6-collidine (2,4,6-

trimethylpyridine) was introduced from an ampoule at its vapor pressure at room 

temperature. The exposure time was 10 min. Afterwards, the cell was evacuated to a pressure 

lower than 5 × 10−6 mbar and a spectrum was recorded. Further spectra were recorded at 423 

K after outgassing for 1 h at 423 K, 573 K and 773 K. In order to quantify the total amount 

of Brønsted and Lewis acid sites, molar extinction coefficient values of 0.73 cm·µmol-1 and 

1.11 cm·µmol-1 were used in the pyridine experiments, respectively.21 To compute the density 

of external Brønsted acid sites, a molar extinction coefficient of 10.1 cm µmol-1 for 2,4,6-

collidine was employed.22 

NMR spectroscopy. 27Al Nuclear Magnetic Resonance (NMR) spectra of the MFI 

zeolites were recorded on a 11.7 T Bruker DMX500 NMR spectrometer operating at 132 

MHz. A standard Bruker MAS probehead was used with a rotor having a diameter of 2.5 

mm, operated at a spinning rate of 25 kHz. Quantitative 27Al NMR spectra were recorded 

using a single excitation pulse of 1 μs and an interscan delay of 1 s. The Al atom coordination 

was estimated by spectral deconvolution and assignment of the respective signal components 

to literature data. The 27Al chemical shifts were referred to saturated solutions of Al(NO3)3. 
27Al NMR spectra were recorded for both HZSM-5 zeolites and ammonia-treated ZSM-5 

zeolites. Prior to ammonia treatment, the sample was calcined in He at 823 K with a ramp 

rate of 5 K·min-1 followed by an isothermal period of 1 h. After cooling the sample to 393 K 

in He, the feed was replaced by a flow of 10% NH3 in He for 2 h.  

4.2.3 Catalytic activity measurements 

The HZSM-5 zeolites were loaded with 0.4 wt% Pd by incipient wetness impregnation 

with an aqueous Pd(NH3)4(NO3)2 solution. The resulting catalysts were calcined at 723 K 

under flowing air for 4 h. The impregnated powders were sieved to obtain a fraction of 0.125–

0.250 mm.  

The catalytic activity of the Pd-containing ZSM-5 zeolites in n-decane hydroconversion 

was determined in a tubular fixed-bed reactor with 4 mm inner diameter. Prior to testing, an 

amount of 50 mg of catalyst was reduced at 713 K at 30 bar in flowing H2. The H2/n-decane 
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molar ratio in the catalytic experiments was 214 and the weight hourly space velocity 

(WHSV) was 0.37 g·g-1·h-1. For n-nonadecane hydroconversion, the catalyst bed (400mg) is 

fixed between quartz wool plugs inside the stainless steel tube with an internal diameter of 1 

cm. The liquid feed consisted of 1 mol % of nonadecane (Sigma, ≥98 %) and 99 mol % of n-

heptane (Acros Organics, >99 %). The hydrocarbon feed mixture was pumped into a 

vaporization chamber and mixed with H2. The reactor unit was operated at a total pressure of 

65 bar at H2/n-nonadecane molar ratio of 14.6, and WHSV was 0.68 g·g-1·h-1. Heptane was 

confirmed to be inert under the investigated reaction conditions.7 In both types of 

experiments, the reaction temperature was increased stepwise, and the reaction was 

equilibrated for 1 h before product sampling. The reactor effluent was analyzed by gas 

chromatography equipped with an HP-1 column and a flame ionization detector.  

 Results and discussion 

4.3.1 Structure and morphology 

 

Fig. 4.1 Powder XRD patterns of the calcined ZSM-5 zeolites. 
 

The XRD patterns of the calcined zeolites are shown in Fig. 4.1. All patterns contain 

diffraction peaks characteristic for MFI zeolite and the relative intensity ratios of the 

strongest (011), (200), (031) and (051) reflections are practically similar.17,23 Different from 
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MFI(TPA,20), MFI(TPA,40) and MFI(meso,20) zeolites, only the h0l reflections in the XRD 

patterns of sheet-like MFI zeolites synthesized by C22-6-3·Br2 or C22-6-6-6-3·Br4 are sufficiently 

sharp for indexing. The 0k0 reflections are either strongly broadened or absent due to the 

small size of the crystals in the b-direction.15  

 

Fig. 4.2 Representative SEM and TEM images of calcined ZSM-5 zeolites. 
 

A representative SEM image of bulk ZSM-5 zeolite synthesized by TPAOH at an atomic 

ratio Si/Al = 20 (Fig. 4.2) shows that this sample is an aggregate of smaller crystals. The 

MFI(TPA, 40) sample consists of uniform nanoparticles with a size of about 200 nm. SEM 

and TEM images of MFI(meso,20) show that mesopores have been introduced in the primary 

zeolite particles during desilication. ZSM-5 synthesized by C22-6-3·Br2 has the typical 

nanosheet morphology with a thickness of about 3 nm. Using C22-6-6-6-3·Br4 as the SDA, 

MFI(4N,40) consists of thicker nanosheets than MFI(2N,40). The size is about 6-8 nm in the 

b-direction. The less uniform thickness for thicker nanosheets has been reported before.18 At 

a gel Si/Al ratio of 20, MFI(4N,20) is obtained in the form of very short nanosheets. 



 

- 82 - 

 

 

Fig. 4.3 Ar physisorption isotherms (left) and the pore size distributions (right) of the calcined 

ZSM-5 zeolites. The pore size distributions were calculated using the NLDFT method using 

the adsorption branch of the physisorption isotherms.  

 

The ZSM-5 zeolites MFI(TPA,20) and MFI(TPA,40) have typical type I physisorption 

isotherms (Fig. 4.3).24,25 The strong uptake at low pressure confirms the presence of 

micropores. The limited Ar uptake at higher pressure is indicative of the low 

external/mesopore surface area. The isotherm of zeolite MFI(meso,20) has the type IV shape 

with a small H4 hysteresis loop, which is generally ascribed to a hierarchical porous material 

containing both micropores and mesopores.25 This texture is also obtained for the nanosheet 

ZSM-5 zeolites synthesized with C22-6-3·Br2 and C22-6-6-6-3·Br4. For these zeolites, the 

hysteresis loop is more pronounced than for MFI(meso,20). As common estimates for the 

pore size distribution (PSD) such as the use of the BJH method to analyze an isotherm 

containing a H4 type hysteresis loop are considered unreliable, we employed the NLDFT 

method assuming slit-shaped pores without regulation. A distinct peak at 0.53 nm in the PSDs 

of all the zeolites corresponds to the size of the micropores of ZSM-5 zeolite. Different from 

the PSDs of MFI(TPA,20) and MFI(TPA,40), a wide distribution of mesopores in the range 

10－50 nm is noted for MFI(meso,20). The PSDs of the nanosheet zeolites illustrate that 
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these materials contain a large amount of mesopores, also with a wide distribution between 

2－50 nm. 

The corresponding textural properties are listed in Table 4.2. The total pore volume and 

the mesopore volume of the zeolites increases in the order bulk ZSM-5 < desilicated ZSM-5 

< nanosheet ZSM-5. The mesopore volume of the desilicated MFI(meso,20) sample is 0.11 

cm3 g-1, which is considerably lower than the mesopore volume of the nanosheet zeolites 

(0.68 cm3 g-1). Consistent with the high crystallinity of the nanosheet zeolites, the micropore 

volumes are nearly the same as for the bulk zeolites. Both the isotherms and the shapes of 

the PSDs fit our SEM analysis, emphasizing that the secondary set of pores in the desilicated 

and nanosheet ZSM-5 zeolites originates from intracrystalline mesopores and voids between 

the nanosheets, respectively.  

The elemental composition of the zeolites as determined by ICP elemental analysis is 

listed in Table 4.2. The Si/Al ratios determined by ICP are close to the initial gel Si/Al values. 

Desilication allowed to obtain a mesoporous ZSM-5 sample, MFI(meso,20), with a Si/Al 

ratio of 20. 

In order to investigate the location of Al in the ZSM-5 zeolites, 27Al NMR spectra for 

zeolites were recorded before and after ammonia treatment (Fig. 4.4). Spectra of samples 

exposed to ammonia allows establishing whether extraframework Al species are closely 

associated with the zeolite framework or part of a separate aluminium oxide phase.26-28 The 

Al speciation for the investigated zeolites is given in Table 4.2. All spectra contain a strong 

signal at 56 ppm corresponding to tetrahedrally coordinated framework Al (AlIV). The weak 

feature at 0 ppm is related to extraframework Al species in octahedral coordination (AlVI).17 

The fraction of AlIV is lower for the nanosheet ZSM-5 zeolites than for the bulk and meso-

ZSM-5 zeolites. This is in agreement with earlier studies, which showed that inserting 

heteroatoms such as Al, Ga, and Fe in the MFI framework during nanosheet formation is less 

facile with multi-quaternary ammonium surfactants than with conventional TPA.17,19 

Ammonia treatment resulted in the almost complete disappearance of the octahedral AlVI 

signal for all of the zeolites and a concomitant rise of the tetrahedral AlIV signal. Van 

Bokhoven’s group interpreted such a change in Al coordination upon replacement of water 

by ammonia by the reinsertion of dislodged Al into the zeolite framework.27,28 Instead, Zhu 

et al. emphasized that the changes in coordination mainly indicate that the Al species with 

flexible coordination are highly dispersed.17 As observed in previous studies,17,19,29 we will 

show that the density of Brønsted acid sites is lower for nanosheet zeolites than for bulk ones, 

while at the same time the nanosheet zeolites contain more Lewis acid sites. Accordingly, we 

speculate that the extraframework AlVI species are located at cation-exchange sites in the 

ZSM-5 zeolites. The coordination of these highly dispersed extraframework AlVI species is 

flexible and depends on the type of ligand (water vs. ammonia).  



 

 

 T
ab

le 4.2 T
extural properties, S

i/A
l ratio, fraction of fram

ew
ork A

l, and density of acid sites of the zeolites. 
 

    Sam
ple 

P
d 

content a 
(w

t%
) a 

S
i/A

l a 
A

l IV 
(%

) b 
A

l V
I 

(%
) c 

S
B

E
T

d 
(m

2 g
-1) 

V
total e 

(cm
3 g

-1) 
V

m
eso f 

(cm
3 g

-1) 
V

m
icro g 

(cm
3 g

-1) 
[B

A
S

] h 

(μm
ol·g

-1) 
[L

A
S

] i 
(μm

ol·g
-1) 

[B
A

S
ext ] j 

(μm
ol·g

-1) 

M
F

I(T
P

A
,20) 

0.44 
20.7 

83.2 
16.8 

367.5 
0.20 

0.05 
0.16 

810 
50 

10 

M
F

I(T
P

A
,40) 

0.28 
38.5 

89.8 
10.2 

401.9 
0.22 

0.04 
0.14 

270 
27 

6 

M
F

I(m
eso,20) 

0.40 
23.5 

91.2 
8.8 

393.1 
0.30 

0.11 
0.13 

529 
100 

32 

M
F

I(4N
,20) 

0.42 
21.3 

78.7 
21.3 

474.3 
0.78 

0.65 
0.11 

356 
235 

96 

M
F

I(4N
,40) 

0.32 
37.2 

76.3 
23.7 

520.3 
0.57 

0.43 
0.11 

263 
158 

111 

M
F

I(2N
,20) 

0.36 
20.7 

74.3 
15.7 

376.3 
0.47 

0.34 
0.10 

364 
174 

74 

M
F

I(2N
,40) 

0.37 
38.4 

79.8 
20.2 

566.8 
0.81 

0.68 
0.10 

271 
177 

76 

a D
eterm

ined using IC
P

-O
E

S
 analysis; b A

l IV (%
) =

 A
rea of A

l IV / (A
rea of A

l IV
 +

 A
rea of A

l V
I). A

rea of A
l IV determ

ined by integration of 
27A

l N
M

R
 signal betw

een 30 and 100 ppm
; A

rea of A
l V

I determ
ined by integration of 27A

l N
M

R
 signal betw

een 30 and -50 ppm
; c A

l IV 

(%
) =

 A
rea of A

l V
I / (A

rea of A
l IV

 +
 A

rea of A
l V

I). d B
runauer-E

m
m

ett-T
eller (B

E
T

) surface area (p/p
0  =

 0.05−
0.25); e T

otal pore volum
e 

at p/p
0 =

 0.97; f M
esopore volum

e and g m
icropore volum

e calculated by the N
L

D
F

T
 m

ethod using the adsorption branch of the isotherm
 

(A
r at 87 K

 assum
ing slit pores w

ithout regularization). h D
ensity of B

rønsted acid sites determ
ined by IR

 spectra of adsorbed 

pyridine after evacuation for 1 h at 423 K
. i D

ensity of L
ew

is acid sites determ
ined by IR

 spectra of adsorbed pyridine after evacuation for 

1 h at 423 K
. j D

ensity of external B
rønsted acid sites determ

ined by IR
 spectra of adsorbed 2,4,6-collidine after evacuation for 1 h at 423 

K
. 

- 84 - 



 

- 85 - 

 

 

Fig. 4.4 27Al MAS NMR spectra of hydrated ZSM-5 zeolites before (black) and after (blue) 

ammonia treatment. 
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4.3.2 Acidity characterization 

 
 
Fig. 4.5 Hydroxyl (3800 cm-1−3000 cm-1) and carbonyl (2250 cm-1−2100 cm-1) stretching 

regions of IR spectra of dehydrated ZSM-5 zeolites recorded at 77 K as a function of the CO 

coverage after subtraction of the background spectrum of the dehydrated zeolite at 77 K. The 

red and blue spectra represent the spectra at the initial and final CO adsorption, respectively. 

The spectra are normalized by weight. 

The acid strength of the dehydrated zeolites was investigated by IR spectroscopy of 

adsorbed CO at 77 K. Spectra of the hydroxyl stretch and the carbonyl stretch regions are 

shown in Fig. 4.5. The silanol band 3750 cm-1 is only slightly perturbed due to the weak 

acidity and adsorption of CO. All zeolites show a CO-perturbed OH stretching band around 

3300 cm−1, characteristic for the strongly acidic bridging OH groups perturbed by CO 

molecule.17 This band is associated with the negative feature at 3616 cm−1. The red shift due 

to CO adsorption is 306 cm−1 for all zeolites, showing that the acid sites in nanosheet ZSM-

5 are of similar strength as those in the bulk and desilicated zeolites. Judging from the 

intensity of the perturbed OH band, the density of Brønsted acid sites decreases in the order 

MFI(TPA,20) > MFI(meso,20) > MFI(2N,20) ≈ MFI(4N,20) for zeolites with Si/Al = 20 and  



 

- 87 - 

 

 

Fig. 4.6 IR spectra of pyridine adsorbed on ZSM-5 zeolites after evacuation at 423 K (blue 
line), 573 K (black line) and 773 K (red line). All spectra were recorded at 423 K. 

 

Fig. 4.7 IR spectra of 2,4,6-collidine adsorbed on ZSM-5 zeolites after evacuation at 423 K 

(blue line), 573 K (black line) and 773 K (red line). All spectra were recorded at 423 K. 
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MFI(TPA,40) > MFI(2N,40) ≈ MFI(4N,40) for zeolites with Si/Al = 40. In the carbonyl 

stretching region, bands at 2175 cm−1 and 2137 cm−1 for all zeolites are characteristic for CO 

adsorption on strong Brønsted acidic sites and physisorbed CO, respectively.29 The band 

around 2155-2160 cm−1 is due to CO adsorbed on weakly acidic silanol groups.19 

Fig. 4.6 shows the IR spectra of adsorbed pyridine after evacuation at 423 K, 573 K and 

773 K. The bands at 1545 cm-1 and 1455 cm-1 are assigned to pyridine adsorbed on Brønsted 

and Lewis acid sites, respectively, while the other band at 1490 cm-1 is associated with both 

types of adsorbed pyridine.17 The densities of Brønsted and Lewis acid sites after evacuation 

of pyridine at 423 K are listed in Table 4.2. For zeolites with Si/Al = 20, the Brønsted acid 

site density follows the order MFI(TPA,20) > MFI(meso,20) > MFI(2N,20) ≈ MFI(4N,20), 

in keeping with the trend derived from the CO IR spectra. The lower concentration of 

Brønsted acid sites for the nanosheet zeolites is related to a smaller fraction of Al at zeolite 

framework positions as apparent from the 27Al NMR spectra. In line with this, Table 4.2 

shows that, at a similar Si/Al ratio, the sheet-like ZSM-5 zeolites contain more Lewis acid 

sites than the bulk zeolite, which can be ascribed to extraframework AlVI species. At a lower 

Al content in the gel (Si/Al = 40),the introduction of Al in the framework of the nanosheet 

zeolites is easier, providing a good explanation for the lower variation of the Brønsted acid 

site densities for MFI(TPA,40), MFI(2N,40) and MFI(4N,40).  

There are also notable differences in the number of Brønsted acid sites on the external 

surface among the ZSM-5 zeolites. The external Brønsted acid site densities were determined 

by IR spectroscopy of adsorbed 2,4,6-collidine. The external acid sites also include those 

located in the mesopores. An IR peak at 1637 cm-1 can be attributed to the adsorption of 

2,4,6-collidine on Brønsted acid sites and was used to quantify the external Brønsted acid 

sites.22 The resulting IR spectra are given in Fig. 4.7, and the quantitative data are summarized 

in Table 4.2. At a Si/Al ratio of 20, the density of external Brønsted acid sites follows the 

sequence MFI(TPA,20) < MFI(meso,20) < MFI(2N,20) < MFI(4N,20), and at a Si/Al ratio 

of 40 the trend is MFI(TPA,40) < MFI(2N,40) < MFI(4N,20). Accordingly, we note that the 

density of external Brønsted acid sites correlates inversely with the zeolite crystal domain 

size, the MFI(4N,20) and MFI(4N,40) being the notable exceptions. While the total Brønsted 

acidity of MFI(2N,20) and MFI(4N,20) are similar and the same holds for MFI(4N,20) and 

MFI(4N,40), the two thicker nanosheet materials MFI(4N,20) and MFI(4N,20) contain 

significantly more external Brønsted acid sites than MFI(2N,20) and MFI(4N,20). This is 

most likely related to the subtleties of nanosheet formation.30 We speculate that the less 

uniform thickness observed for the MFI(4N) zeolites might be due to the incomplete filling 

of the MFI intersections with quaternary ammonium groups as opposed to the MFI(2N) 

zeolites. This may lead to a higher degree of insertion of Al3+ in the zeolite framework at the 

external surface of the thicker nanosheets.  
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4.3.3 Catalytic activity measurements 

The zeolites were loaded with ~0.4 wt% Pd (Table 2), which is sufficient to establish the 

paraffin-olefin hydrogenation-dehydrogenation equilibrium during n-alkane 

hydroconversion reactions.31,32 In such case, the hydroconversion activity of the bifunctional 

Pd-containing zeolite catalysts is determined by the the Brønsted acid site density. We 

employed the bifunctional ZSM-5 based catalysts in the hydroconversion of n-decane and n-

nonadecane. 

  

4.3.3.1 Hydroconversion of n-decane  
 

 

Fig. 4.8 (Left) Conversion of n-decane as a function of the reaction temperature for Pd/ZSM-

5 zeolites (WHSV = 0.37 g·g-1·h-1; H2/n-decane = 214; p = 30 bar; ~0.4 wt% Pd), and (right) 

dependence of reaction rate on temperature (Arrhenius plot). 

 

The conversion of n-decane as a function of reaction temperature is shown in Fig. 4.8. The 

most active zeolite is MFI(TPA,20). The thick nanosheet zeolites were slightly less active, 

while the thin nanosheets were substantially less active. These trends are similar to those 

reported in an earlier study of the group of Martens.7 The desilicated sample showed 
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intermediate activity, while the MFI(TPA,40) material showed a quite low activity. The 

apparent activation energies are in the 144-188 kJ/mol range (Table 4.3) and are lower for 

the zeolites with a reduced crystal domain size. For instance, the apparent activation energies 

for MFI(2N,20) and MFI(2N,40) are 156 kJ/mol and 144 kJ/mol, respectively, which are 

higher than the values for the corresponding thick nanosheet zeolites of 166 kJ/mol and 171 

kJ/mol. The bulky zeolites have apparent activation energies in the 169-188 kJ/mol range. 

As the hydrocracking rate is determined by acid-catalyzed reactions, the rate can be expressed 

by  

	
.

.
	 	

. .

. .
                                                                           (4.1) 

in which kr is the isomerization/cracking rate constant for a particular olefin  on a Brønsted 

acid site, Kads the adsorption constant of the olefin, Keq the equilibrium constant for the 

hydrogenation of the paraffin  to the corresponding olefin and  and  the pressures 

of the paraffin and H2. This equation is derived in Appendix A. It expresses the equilibrium 

between olefins and paraffins through the metal hydrogenation function and the equilibrium 

between gas-phase and adsorbed olefins. The apparent activation energy can be expressed as  

	 1 . Δ ,                                                                               (4.2) 

in which  is the apparent activation energy, the activation energy of the rate-limiting 

isomerization/cracking reactions,  the coverage of Brønsted acid sites with a particular 

olefin and Δ ,  the adsorption energy of the olefin. In the adsorption energy of the olefin, 

both the protonation energy and dispersive interactions with the zeolite wall play a role. Here, 

we have neglected the variation of the olefin pressure with temperature due to the temperature 

dependence of the equilibrium constant. There are two ways the apparent activation energy 

can be influenced. Firstly, when the zeolite domain size is reduced, a more significant part of 

the Brønsted acid sites are close to the external zeolite surface or on the external surface. This 

reduces the dispersive contribution to Δ , , resulting in a lower coverage  and a 

lower apparent activation energy. Secondly, it might be that the equilibrium between olefins 

and paraffins is not established in the bulkier zeolites, because of the large distance to the 

metal function that mainly resides on the external zeolite surface. This leads to a higher 

effective olefin surface coverage, which also results in an increased apparent activation 

energy. 

The reaction products of n-decane conversion are skeletal isomers and cracked paraffins. 

The yield of these two product classes is plotted against n-decane conversion in Fig. 4.9. The 

skeletal isomerization yield shows a maximum at intermediate conversion. The trends show 
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that hydrocracking occurs consecutive to skeletal isomerization.1 Maximum skeletal 

isomerization yields increase in the order MFI(TPA,20) – 8% < MFI(meso,20) – 18% < 

MFI(2N,20) – 30% < MFI(4N,20) – 52% for zeolites with Si/Al = 20. The order is similar 

for the zeolites with a Si/Al ratio of 40 and the skeletal isomerization yields are higher for 

these less acidic zeolites. Thus, the selectivity data show that hydrocracking is delayed when 

the crystal size is reduced. This most likely relates to the much shorter residence of olefinic 

intermediates in smaller crystal domains, leading to reduced cracking yields. Accordingly, 

the much shorter diffusion lengths for the nanosheet zeolites result in a higher isomerization 

yield.  

 

 

Fig. 4.9 Yield of n-decane skeletal isomers and cracked products against n-decane conversion 
for the Pd/ZSM-5 zeolites. 

 

The C10 skeletal isomers were analyzed in more detail. Relevant data are given in Table 

4.3. Fig. 4.10 shows mono-, di- and tribranched isomer yields. The amount of tri-branched 

isomers is negligible, because they are only formed at high n-decane conversion and then 

rapidly cracked. The amount of dibranched isomers at low conversion is very low for the 
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bulk and thick nanosheets. Table 4.3 shows that the yield of dibranched isomers increases for  

smaller crystal size. Most of the C10 skeletal isomers are methylbranched. These 

methylbranched isomers are formed via protonated cyclopropane (PCP) reaction 

intermediates.5,7,33 Ethyl- and propylbranched isomers are hardly observed, except for the 

thin nanosheet zeolites which produced small amounts of ethyloctanes. Suppression of 

skeletal isomers with longer side chains is a typical example of transition-state shape-

selectivity observed for 10-memberedd ring zeolites like ZSM-5.7 

 
 

Fig. 4.10 Distribution of C10 skeletal isomers obtained from n-decane hydroconversion 
according to number of branchings on Pd/ZSM-5 zeolites. 

 

The selectivity of the positional isomers of methylnonane, the monomethylbranched 

isomer, is plotted against n-decane conversion in Fig. 4.11. For the bulk zeolites, 2-

methylnonane is the most abundant isomer and the selectivities of the other positional 

isomers increases with increasing conversion. The preferential formation of 2-methylnonane 

is usually explained by product-diffusion shape-selectivity. In the absence of pore 

restrictions, one expects equal amounts of the different methylbranched nonanes.34 Fig. 4.11 

clearly shows that decreasing zeolite crystal size results in a higher contribution of more 

internal methylnonanes, which can be explained by the shorter diffusion lengths. These  
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Fig. 4.11 Distribution of methylnonane skeletal isomers obtained from n-decane skeletal 
isomerization against n-decane conversion on Pd/ZSM-5 zeolites. 

 

difference can also be appreciated from the trend in the refined constraint index (CI0, Table 

4.3), representing the ratio of 2-methylnonane and 5-methylnonane yield at 5% isomerization 

yield.7 The CI0 values for the investigated samples are all within the 4-11 range for ZSM-5 

zeolite35,36 and become smaller with reduced crystal size and acidity. The highest skeletal 

isomerization yield is observed for the thick nanosheet zeolites, both for the Si/Al 20 and 40 

samples. As CI0
 correlates well with the size of the crystal domain size, this behavior is 

unexpected. We speculate that the difference is caused by the larger number of external 

Bronsted acid sites in the thick nanosheet zeolites in comparison to the thin ones, as followed 

from the 2,4,6-collidine IR measurements.  
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Fig. 4.12 Carbon number distribution of cracked products obtained at 35% n-decane 

hydrocracking yield on Pd/ZSM-5 zeolites.   

Hydrocracking occurs through β-scission of alkenes.6 Cracking mainly involves methyl- 

and dimethylbranched olefins. Dimethylbranched olefins diffuse very slowly through the 

ZSM-5 micropores and are consequently particularly prone to cracking.6 The cracked product 

distribution of the hydrocarbon fragments according to the carbon number is plotted in Fig. 

12 at a 35% hydrocracking yield. All distributions follow the typical “M” shape with a 

minimum value at C5, which is characteristic of ZSM-5 zeolites in n-decane hydrocracking.14 

For the two bulk and the desilicated zeolites, the cracked product distribution shows a higher 

selectivity to C3 than to C4 and C5 and, moreover, it is also seen that the distribution is 

skewed towards C3. For the nanosheet zeolites, the “M” shaped distribution is more 

symmetric and the C4 selectivity is higher than the C3 and C5 selectivities. The high C3 

selectivity for the bulky zeolites is due to the high selectivity to 2-methylnonane, which are 

cracked into C3 and C7 fragments.4,7,14 The higher C3 than C7 selectivity is a result of 

secondary cracking, due to the longer residence time of the intermediates in these zeolites. 

Comparatively, the more equal positional isomer distribution of n-methylnonanes in 

nanosheet zeolites results in a more bell-shaped cracked product distribution. The low C5 

selectivity can be correlated to the low 5-methylnonane selectivity. Moreover, the short 

residence time of the fragments inside the short nanosheet samples suppresses secondary 

cracking.  
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4.3.3.2 Hydroconversion of n-nonadecane  

The n-nonadecane conversion is plotted against the reaction temperature in Fig. 4.13. The 

catalytic behavior of the catalysts in n-nonadecane hydroconversion are quite different from 

the results in n-decane conversion. MFI(meso,20) is the most active catalyst followed by 

MFI(4N,20) followed by the other catalysts. We do not have a solid explanation for these 

differences but speculate that the catalytic performance is mainly determined by a good 

balance between sufficiently large crystal domains compared to the reactant (complete 

adsorption of the hydrocarbon) and high external surface area, resulting in fast adsorption.  

Figure 4.14 gives the yields of branched isomers and cracked products against n-

nonadecane conversion. All catalysts produced only very low yields of skeletal isomers at all 

conversions. As n-nonadecane conversion increased, nanosheet catalysts yielded a small 

amount of skeletal isomers (~5 %), while for the bulky zeolites the yield was lower than < 

0.2%. Similar to n-decane hydroconversion, the highest skeletal isomer yield is observed for 

the thick nanosheets. 

 

 

Fig. 4.13 Conversion of n-nonadecane as a function of the reaction temperature for Pd/ZSM-

5 zeolites. (WHSV = 0.68 g·g-1·h-1; H2/n-nonadecane = 14.6; p = 65 bar; ~0.4 wt% Pd).  
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Fig. 4.14 Yield of n-nonadecane skeletal isomers and cracked products against n-decane 

conversion on Pd/ZSM-5 zeolites. 

 

 

 

Fig. 4.15 Carbon number distribution of cracked products obtained at ca. 35% n-decane 

hydrocracking yield on Pd/ZSM-5 zeolites. 
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Carbon number distributions of cracked products obtained at 35% n-nonadecane 

hydrocracking yield are displayed in Fig. 4.15. These strongly skewed distributions are 

indicative of significant over-cracking due to the long residence times of the hydrocarbons 

in the zeolite domains. It can be seen that reduction of the zeolite domain size results in a 

higher contribution of higher hydrocarbon cracked products.  

 

 Conclusions 

The influence of zeolite domain size and acidity on the hydroconversion of n-decane and 

n-nonadecane was investigated. For this purpose, bulk and desilicated (mesoporous) zeolites 

were compared to nanosheet zeolites of 3 and 6-8 nm at Si/Al ratios of 20 and 40. Ar 

physisorption results revealed the presence of large mesopore volume in nanosheet zeolites. 

All zeolites exhibit similar acid strength. At Si/Al = 20, the density of Brønsted acid site 

follows the order MFI(TPA,20) > MFI(meso,20) > MFI(2N,20) ≈ MFI(4N,20), and there is 

lower variation for the value of MFI(TPA,40), MFI(2N,40) and MFI(4N,40). Specifically, 

2,4,6-collidine IR measurements confirmed that the acid sites were located much more on 

the external surface in thick nanosheet catalysts than those in thin nanosheets and bulk 

zeolites. 

The isomerization of n-decane over Pd-containing bulk ZSM-5 bifunctional catalysts led 

a typical to n-methylnonane distribution with an overrepresentation of 2-methyl nonane. 

When nanosheet catalysts were used, a more uniform distribution of n-methylnonane isomers 

was obtained. The formation of bulky tribranched C10 isomers is severely hindered for all 

the catalysts, which is related to a combination of transition-state shape-selectivity and 

product-diffusion selectivity. Hydrocracking is delayed when the crystal size is reduced. The 

highest skeletal isomerization yield is observed for the thick nanosheet zeolites, which is 

possibly due to the larger number of external Bronsted acid sites in the thick nanosheet 

zeolites in comparison to the thin ones. The carbon number distribution of bulk ZSM-5 

catalyst displayed a typical “M” shape, which is more bell-shaped for nanosheet catalysts. 

The short residence time of the fragments inside the short nanosheet samples suppresses 

secondary cracking.  

All catalysts give low yields of skeletal isomers throughout the whole range of n-

nanodecane conversion. The strongly skewed distributions are indicative of significant over-

cracking due to the long residence times of the hydrocarbons in the medium-pore zeolite 

domains. 
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A dual-templating synthesis strategy to 

hierarchical ZSM-5 zeolites as efficient catalysts for 

the methanol-to-hydrocarbons reactions 

ABSTRACT  

A dual-templating synthesis strategy was applied to obtain hierarchical ZSM-5 zeolite using 

a combination of known structure-directing agents (SDAs) for ZSM-5 synthesis and C16H33-

[N+-methylpiperidine] (C16MP) as mesoporogen. The materials were extensively 

characterized for their textural and acidic properties and evaluated on the basis of their ability 

to convert methanol to hydrocarbons. Bulk and nanosheet (di-quaternary ammonium 

surfactant) ZSM-5 zeolites served as reference materials. Hierarchical ZSM-5 zeolite can be 

obtained with diethylamine, N-propylamine, 1,4-diaminobutane, 1,6-diaminohexane. The 

combination with diethylamine afforded a material that displayed similar performance in 

methanol-to-hydrocarbons conversion as nanosheet ZSM-5. The optimum ZSM-5 zeolite is 

highly crystalline, contains a large mesopore volume and few silanol groups and external 

Brønsted acid sites. 
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 Introduction 

Zeolites are crystalline microporous aluminosilicates, widely used for acid-catalyzed 

reactions in the chemical industry.1-7 Strong Brønsted acid sites in zeolites are associated with 

substitution of Si4+ with tetrahedral Al3+ in the silica framework.8-12 ZSM-5 zeolite, a member 

of pentasil family, is one of the most widely used zeolites in catalysis.6,13 Its three-

dimensional 10-membered ring pore system with ~5.5 Å pores endows ZSM-5 with shape-

selective and molecular sieving properties.6 An inherent disadvantage of the comparable size 

of the micropores and hydrocarbon reactants with respect to zeolite crystal dimensions is 

slow mass transport. This can suppress the reaction rate and coke formed by side-reactions 

can rapidly block the pores near external surface, prematurely deactivating the zeolite 

catalyst.14-19  

Hierarchical zeolites are materials in which wider pores within or between zeolite crystals 

are present. The additional pore system enhances diffusion and catalytic performance, while 

the shape selectivity due to the native micropores is largely preserved.8,9 There are many 

ways by which such improved zeolites can be obtained.2,3,8,20 It is desirable to synthesize 

hierarchical zeolites in a single step, for instance by using a structure-directing agent (SDA) 

that can simultaneously organize silica at the smallest scale into the desired framework 

topology and at the mesoscale by creating intra- or intercrystalline voids. A general approach 

is to use amphiphilic surfactants in which the hydrophilic head group serves as the structure-

directing moiety, while the hydrophobic tail can for instance limit the crystal growth.6 An 

appealing illustration of this approach is to synthesis of ZSM-5 zeolite nanosheets by 

diquaternary ammonium surfactants developed by Ryoo’s group.21 In these nanosheets, the 

crystal size is limited to several nanometers in the b-direction. These sheets are separated by 

mesopores. The benefit of nanosheets has been demonstrated for many catalytic reactions. 

For instance, these materials can reach up to 5 times longer lifetime than their bulk ZSM-5 

counterparts in the methanol-to-hydrocarbons (MTH) reaction.15 The mechanism of 

formation of nanosheet forms of ZSM-5 has recently been elucidated.22,23 A drawback of 

nanosheet synthesis is that it requires expensive diquaternary ammonium surfactants. Thus, 

it would be appealing to employ cheaper surfactants such as monoquaternary ammonium 

surfactants.16,19,24-26 Many of the attempts to combine zeolite-giving SDA with 

monoquaternary ammonium surfactants have mainly led to formation of mixtures of zeolite 

and (ordered) mesoporous silica.27,28 Recently, we have shown that it is possible to use 

cetyltrimetylammonium as the only SDA to achieve the formation of hierarchical ZSM-5 

zeolite in a single step.16 Although the resulting hierarchical ZSM-5 achieves much better 

performance than bulk ZSM-5, nanosheet ZSM-5 provides a much longer lifetime.15,16  
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Herein, we report a novel dual-templating synthesis of ZSM-5, which yields directly an 

optimum hierarchical material with similar catalytic performance as ZSM-5 nanosheet 

synthesized by diquaternary ammonium surfactants. The obtained zeolites were extensively 

characterized for their morphological, textural and acidic properties by elemental analysis, 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray 

diffraction (XRD), Ar porosimetry, Fourier transform infrared (FTIR) spectroscopy and solid 

state NMR spectroscopy.  

 Experimental 

5.2.1 Sample preparation 

Synthesis of C16H33-[N+-methylpiperidine] hydroxide. 0. 11 mol of N-methylpiperidine 

(Aldrich, 98 %) and 0.1 mol of 1-bromohexadecane (TCI Europe, > 96 %) were dissolved in 

500 mL of ethanol (Biosolve, 99.9 %). The solution was refluxed in an oil bath at 353 K for 

24 h. After evaporation of ethanol, the product was filtered, washed with diethyl ether 

(Biosolve, 99.5 %), and dried under evacuation at room temperature for 12 h. The obtained 

powder was C16H33-[N+-methylpiperidine] bromide (denoted as C16MPBr).19 The successful 

synthesis of C16MPBr was confirmed by ESI-MS, 1H and 13C NMR spectroscopy. ESI-MS. 

Calculated C22H46N+ ([template C16MP]+) 324.36. Found: 324.60 (100 %). 1H NMR. (400 

MHz, CDCl3) δ 3.75 (m, 2H), 3.59 (m, 4H), 3.30 (s, 3H), 1.76 (m, 8H), 1.26 (m+ br s, 26H), 

0.82 (t, J = 6.6 Hz, 3H). 13C NMR. (101 MHz, CDCl3) δ 62.81 (s), 60.77 (s), 48.42 (s), 31.85 

(s), 29.61 (br), 29.54 (s), 29.43 (s), 29.36 (s), 29.29 (s), 29.25 (s), 26.36 (s), 22.62 (s), 22.03 

(s), 20.64 (s), 20.19 (s), 14.06 (s). C16MPBr was converted to C16MPOH by dissolution in 

demi-water and passing the aqueous solution over a column packed with anion exchange 

resin (Amberlite, IRN-78, OH form). 

Zeolite synthesis. A C16MPOH solution (5 wt%), KOH (Aldrich, 90%), aluminium 

hydroxide (Aldrich) and diethylamine (DEA, Aldrich, 99.5 %) were mixed with demi-water. 

Afterwards, Ludox AS-40 (Aldrich, 40 wt%) was added to the mixture under vigorous 

stirring. The final gel had a molar composition of 5C16MP : 22DEA : 12K2O : 0.95Al2O3 : 

95SiO2 : 4000H2O. The mixture was transferred to a 45 mL Teflon-lined steel autoclave and 

heated to 413 K and kept at this temperature for 6 days (rotation, 50 rpm). After 

crystallization, the white product was filtered, washed with demi-water followed by drying 

overnight at 383 K. The yield was 54.6%. This zeolite was calcined at 823 K for 10 h under 

flowing air to remove the surfactant. The calcined zeolite was ion-exchanged three times with 

1.0 M NH4NO3 solutions followed by calcination at 823 K for 4 h in flowing air to obtain the 

final proton form. The yield was 75.5%. This zeolite is denoted as MFI(C16MP,DEA). 
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Besides, tetrapropylammonium hydroxide (TPAOH, Merck, 40 wt%), N-propylamine 

(NPAM, Aldrich, 99 %), 1,4-diaminobutane (DAB, Aldrich, 99 %), 1,6-diaminohexane 

(DAH, Aldrich, 98 %) were also used as SDA. The synthesis approach was the same as used 

to obtain MFI(C16MP,DEA), and the resulting materials are denoted as MFI(C16MP,TPA), 

MFI(C16MP,NPAM), MFI(C16MP,DAB), MFI(C16MP,DAH), respectively. The 

corresponding yields were 56.0%, 73.8%, 72.1% and 70.0%, respectively. 

For comparison, a similar synthesis was performed using ZSM-5 seeds (bulk HZSM-5, 

Si/Al = 50) instead of the SDA at a SiO2/seed molar ratio of 19. The obtained product (yield 

87.8%) is denoted as MFI(C16MP,Seed). Besides, ZSM-5 nanosheet zeolite (Si/Al = 50 in 

the gel) was synthesized using [C22H45–N+(CH3)2–C6H12–N+(CH3)2–C6H13]Br2 as template 

(MFI-sheet).15,21 

5.2.2 Characterization 

X-ray diffraction patterns (XRD) were recorded on a Bruker D4 Endeavor diffractometer 

using Cu Kα radiation with a scanning speed of 0.02 ◦ s-1 in the 2θ range of 5−40°.  

Elemental analysis. The elemental composition of the zeolites was determined by ICP-

OES (Spectro CirosCCD ICP optical emission spectrometer). For analysis, an equivolumetric 

mixture of HF (40 wt% in water), HNO3 (65 wt% in water) and water was used to completely 

dissolve the zeolites. 

Ar physisorption. Surface area and porosity of zeolites were determined by Ar 

physisorption in static mode at 87 K on a Micromeritics ASAP 2020 instrument. The zeolites 

were outgassed at 723 K for 6 h prior to the sorption measurements. The BET surface area 

of ZSM-5 zeolite was determined in the relative pressure range 0.05–0.25. The total pore 

volume was calculated at p/p0 = 0.97. The micropore, mesopore volume and pore size 

distribution (PSD) of zeolites were determined by the NLDFT method (Ar at 87 K assuming 

slit pores without regularization).  

Electron microscopy. Scanning electron microscopy (SEM) images were taken on a FEI 

Quanta 200F scanning electron microscope at an accelerating voltage of 3-5 kV. 

Transmission electron microscopy (TEM) images were taken on a FEI Tecnai 20 at 200 kV. 

Prior to measurements, the samples were suspended in ethanol and dispersed over a holey 

Cu grid coated with a carbon film.  

FTIR spectroscopy. Fourier transform infrared (FTIR) spectra were recorded in the range 

of 4000−800 cm-1 by a Bruker Vertex V70v instrument. The spectra were acquired at a 2 cm-

1 resolution and averaged over 64 scans. Typically, an amount of about 10 mg of zeolite was 

pressed into thin wafers with a diameter of 13 mm and placed inside a controlled-environment 

infrared transmission cell. Before measurement, the zeolite wafer was firstly heated to 823 K 

at a rate of 2 K min-1 in artificial air. Then, the cell was outgassed at the final temperature 
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until the residual pressure was below 5 × 10−5 mbar. A background IR spectrum was recorded. 

For CO adsorption, the sample was cooled to 77 K and CO was introduced into the cell via a 

sample loop connected to a Valco six-port valve. After each dosage, a spectrum was recorded 

at 77 K. To determine the density of acid sites in zeolites, pyridine and 2,4,6-collidine (2,4,6-

trimethylpyridine) was introduced from an ampoule at its vapor pressure for 10 min. 

Afterwards, the cell was evacuated to a pressure lower than 5 × 10−6 mbar. Further spectra 

were recorded at 423 K after outgassing for 1 h at 423 K, 573 K and 773 K. In order to 

quantify the total amount of Brønsted and Lewis acid sites, molar extinction coefficient 

values of 0.73 cm µmol-1 and 1.11 cm µmol-1 were applied, respectively.29 To compute the 

external Brønsted acid sites, a molar extinction coefficient of 10.1 cm µmol-1 of collidine was 

used.30 

NMR spectroscopy. 27Al Nuclear Magnetic Resonance (NMR) spectra were obtained 

using a 11.7 Tesla Bruker DMX500 NMR spectrometer operating at 132 MHz. The NMR 

experiments were performed using a Bruker Triple Channel 2.5 mm MAS probe head 

spinning at 25 kHz. Saturated Al(NO3)3 solution were used for 27Al NMR shift calibration. 

5.2.3 Catalytic activity measurements 

The zeolites were pelletized and crushed into a 125-250 μm particle size. The powdered 

catalyst was placed between quartz wool plugs in a quartz reactor with an internal diameter 

of 4 mm. Prior to reaction, the catalyst was calcined at 823 K in 20 vol% O2 in He. 

For measuring the constraint index (CI), a mixture of n-hexane and 3-methyl pentane 

(45/55 mol/mol) was passed over the catalyst at 686 K. The feed was obtained by leading a 

flow of 20 mL min-1 of He through a saturator containing n-hexane and 3-methylpentane 

(Vol/Vol = 1/1) at 264 K. The reactor effluent was analysed online by gas chromatography 

(Interscience Compact GC equipped with TCD and FID detectors with RT-Q-Bond and Rtx-

1 columns). The reaction was carried out for 20 min. The CI was determined by extrapolating 

the hydrocarbon conversions to zero time via 

CI	 	
log(fraction of n-hexane remaining)

log(fraction of 3-methylpentane remaining)
                                                                          (5.1) 

The MTH reaction was performed at 673 K. Methanol (Merck, 99 %) was introduced to 

the reactor by passing a flow of 30 mL min-1 of He through a saturator filled with methanol. 

The WHSV of methanol was kept at 6 h−1. The reactor effluent was analysed online by gas 

chromatography (Interscience Compact GC equipped with TCD and FID detectors with RT-

Q-Bond and Al2O3/KCl columns).  
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 Results and discussion 

 

Fig. 5.1 Powder XRD patterns of the calcined ZSM-5 zeolites.  

Zeolites were crystallized at 413 K for 6 days under rotation from a gel containing 

colloidal silica and aluminium hydroxide as silica and alumina sources, the hydroxide form 

of C16MP as mesoporogen and a variety of small organic cations as SDAs. Fig. 5.1 shows 

XRD patterns of zeolites obtained using this dual-templating approach with TPAOH, N-

propylamine, 1,4-diaminobutane, 1,6-diaminohexane and diethylamine as SDA. In all cases, 

phase-pure ZSM-5 was obtained with little or no indications of amorphous silica by-

product.13 Peak broadening points to reduced crystal size dimensions, as exemplified by the 

XRD pattern of MFI-sheet, prepared using a diquaternary ammonium surfactant,15,21 and is 

also observed for ZSM-5 zeolites obtained by a combination of C16MP with DAB, DAH or 

DEA. Compared with MFI(C16MP,NPAM) and MFI(C16MP,TPA), the 0k0 reflections 

were severely broadened suggesting that growth in the b-direction of the MFI topology was 

restricted by C16MP. The main MFI reflections of MFI(C16MP,TPA) are equally sharp as for 

bulk ZSM-5 zeolite synthesised only with TPA (Fig. 5.2). In a synthesis with ZSM-5 seeds, 

the use of C16MP without SDA also yields ZSM-5 exhibiting broadened framework 

reflections. C16MP clearly facilitates crystallization, as in a comparable synthesis without 

C16MP mostly amorphous silica was obtained (Fig 5.3). Conversely, when only C16MP was 

used (no SDA and no seeds), amorphous silica was the only product.  
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Fig. 5.2 XRD patterns of calcined materials after 6 days of hydrothermal synthesis. For 

synthesis of bulk MFI, the molar ratio in the gel was: 3TPA : 11Na2O : 0.95Al2O3 : 95SiO2 : 

4000H2O. The main MFI reflections of MFI(C16MP,TPA) are equally sharp as for bulk ZSM-

5 zeolite synthesised only with TPA. 

 

Fig. 5.3 XRD patterns of as-synthesized materials after 6 days of hydrothermal synthesis. 

The molar ratio of the gel composition was: (a) 5C16MP : 12K2O : 0.95Al2O3 : 95SiO2 : 
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4000H2O, and (b) 5Seeds : 12K2O : 0.95Al2O3 : 95SiO2 : 4000H2O. In the absence of SDAs 

or seeds, when C16MP was used as the mesoporogen in the synthesis gel, amorphous material 

was obtained, and only weak patterns related with MFI zeolites are present. While in the 

absence of C16MP, the presence of seeds in the synthesis gel resulted in initial crystallization 

after 6 days of hydrothermal synthesis, which is confirmed by the characteristic pattern of 

MFI zeolite. 

 

 

Fig. 5.4 Representative SEM (top panel) and TEM (bottom panel) images of calcined ZSM-

5 zeolites. 
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Fig. 5.5 XRD patterns of as-synthesized materials after 6 days of hydrothermal synthesis. 

The molar ratio of the gel composition was: (a) 5Seed : 5N-methylpiperidine : 12K2O : 

0.95Al2O3 : 95SiO2 : 4000H2O. In the presence of N-methylpiperidine and seed, bulk ZSM-

5 zeoltie was obtained. 

 
 

Fig. 5.6 (a) SEM and (b)TEM images MFI-sheet. 

 

Representative SEM and TEM images of the zeolites highlight the different morphologies 

obtained (Fig. 5.4). MFI(C16MP,TPA) zeolite consists of large crystalline particles with 

smooth surfaces. In contrast, the other samples are aggregated particles consisting of zeolite 

crystals of different size. These primary zeolite crystals are more uniform in shape and size  
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Fig. 5.7 Ar physisorption isotherms (left) and pore size distribution (PSDs, right) of the 

calcined ZSM-5 zeolites. The PSDs were calculated with the NLDFT method using the 

adsorption branch. 

 

for MFI(C16MP,DAB), MFI(C16MP,DAH) and MFI(C16MP,DEA) than for the other ones. 

MFI(C16MP,DEA) consists of uniform particles of about 20-30 nm. The morphology of 

MFI(C16MP,Seed) also consists of such small particles. The importance of long carbon chains 

in C16MP molecule for nano-crystals formation is confirmed by the finding that, the 

replacement of C16MP by N-methylpiperidine in the gel, with the help of seed, only bulk 

ZSM-5 zeolite is obtained (Fig. 5.5). MFI-sheet has the well-known nanosheet morphology 

with a uniform thickness of ~3 nm in the b-direction (Fig. 5.6).15,31 

In Ar physisorption, MFI(C16MP,TPA) presents the typical type I physisorption isotherm 

(Fig. 5.7) for microporous solids.32 The strong Ar uptake at low relative pressure is due to 

the presence of micropores. The limited uptake at higher pressure implies that the external 

and mesopore surface area are very low.32,33 Differently, the isotherms of the other samples  
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Fig. 5.8 27Al MAS NMR spectra of the hydrated HZSM-5 zeolites. 

 

are of the IV type with clear H4 hysteresis loops. This is common for porous solids that 

contain both micropores and mesopores.32 The hysteresis loop of MFI(C16MP,NPAM) zeolite 

is less pronounced compared with the other zeolites. The NLDFT method (assuming slit-

shaped pores).was employed in this work for estimating the pore size distribution (PSD). The 

characteristic 0.53 nm pore size for ZSM-5 is observed in the PSDs of all of the zeolites. A 

wide distribution of mesopores in the range 2-10 nm is noted for the MFI(C16MP,NPAM), 

MFI(C16MP,DAB) and MFI(C16MP,DAH) samples. MFI(C16MP,DEA) contains larger 

mesopores. Compared with these samples, the much stronger feature in the 2-30 nm range of 

the PSD for MFI(C16MP,Seed) and MFI-sheet points to a higher mesopore volume. The 

corresponding textural properties are listed in Table 5.1. The total pore volume and the 

mesopore volume of the zeolites follow the sequence: MFI(C16MP,TPA) < 

MFI(C16MP,NPAM) < MFI(C16MP,DAB) < MFI(C16MP,DAH) < MFI(C16MP,DEA) < 

MFI(C16MP,Seed) < MFI-sheet. MFI-sheet has a much higher mesopore volume (0.68 cm3 

g-1) and BET surface area (567 cm2 g-1) than the other samples. The micropore volumes of 

the zeolite samples are comparable. Both the isotherms and PSDs fit the SEM and TEM 

analysis, supporting the conclusion that the dual-templating strategy yields materials with an 

intercrystalline mesopore system. 
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Fig. 5.9 Hydroxyl (3800 cm-1−3000 cm-1) and carbonyl (2250 cm-1−2100 cm-1) stretch 

regions of FTIR spectra for dehydrated calcined ZSM-5 zeolites at 77 K as a function of the 

CO coverage. The red and blue spectra represent the spectra at the initial and final CO 

adsorption, respectively. Difference spectra were normalized by weight. 

 

The elemental composition of the zeolites as determined by ICP elemental analysis is 

listed in Table 5.1. The Si/Al ratios are between 40 and 50, close to the value in the starting 

gel. 27Al NMR spectra are given in Fig. 5.8 and were used to probe the local environment of 

Al (Table 5.1). Most of the Al atoms are inserted in the zeolite framework, as evident from 

the strong tetrahedral Al (AlIV) signal at 56 ppm.14,31 The weak feature at 0 ppm seen in some 

samples can be ascribed to extraframework Al species in octahedral coordination (AlVI).14 

Among the hierarchical samples, the fraction of AlIV is lowest for MFI-sheet. This is in line 

with earlier studies, which reported the difficulties in introducing heteroatoms into the MFI 

framework during nanosheet formation.15,17 The value is also relatively low for 

MFI(C16MP,Seed) zeolite.  

FTIR spectroscopy of adsorbed CO at 77 K was employed to determine the acid strength 

of the ZSM-5 zeolites. The corresponding hydroxyl stretch and the carbonyl stretch regions 

of the IR spectra are displayed in Fig. 5.9. The band at 3745 cm-1 observed in all spectra with 

a tail extending to 3700 cm-1 is related to silanol groups resonating freely at the external 
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surface (3745 cm-1) or being weakly perturbed inside the micropores at framework defects.34 

Clearly, MFI(C16MP,TPA) contains much less external and internal silanols than the other 

samples in line with its low external surface area. MFI(C16MP,Seed) and MFI-sheet contain 

the largest amount of silanols. The other MFI(C16MP,NPAM), MFI(C16MP,DAB) 

MFI(C16MP,DAH) and MFI(C16MP,DEA) samples contain similar densities of silanols.  

All zeolites show a stretching band at 3300 cm−1 after CO adsorption, which is 

characteristic of strongly acidic bridging OH groups perturbed by CO.34-36 This band is 

associated with the feature at 3616 cm−1 in the spectra of the dehydrated zeolite due to 

bridging hydroxyl groups. The red shift due to CO adsorption is ~316 cm−1 for all zeolites, 

implying that the Brønsted acid sites in all ZSM-5 zeolites are of similar strength. In the 

carbonyl stretching region, two bands at 2175 cm-1 and 2138 cm-1 belong to CO adsorption 

on Brønsted acid sites and physisorbed CO, respectively.36 The shoulder observed at 2158 

cm-1 observed in some samples is due to CO coordinating to silanols.14,15 

 

Table 5.2 Constraint index (CI) value, total methanol conversion capacity (TCC), product 

distribution and C4+/ ethylene (after 1 h on stream) of ZSM-5 zeolite catalysts for the MTH 

reaction (WHSV = 6 h-1; T = 673 K). 
 

      Zeolite CI TCC 

Selectivity (%) C4+/ 

C
2

=
 C1 C

2

=
 C

2
 C

3

=
 C

3
 C

4+
 Aromatics 

MFI(C16MP,TPA) 2.0 55.6 0.5 10.5 0.7 23.5 3.3 58.2 3.3 5.5 

MFI(C16MP,NPAM) 1.6 250.2 0.9 6.5 <0.1 35.2 2.2 53.1 2.1 8.1 

MFI(C16MP,DAB) 1.6 407.1 0.8 5.5 0.1 25.5 1.7 63.3 3.1 11.5 

MFI(C16MP,DAH) 1.6 452.5 0.3 6.1 0.4 24.5 2.1 64.5 2.2 10.5 

MFI(C16MP,DEA) 1.5 704.3 0.9 5.6 <0.1 35.4 1.9 53.7 2.4 9.5 

MFI(C16MP,Seed) 1.5 500.3 1.3 6.6 0.1 31.9 2.1 53.7 4.5 8.1 

MFI-sheet 1.4 685.6 0.2 2.6 <0.1 41.5 2.0 52.0 1.8 20.0 
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Fig. 5.10 IR spectra of pyridine and 2,4,6-collidine adsorbed on ZSM-5 zeolites after 

evacuation at 423 K (solid line), 573 K (dash dot line) and 773 K (dot line). (A) 

MFI(C16MP,TPA), (B) MFI(C16MP,NPAM), (C) MFI(C16MP,DAB), (D) MFI(C16MP,DAH), 

(E) MFI(C16MP,DEA), (F) MFI(C16MP,Seed) and (G) MFI-sheet. 
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FTIR spectra of pyridine adsorbed on dehydrated ZSM-5 samples followed by evacuation 

at 423 K, 573 K and 773 K (Fig. 5.10, above) were measured to determine the densities of 

Brønsted and Lewis acid sites. The values obtained after evacuation of pyridine at 423 K are 

listed in Table 5.1. Two bands at 1545 cm-1 and 1455 cm-1 are associated with pyridine 

adsorbed on Brønsted and Lewis acid sites, respectively.29 Another band at 1490 cm-1 is 

related to both types of acidity.29 The BAS density is highest for MFI(C16MP,TPA). MFI-

sheet possesses much more LAS than the others, in line with the high extraframework Al 

content determined by 27Al NMR. The densities of Brønsted acid sites on the external zeolite 

surface (including the mesopore surface) were determined by IR spectroscopy of adsorbed 

2,4,6-collidine (Fig. 5.10, below), and the quantitative data are summarized in Table 5.1. The 

peak at 1637 cm-1 is correlated with adsorption of 2,4,6-collidine on BAS.30 As expected, due 

to the limited mesopore surface area, the concentration of BAS on the external surface of 

MFI(C16MP,TPA) zeolite is very low. Both MFI(C16MP,Seed) and MFI-sheet zeolites 

contain a higher concentration of external BAS than the other zeolites, which can be ascribed 

to their much higher external surface area. Interestingly, despite its high mesopore volume, 

MFI(C16MP,DEA) zeolite presents a low density of external BAS (0.03 mmol g-1). This 

suggests that the DEA-C16MP is more conducive to include Al atoms in the bulk of the zeolite 

relative to the surface in comparison with the diquaternary ammonium surfactant used to 

obtain nanosheet ZSM-5. 

The constraint index (CI) as determined by the relative rates of n-hexane and 3-

methylpentane cracking is sensitive to the pore diameter. The results of the CI measurements 

are collected in Table 5.2. As all zeolites in the present study have the MFI pore topology, 

differences in CI are due to the involvement of cracking reactions on the external surface, 

which does not impose pore restrictions. In line with this, MFI(C16MP,TPA) zeolite shows 

the highest CI value (2.0), while CI values in the 1.4-1.6 range are found for the mesoporous 

ZSM-5 samples. The lowest value is observed for zeolite MFI-sheet (1.4), which is the zeolite 

with the highest external surface area and the highest ratio of the density of external BAS vs. 

total BAS. It can also be seen that the differences in CI for the mesoporous zeolites are 

relatively small and trend well with the ratio of external and internal BAS.  
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Fig. 5.11 Methanol conversion of the HZSM-5 zeolites as as a function of time-on-stream. 

The lifetime of the zeolite catalysts as defined by the time to reach a methanol conversion of 

50% is indicated. 

 

The catalytic performance of all ZSM-5 zeolites was evaluated in the MTH reaction. 

Medium-pore zeolites used for methanol conversion processes deactivate due to coke 

formation,37 which is usually associated with diffusion limitations of heavy products formed 

in the micropores.34 The methanol conversion for the ZSM-5 catalysts is displayed in Fig. 

5.11. Details including the product distribution after 1 h time on stream are listed in Table 

5.2. Methanol conversion was complete for all the zeolites at the start of the reaction. The 

lifetime of the zeolites in MTH reaction increases in the order MFI(C16MP,TPA) < 

MFI(C16MP,NPAM) < MFI(C16MP,DAB) < MFI(C16MP,DAH) < MFI(C16MP,Seed) < MFI-

sheet ≈ MFI(C16MP,DEA). As expected, increasing mesoporosity leads to enhanced catalyst 

lifetime. With the shortest lifetime observed for the bulk MFI(C16MP,TPA) zeolite, the 

lifetime correlates well with the mesopore volume. It is interesting to note that 

MFI(C16MP,DEA) has a similar long lifetime as the MFI-sheet zeolite, despite its lower 

mesopore volume. We put forward two possible explanations. Concerning coking 

deactivation, the role of internal and external silanol groups38 and external BAS has been 

discussed.34 According to CO IR, MFI(C16MP,DEA) contains much less internal and external 

silanol groups than MFI-sheet, which is likely not only due to the larger zeolite crystal 

domain size for MFI(C16MP,DEA) but also to a higher crystallinity and lower defect density. 

IR spectra of adsorbed 2,4,6-collidine also show that the external surface of 
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MFI(C16MP,DEA) contains less BAS than MFI-sheet. Importantly, the present study shows 

that a similar optimum performance of nanosheet ZSM-5 in the methanol conversion reaction 

can be obtained by using a much cheaper template than diquaternary ammonium surfactants. 

 

 
Fig. 5.12 Methanol conversion versus cumulative amount of methanol that has been 

converted to hydrocarbons. Extrapolation to zero methanol conversion gives the total 

methanol conversion capacity of the samples. 

As typically observed during methanol conversion with ZSM-5 zeolites, the main products 

are ethylene, propylene and C4+ products. Although the exact mechanism of the “hydrocarbon 

pool” mechanism is very complex, it is usually assumed that the C4+ selectivity is a good 

indicator for the degree of propagation via an olefins-based cycle, while ethylene selectivity 

can be used for assessing the importance of propagation via polymethylated benzene 

intermediates.15,39 A salient detail noted from the data in Table 5.2 is that the C4+/ethylene 

ratio of MFI(C16MP,TPA) zeolite (5.5) is much lower than for the other zeolites with strongly 

reduced crystal domain size. On contrary, MFI-sheet displays the highest C4+/ethylene ratio 

of 20. Thus, the olefins-based cycle becomes more important with increasing mesoporosity. 

We tentatively ascribe this to a shorter intracrystalline residence time of polymethylated 

benzenes with decreasing crystalline domain size, thereby suppressing the aromatics-based 

cycle that results in ethylene. Clearly, the MFI-sheet zeolite stands out on the basis of this 

criterion, consistent with the extremely thin intracrystalline diffusion lengths compared to 

the other zeolites. On this basis, we can add further support for the speculation that a lower 
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defect and external BAS density explains the good catalytic performance of 

MFI(C16MP,DEA).  

The total methanol conversion capacity (TCC) of these zeolites was determined  according 

to the method proposed by Bjørgen et al (Figure 5.12).40 The corresponding data are given in 

Table 5.2. The TCC is lowest for MFI(C16MP,TPA), increases with mesoporosity and is 

highest for MFI(C16MP,DEA) and MFI-sheet zeolite. 

 

 Conclusions 

In summary, a dual-templating synthesis strategy was developed to hydrothermally 

synthesize hierarchical ZSM-5 zeolites. By combination of mono-quaternary ammonium 

surfactant and diethylamine, the obtained hierarchical ZSM-5 zeolite exhibits comparable 

catalytic performance in the MTH reaction as ZSM-5 nanosheet zeolite synthesized by an 

expensive di-quaternary ammonium surfactant. The new hierarchical zeolite is highly 

mesoporous and crystalline with a low amount of silanol and external Brønsted acid sites. 

Instead of diethylamine, N-propylamine, 1,4-diaminobutane and 1,6-diaminohexane can also 

be used to obtain hierarchical ZSM-5. The dual-templating synthesis of hierarchical zeolites 

by combing a mesoporogen with different structure directing agents forms a new strategy to 

obtain hierarchical zeolites. 
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One-step synthesis of hierarchical ZSM-5 using 

cetyltrimethyl-ammonium as mesoporogen and 

structure directing agent 

 

ABSTRACT 

Hierarchical ZSM-5 zeolite is hydrothermally synthesized in a single step with 

cetyltrimethylammonium (CTA) hydroxide acting as mesoporogen and structure-directing 

agent. Essential to this synthesis is the replacement of NaOH with KOH. An in-depth solid-

state NMR study reveals that, after early electrostatic interaction between condensed silica 

and the headgroup of CTA, ZSM-5 crystallizes around the structure-directing agent. The 

crucial aspect of using KOH instead of NaOH lies in the faster dissolution of silica, thereby 

providing sufficient nutrients for zeolite nucleation. The hierarchical ZSM-5 zeolite contains 

mesopores and shows excellent catalytic performance in the methanol-to-hydrocarbons 

reaction.  

 

 

This Chapter has been published as  

Lingqian Meng, Brahim Mezari, Maarten G. Goesten and Emiel J.M. Hensen. Chem. Mater. 

2017, 29, 4091−4096. 
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 Introduction 

In catalysis, molecular confinement can be a bliss or a woe. Zeolites, crystalline 

aluminosilicates with inherent acidity that contain well-defined pores and pore windows, are a 

case in point. Only molecules that fit in the pores may form during a catalytic cycle, and only 

those molecules that can move through the pore windows are allowed to leave the scene of 

catalysis.1 But molecular diffusion suffers from confinement. A notorious problem in industrial 

catalysis, such diffusional limitations may leave a large fraction of acid sites within a zeolite 

crystal unused. The consequences on overall performance are usually crippling: low overall 

efficiencies and undesired secondary reactions, such as coking, lead to lower conversion rate and 

rapid deactivation of the catalyst.2-4  

Hierarchically organized zeolites are materials in which wider pores are integrated in 

crystalline microporous zeolites.5-12 The additional porosity can be placed within or between 

zeolite crystals. Pérez-Ramírez and co-workers demonstrated that there is no need for the 

additional pore network to be ordered to achieve the desired improved catalytic performance.13-17 

In search for a one-step synthesis of hierarchical zeolites by a soft-templating strategy, progress 

has come from the use of amphiphilic organic structure-directing agents (SDA’s). The approach 

to ZSM-5 zeolite nanosheets involves enforced silica-headgroup interaction by diquaternary 

ammonium surfactant (DQAS) SDA’s developed by Ryoo’s group.18 These SDA’s are made by 

multiple alkylation steps, which makes them too expensive for industrial application. Relatively 

inexpensive methods for hierarchical zeolite synthesis do exist, most notably the repetitive 

branching of nanosheets in a one-pot synthesis.19  

Attempts at using cetyltrimetylammonium (CTA) - a similar amphiphilic template with a single 

quaternary ammonium headgroup - as SDA for hierarchical zeolites have been unsuccessful; the 

resulting silicates, such as MCM-41, are ordered at the mesoscale, but lack crystallinity and 

acidity.20-22 Experiments using mixtures of CTA and small SDA’s such as tetrapropylammonium, 

are numerous, but have invariably lead to physical mixtures of ZSM-5 and MCM-41.23,24 Seed-

based approaches using CTA work out well.25-27 Recently, bulk ZSM-5 was synthesized 

successfully in one-step using CTABr as surfactant.28,29  

Yet, the question remains what obstructs obtaining mesoporous ZSM-5 with CTA directly. In 

explaining the difference between Ryoo’s DQAS SDA and CTA, Zhu et al. recently showed that 

CTA’s quaternary ammonium headgroup fails to enter the inorganic matrix from the very onset 

of silica condensation.30 In the late 1980s, Wijnen et al. found that dissolution of silica gel is 

suppressed by tetramethylammonium. The authors showed that silica dissolution can be 

drastically enhanced by using KOH instead of NaOH.31-34 Following this, we replaced NaOH by 

KOH and decreased the CTA/SiO2 ratio in the gel to obtain highly crystalline hierarchical ZSM-

5 zeolites in a single step by hydrothermal synthesis. To the best of our knowledge, this is the first 

time that CTA is reported to simultaneously act as mesoporogen, and SDA, in zeolite synthesis.  
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 Experimental 

6.2.1 Sample preparation 

Hierarchical ZSM-5 zeolite was synthesized as follows: 0.299 g KOH (Aldrich, 90%) and 3.350 

g CTAOH solution (TCI, 10 wt%) were added to 11.085 g demi-water at room temperature. 

Afterwards, 0.033 g aluminium hydroxide (Aldrich) and 3.167 g Ludox AS-40 (Aldrich, 40 wt%) 

were added to the mixture under vigorous stirring. The final gel had a molar composition of 5CTA : 

12K2O : 0.95Al2O3 : 95SiO2 : 4000H2O. After stirring at room temperature for 2 h, the resulting 

gel was transferred into a 45 mL Teflon-lined steel autoclave and heated under rotating (50 rpm) 

at 413 K for 6 days. After crystallization, the white product was filtered, washed with demi-water 

followed by drying overnight at 383 K (1.31 g zeolite). This zeolite was calcined at 823 K for 10 

h under flowing air to remove the surfactant. The calcined zeolite (1.07 g) was ion-exchanged 

three times with 1.0 M NH4NO3 solutions followed by calcination at 823 K for 4 h in flowing air 

to obtain the final proton form (0.95 g). This zeolite is denoted as CTAOH-ZSM-5. A similar 

synthesis was performed using NaOH at the same NaOH/SiO2 ratio. For comparison, bulk ZSM-

5 zeolite was synthesized using tetrapropylammonium hydroxide (TPAOH, Merck, 40 wt%) as 

template. 

6.2.2 Characterization 

X-ray diffraction patterns (XRD) were recorded on a Bruker D4 Endeavor diffractometer 

using Cu Kα radiation with a scanning speed of 0.02 ◦ s-1 in the 2θ range of 5−40° and 0.004° 

s-1 in the 2θ range of 0.7−5°.  

Elemental analysis. The elemental composition of the catalysts was determined by 

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). For analysis, an 

equivolumetric mixture of HF (40 wt% in water), HNO3 (65 wt% in water) and water was 

used to dissolve the zeolites. 

Ar physisorption. Surface area and porosity of zeolites were determined by Ar 

physisorption in static mode at 87 K on a Micromeritics ASAP 2020 instrument. The zeolites 

were outgassed at 723 K for 6 h prior to the sorption measurements. The BET surface area 

of ZSM-5 zeolite was determined in the relative pressure range 0.05–0.25. The total pore 

volume was calculated at p/p0= 0.97. The micropore volume of ZSM-5 zeolites were 

determined by the t-plot method via the Broekhoff-de Boer model in the thickness range 

0.34-0.50 nm. The mesopore volume and pore size distribution (PSD) were determined by 

the NLDFT method (Ar at 87 K assuming slit pores without regularization). 

Electron microscopy. Scanning electron microscopy (SEM) images were taken on a FEI 

Quanta 200F scanning electron microscope at an accelerating voltage of 5 kV. Transmission 

electron microscopy (TEM) pictures were taken on a FEI Tecnai 20 at 200 kV. The samples were 
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suspended in ethanol and dispersed over a carbon coated holey Cu grid with a film prior to 

measurements.  

FTIR spectroscopy. FTIR spectra were recorded in the range of 4000-800 cm−1 by a 

Bruker Vertex V70v instrument. The spectra were acquired at a 2 cm−1 resolution and 

averaged over 64 scans. Typically, the zeolite was pressed into a thin wafer and placed inside 

an infrared transmission cell. Before measurement, the zeolite wafer was firstly heated to 823 

K at a rate of 2 K·min−1 in atmosphere flow of 20 vol% O2 in He. Then, the cell was outgassed 

at this temperature until the residual pressure was below 5 × 10−5 mbar. A background IR 

spectrum was recorded. For CO adsorption, the sample was cooled to 77 K and CO was 

introduced into the cell via a sample loop connected to a Valco six-port valve. After each 

dosage, a spectrum was recorded at 77 K. To determine the density of acid sites in zeolites, 

pyridine was introduced from an ampoule at its vapor pressure at room temperature. The 

exposure time was 10 min. Then, the cell was evacuated to a pressure lower than 5 × 10−6 

mbar. Next, pyridine was removed by evacuation for 1 h at 423, 573 and 773 K. After each 

step, a spectrum was recorded at 423 K. To quantify the total amount of Brønsted and Lewis 

acid sites, molar extinction coefficient values of 0.73 and 1.11 cm·µmol−1 were applied, 

respectively, regardless of the acid strength of zeolites.  

NMR spectroscopy. Nuclear Magnetic Resonance (NMR) spectra were measured using a 11.7 

Tesla Bruker DMX500 NMR spectrometer operating at 500 MHz for 1H, 99 MHz for 29Si, 125 

MHz for 13C and 132 MHz for 27Al. All NMR experiments were performed using a Bruker Triple 

Channel 4 mm MAS probe head spinning at 10 kHz. 1H NMR spectra were recorded with a Hahn-

echo pulse sequence p1-τ1-p2-τ2-aq with a 90o pulse p1 = 5 μs and a 180° pulse p2 = 10 μs. The 

interscan delay was chosen 5 s. Two-dimensional 1H-29Si and 1H-27Al heteronuclear correlation 

(HETCOR) were recorded with a ramped contact pulse of 3 ms. During the acquisition, 1H 

heteronuclear decoupling was applied using the spinal-64 pulse scheme. 1H and 29Si NMR shifts 

were calibrated using tetramethylsilane (TMS). Saturated Al(NO3)3 solution and solid adamantane  

were used for 27Al and 13C  NMR shift calibration, respectively.  

6.2.3 Catalytic activity measurements 

The catalytic activity of ZSM-5 zeolites in the methanol-to-hydrocarbons reaction was 

tested in a quartz tubular fixed-bed reactor with 4 mm inner diameter. Typically, an amount 

of proton form of ZSM-5 zeolite was pressed and sieved into 250-425 μm particles. Prior to 

the reaction, the catalysts were calcined at 823 K in in 20 vol % O2 in He (30 mL·min−1) for 

4 h. The methanol-to-hydrocarbons reaction was performed at 673 K. Methanol (Merck, 99 %) 

was introduced to the reactor by leading a flow of 30 mL·min-1 of He through a saturator. 

The WHSV of methanol was kept at 6·h−1. The product effluent was analysed online by gas 
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chromatography (an Interscience Compact GC equipped with TCD and FID detectors with 

RT-Q-Bond and Al2O3/KCl columns). Dimethylether was used as reactant in the reaction. 

 

 Results and discussion 

 

 

Fig. 6.1 (a) XRD of the as-synthesized CTAOH-ZSM-5 from a composition gel of K2O : 

SiO2 : Al2O3 : CTA : H2O = 12 : 95 : 0.95 : 5 : 4000, and comparison to bulk MFI, and a 

sample synthesized with NaOH; (b and c) SEM and (d and e) TEM images of CTAOH-ZSM-

5. 

 

Fig. 6.1 shows that crystalline hierarchical ZSM-5 zeolites can be obtained after six days 

autoclaving at 413 K with commercially available CTAOH. The same synthesis using NaOH 

yields an amorphous product (Fig. 6.2). The XRD pattern of the fully crystallized zeolite after 

6 days, and also the relative intensity ratios of dominant (011), (200), (031) and (051) 

reflections are practically unchanged with regard to those obtained for bulk MFI. This 

indicates that CTAOH does neither promote nor inhibit certain crystallographic planes of 

ZSM-5 in synthesis, an effect associated with molecular recognition.  
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Fig. 6.2 SEM (left) and TEM (right) images of  as-synthesized material. The molar ratio of 

the gel composition was: 5 CTA : 12 Na2O : 95 SiO2 : 4000 H2O. When NaOH instead of 

KOH was used as base source in the synthesis gel, an amorphous solid was obtained. 

 

 
 

Fig. 6.3 Low-angle XRD spectra of bulk ZSM-5 and the as-synthesized CTAOH-ZSM-5 

after 2, 4 and 6 days of hydrothermal synthesis, as well as a comparison to the sample 

synthesized with NaOH.  
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Probing for larger d-spacings in the low-angle part of the XRD pattern (Fig.6.3), we found 

a broad reflection. Although too diffuse to reasonably relate to any sort of repetitive 

symmetry, it is a hint at low-order secondary structuring at the meso-scale. SEM (Fig. 6.1b 

and 6.1c) and TEM (Fig. 6.1d and 6.1e) analyses of CTAOH-ZSM-5 indicate an 

agglomeration of nano-sized crystals. 

 

Fig. 6.4 MAS NMR experiments. The molecule, inserted in the bottom right corner shows 

the documented 1H chemical shifts of CTA, to act as guideline for the 1H dimension in all 2D 

spectra. The top three graphs show 1H-29Si HETCOR spectra of CTAOH-ZSM-5 after (a) 2 

days (b) 4 days and (c) 6 days; (d) 1H-27Al HETCOR spectrum of CTAOH-ZSM-5 after 6 

days of synthesis, and (e) 1H-29Si HETCOR spectrum of the sample after 6 days, with NaOH 

instead of KOH in synthesis. 

 

Before exploring the texture in more detail, we focus on the peculiar effect of combining 

KOH with low concentration of CTA. A thorough MAS NMR study was carried out, focusing 

on the evolution of NMR patterns of the 1H, 13C, 29Si and 27Al nuclei. The structure was 

studied in detail by two-dimensional 1H-29Si HETCOR (Fig. 6.4) and 1H-27Al MAS NMR 

(single dimension data in Fig. 6.5 and 6.6). These two experiments are highly suitable for 

mechanistic studies on SDA-silicate interactions, as they can reveal proximities of CTAOH 

H’s to (proto)zeolitic Si’s.35,36 And as will be shown,  the temporal evolution of that vicinity. 

The 2D spectra are shown in Fig. 6.4. The top row displays three 1H-29Si HETCOR MAS 

NMR spectra, taken after 2, 4 and 6 days. The 1H and 29Si single dimension spectra are 

represented twice: in blue projections from the 2D plot, in black 1D cross-polarization spectra. 
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The black curves give a high-resolution representation of the chemical nature of the species 

present, but they should not be interpreted in quantitative fashion. As can be seen, the single 
29Si dimension shows presence of both Q3 and Q4 29Si (the subscript denotes the number of 

bridging O’s). The significant presence of a Q3 29Si resonance represents a sign of incomplete 

condensation. The 2D correlation, for 2 days of synthesis (Fig. 6.4a), is as expected: intense 

cross-peaks are observed between CTA’s head group and the silicate, which at this stage is 

amorphous (see Fig. 6.1). In Fig. 6.4, an inset is placed to denote the 1H resonances of CTA. 

We will refer to the methylene protons closest to the head group, with their detectable 

resonance, as β-methylene. The absence of correlation between 29Si and β-methylene 1H from 

CTA indicates that latter’s headgroup is not settled within the silica. So at this stage, structure 

direction appears a no-go, but the situation changes.  

After 4 days (Fig. 6.4b), Q4 intensifies with respect to Q3, a sign of further condensation. 

XRD showed that bulk crystallization has well begun and proceeded. In the 2D spectrum, 

new correlations appear. Perhaps initially appearing as a single large cross-peak, closer 

inspection reveals (at both sides in the 1H dimension) cross-peaks for the terminal methyl, 

and β-methylene of the hydrophobic tail. ZSM-5 has crystallized around CTA’s entire tail. 

 

 

 
 

Fig. 6.5 1H-29Si CPMAS NMR spectra of the as-synthesized material after 2, 4 and 6 

days of hydrothermal synthesis. The molar ratio of the gel composition was: 5 CTA : 

12 K2O : 0.95 Al2O3 : 95 SiO2 : 4000 H2O.  
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Fig. 6.6 27Al single pulse MAS NMR (a) and 1H-27Al CPMAS NMR (b) spectra of the 

as-synthesized material after 2, 4 and 6 days of hydrothermal synthesis. The molar 

ratio of the gel composition was: 5 CTA : 12 K2O : 0.95 Al2O3 : 95 SiO2 : 4000 H2O.  

 
Fig. 6.7 1H-13C CPMAS NMR spectra of as-synthesized material after 2, 4 and 6 days 

of hydrothermal synthesis. The molar ratio of the gel composition was: 5 CTA : 12 

K2O : 0.95 Al2O3 : 95 SiO2 : 4000 H2O. 

This is also supported by the changes observed in the 1D 1H-13C CPMAS NMR spectra 

(Fig. 6.7). These bring all CTA’s 13C resonances in high resolution. After 2 days of synthesis, 

the methyl 1H’s of CTA’s tail are not visible. This has been noted before, and is an effect of 

high molecular mobility preventing efficient 1H-13C cross-polarization.37 But after 4 days, the 

signal is there, indicating a reduced mobility for the terminal methyl group, which has 

become encapsulated by the zeolite. Returning to the 2D 1H-29Si experiment, it is further 

noted that there is an absence of cross-peaks between Q3 29Si and CTA’s tail 1H’s. This 
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indicates that the hydrophobic part of the SDA resides within the bulk of crystallizing 

CTAOH-ZSM-5, and not (exclusively) near the crystal surface. 

Towards the end of synthesis, after 6 days (Fig. 6.4c), the Q3 29Si resonance has become 

marginal (although still there, Fig. 6.5). At this stage, only surface 29Si’s, of the ZSM-5 

crystals, give rise to this signal. The signals in both 1D and 2D dimensions have sharpened, 

indicating a high degree of molecular ordering; the sign of a crystalline material. The same 

picture can be sketched from the perspective of 1D 27Al experiments (Fig. 6.6): a sharpening 

of the 27Al signal indicates progressive order with time. A 1H-27Al HETCOR MAS NMR 

experiment taken after 6 days (Fig. 6.4d) corroborates this: two sharp cross-peaks indicate 

close distances between Al and CTAOH. There appears no preferential location for 

aluminium, as it correlates with both the tail and head group of CTA. 

 

Fig. 6.8 The mechanism of hierarchical ZSM-5 zeolite formation in the presence of CTAOH 

and KOH, and amorphous silica formation in the presence of NaOH. 

 

On the basis of Fig. 6.4e, the importance of using KOH instead of NaOH is to be stressed 

again. As seen from Fig. 6.4e, 6 days of an analogous synthesis, with NaOH instead of KOH, 

produces a dominant Q3 signal (incomplete condensation). And there is only correlation 

between CTA’s head group protons, in the 2D plot. Clearly, for Si to dissolve from the 

amorphous silicate source, and interact with CTA, KOH is required. 
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Fig. 6.9 XRD pattern of as-synthesized material. The molar ratio of the gel composition was: 

12 K2O : 95 SiO2 : 0.95 Al2O3 : 4000 H2O. Without CTAOH in the synthesis gel, an 

amorphous material was obtained. 

 

A tentative mechanism explaining the chain of events leading to formation of mesoporous 

ZSM-5 is depicted in Fig. 6.8. As usually the case, crystallization here, is preceded by 

formation of an amorphous gel phase, in which the negatively charged silicate surface is 

compensated by alkali cations. In line with literature31-34 and as shown above, K+ (instead of 

Na+) favors dissolution of silicate species from this amorphous solid. This is crucial, for 

primary nucleation is driven by supersaturation of silicate species in the solution. The 

importance of CTAOH in the nucleation step relates to the observation that no crystalline 

zeolite could be obtained in a similar synthesis without CTAOH (Fig. 6.9). CTA’s 

hydrophobic tail limits crystal growth, resulting in the final hierarchical material. To further 

support the hypothesis that nucleation is indirectly inhibited by Na+, a small amount of bulk 

H-ZSM-5 zeolite seed crystals were added to the synthesis gel. In this case, (secondary) 

nucleation proceeded towards a similar material, just as obtained with KOH, without seeds 

(Fig. 6.10 and Fig. 6.11). Finally, it was observed that, in an all-silica synthesis, needle-like 

ZSM-48 (MRE; one-dimensional 10MR pore system) was obtained instead of ZSM-5 (Fig. 

6.12).38 
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Fig. 6.10 XRD pattern and SEM image (inset) of the as-synthesized ZSM-5 from a 

composition gel of Na2O : SiO2 : Al2O3 : seed: CTA : H2O = 12 : 95 : 0.95 : 5 : 5 : 4000. 

 

 
 

 

Fig. 6.11 (Left) Ar physisorption isotherm and (right) pore size distribution of the calcined 

material. NaOH was used as base. The molar ratio of the gel composition was: 5 CTA : 12 

Na2O : 95 SiO2 : 4000 H2O : 5 seed. The proton form of bulk ZSM-5 was used as seed. 
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Fig. 6.12 XRD pattern (top), SEM (bottom a) and TEM (bottom b and c) images of the as-

synthesized material. The molar ratio of the gel composition was: 5 CTA : 12 K2O : 95 SiO2 : 

4000 H2O. Without Al source in the synthesis gel, ZSM-48 zeolite was obtained. 
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Fig. 6.13 (a) Ar physisorption isotherm of CTAOH-ZSM-5 and bulk ZSM-5, and (b) the 

corresponding pore size distribution, calculated by the NLDFT method.  
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Fig. 6.14 The fit between the obtained data points in Ar physisorption experiment and the 

curve in NLDFT model (Ar at 87 K assuming slit-shape pores without regulation). 

 

In Ar physisorption, CTAOH-ZSM-5 displays a hysteresis loop, and a climbing slope at 

the intermediate pressure range (Fig. 6.13). The loop does not close until the equilibrium 

pressure is very close to the saturation pressure. In terms of IUPAC classifications, the 

isotherm is of the H4 type.39 From the shape of the isotherm, we infer that a complex, 

hierarchical material containing micropores and mesopores was obtained.40 In comparison to 

bulk ZSM-5, additional micropores are present, evident from the strong uptake at very low 

pressures. As common estimations for the pore size distribution (PSD) such as the BJH 

method are considered unreliable for the H4 type of isotherm,40 the NLDFT method was 

applied, assuming slit-shaped pores. Fig. 6.14 shows that this results in a satisfactory fit. The 

computed PSD displayed in Fig. 6.13b confirms the existence of an additional set of 

micropores, next to the micropore system of ZSM-5, centered around 0.54 nm. There is also 

a broad set of larger pores, stretching into the macropore regime, from 2 to 40 nm. The 

corresponding textural properties are listed in Table 6.1. The shape of the PSD, as well as the 

documented fact that H4 isotherms are typically observed for aggregates of nanosized zeolite 

crystallites,41 fits our SEM and TEM analysis. The combination of microscopy and sorption, 

thus suggests that the secondary (larger) set of pores in CTAOH-ZSM-5, originates from 

voids between intergrown nanocrystals. 
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Fig. 6.15 The performance of CTAOH-ZSM-5 as catalyst in methanol-to-hydrocarbons 

reactions compared to bulk ZSM-5. 

 

The catalytic performance of CTAOH-ZSM-5 was compared with bulk ZSM-5 in the 

methanol-to-hydrocarbons (MTH) reaction, a stock reaction in the field of hierarchically 

organized zeolites and important to an oil-independent future.42 The currently employed 

zeolite catalysts for that process, suffer from premature deactivation due to coking, which 

appears as a result of diffusional limitations. CTAOH-ZSM-5’s act as acid-catalyst is 

displayed in Fig. 6.15. It is clear that CTAOH-ZSM-5’s longevity as catalyst is excellent, 

with significant decline in performance only occurring after 50 hours. For comparison, this 

happens for bulk ZSM-5 already after 19 hours. The product selectivities of the two zeolites 

are similar, which suggests that reaction mainly takes place within the micropores (Table 6.2). 

Since the Brønsted acidity in CTAOH-ZSM-5 is similar in strength and number, as compared 

to bulk ZSM-5 (Fig. 6.16, 6.17, and Table 6.3), we conclude that additional porosity enhances 

the catalytic performance 
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Fig. 6.16 (Left) Hydroxyl and (right) CO stretch regions in the FTIR spectra of bulk ZSM-5 

(a and b) and CTAOH-ZSM-5 (c and d) recorded at 77 K. The spectra were normalized by 

the weight of the catalysts. The two zeolites show an OH stretching band around 3300 cm−1, 

characteristic for strongly acidic bridging hydroxyl groups that are perturbed by CO. They 

involve, for both cases, a red shift of ~ 316 cm−1 with respect to unperturbed bridging OH 

groups. The equal red shift for these two materials implies that the Brønsted acid sites are 

similar in strength.  

 

Table 6.1 Textural properties of bulk ZSM-5 and CTAOH-ZSM-5 zeolites determined by 

argon physisorption.  

Zeolite 
S

BET
a 

(m2 g−1) 

V
tot 

b 

(cm3 g−1) 

V
meso

c 

(cm3 g−1) 

V
micro

d 

(cm3 g−1) 

Bulk ZSM-5 342.7 0.18 0.02 0.11 

CTAOH-ZSM-5 401.5 0.34 0.11 0.11 

a BET surface area obtained in the relative pressure range (p/po) of 0.05-0.25; b total pore 

volume at p/p0= 0.97;  c mesopore volume calculated by the NLDFT method. d micropore 

volume calculated by the t-plot method via the Broekhoff-de Boer model in the thickness 

range 0.34-0.50 nm.  
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Figure 6.17 IR spectra of pyridine adsorbed on CTAOH-ZSM-5, and bulk ZSM-5, after 

evacuation at 423, 573, and 773 K. 

 

Table 6.2 Methanol conversion (dimethyl ether is considered as reactant), and product 

selectivities of ZSM-5 zeolite catalysts for the methanol-to-hydrocarbons reaction (WHSV = 

6 h−1; T = 673 K) after 1 h time on stream. 

Zeolite 

Selectivity (%) 

CH4 C
2

=
 C

2
 C

3

=
 C

3
 C

4

=
 C

4
 C

5+
 Aromatics 

Bulk ZSM-5 0.4 9.5 <0.1 30.1 3.5 21.5 18.4 13.4 3.0 

CTAOH-ZSM-5 0.3 7.8 0.1 35.3 2.3 26.7 13.9 8.4 5.2 

 

Table 6.3. Si/Al ratio and concentration of acid sites in the bulk ZSM-5 and CTAOH-ZSM-

5 zeolites.  

Catalyst Si/Ala [BAS] (μmol g1)b [LAS]
 
(μmol g-1)c 

Bulk ZSM-5 45.0 265 75 

CTAOH-ZSM-5 53.4 231 43 
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a Determined by ICP-OES analysis; b Concentration of Brønsted acid sites determined by IR 

spectra of adsorbed pyridine after evacuation for 1 h at 423 K; c Concentration of Lewis acid 

sites determined by IR spectra of adsorbed pyridine after evacuation for 1 h at 423 K. 

In summary, we propose a new one-pot synthesis of hierarchical ZSM-5, based on 

CTAOH and KOH. Both chemicals are commercially available, and involve a facile upgrade 

with respect to established synthesis to bulk zeolite. The replacement of NaOH by KOH, to 

facilitate dissolution of silicate from an amorphous condensed precursor, is thought-

provoking. And we believe it is worthy of further exploration, possibly finding extension to 

a broader range of zeolite topologies, and hierarchical architectures.  
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Direct synthesis of hierarchical ZSM-5 zeolite using 

cetyltrimethylammonium as structure directing 

agent for methanol-to-hydrocarbons conversion 

 

ABSTRACT 

Hierarchical ZSM-5 zeolite can be obtained in a one-step synthesis approach using 

cetyltrimethyl-ammonium (CTA) as the sole organic template. The reduced crystal domain 

size and the presence of mesopores result in improved catalytic performance in methanol-to-

hydrocarbon (MTH) reaction as compared to bulk ZSM-5. We investigated the role of the 

base (LiOH, NaOH, KOH, RbOH, CsOH), the H2O/CTA ratio, the Si/Al ratio and counter-

ion of CTA (OH- vs. Br-). The crucial role of KOH and RbOH is evident as only these bases 

allow dissolution of the amorphous silica-alumina precursor to such extent that zeolite 

crystallization occurs. With other bases, silica dissolution is too limited to start zeolite 

crystallization, corroborated by the observation that seeding the synthesis gel rapidly led to 

mesoporous ZSM-5 zeolite for all bases. With KOH, mesoporous zeolite was obtained in the 

H2O/CTAOH 800−3200 range. The role of Al is also important as without it only ZSM-48 

zeolite could be formed, while a too high Si/Al ratio of 20 did not lead to nucleation. A highly 

crystalline, hierarchical ZSM-5 free from extraframework Al synthesized from a gel with 

KOH as base, H2O/CTAOH and Si/Al ratios of 800 and 50, respectively displayed the highest 

catalytic performance in the MTH reaction, outperforming bulk ZSM-5. 
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  Introduction 

Zeolites are crystalline microporous aluminosilicates commonly used as catalysts, 

adsorbents and membranes in the chemical industry. They are typically obtained by slow 

crystallization of silica-alumina gels in which inorganic and/or organic templates direct the 

structure of the zeolite.1-10 The void-filling organic templates are called structure-directing 

agents (SDAs). ZSM-5 is one of the most widely used zeolites and belongs to the pentasil 

family of zeolites. It contains a three-dimensional 10-membered ring pore system composed 

of channels and intersections.11 Notwithstanding the advantages of the microporous nature 

of zeolites in terms of shape selectivity, the small pore size for ZSM-5 (~5.5 Å) as compared 

with typical crystal size (0.1-10 μm) usually limits the catalytic performance due to severe 

mass transport limitations, as not the entire internal micropore space is effectively used and 

secondary reactions such as coking can prematurely deactivate the zeolite catalyst by pore 

blocking.6,12 Optimizing catalytic performance through tailoring the pore texture of zeolites 

is currently a very important research topic in academia and industry.8,13  

Increased mass transport from active sites in the zeolite micropore space to the external 

surface can for instance be achieved by decreasing the diffusion length, e.g., by shaping 

zeolite crystals into rods, sheets or nanocrystals. But in ordinary syntheses, such crystals of 

high aspect ratio are thermodynamically unfeasible due to Ostwald ripening, which is driven 

by surface tension.1 The synthesis of hierarchical zeolites in the absence of organic templates 

has also been achieved recently.14-16 An alternative approach is to use surfactants that form a 

liquid crystals at early synthesis times. This topic has been well investigated in the last two 

decades.17-22 Surfactants usually have a hydrophilic head group which can serve as a 

structure-directing moiety in zeolite synthesis, while the hydrophobic tail can be involved in 

stabilizing textures at the mesoscale. So, cetyltrimethyl-ammonium (CTA, usually charge-

stabilized by Br- or OH-) is up for consideration, as it is an inexpensive, long-tail surfactant, 

and an analogue of tetramethyl ammonium (TMA), a known SDA in zeolite synthesis.23 

When CTA’s surfactant-like properties were successfully exploited in silica condensation, 

hexagonal arrays, similar to those in beeswax, of silicate were formed: MCM-41.24 Yet, the 

structure does not contain long-range atomic order and the walls are made up of amorphous 

silica: structure-direction at the meso-scale comes at the cost of microcrystallinity and 

hydrothermal stability. Afterwards, it was also realized that inclusion of aluminium in these 

ordered mesoporous silicas did not induce acidity inherent to zeolites and, accordingly, 

materials like those in the M41S and SBA-n mesoporous silicas are regarded as unfit to 

replace zeolites in industrial applications.25-30  

There have been many attempts at synthesizing hierarchical zeolites with CTA. A notable 

strategy relied on combining a conventional SDA such as tetrapropylammonium for ZSM-5 
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synthesis with CTA. But the resulting materials are invariably physical mixtures of MCM-

41 and zeolite, which shows that two types of SDA do not generally work in concert to 

generate a hierarchical structure.25,26 Recently, it has been reported that hierarchical ZSM-5 

zeolite can be synthesized in the presence of CTA, albeit it that seeds are required likely to 

act as a crystal surface on which further zeolite growth occurs.31-35  

Yet, it remains unclear what obstructs obtaining mesoporous ZSM-5 with CTA directly.36 

Following the breakthrough finding that using the diquaternary ammonium surfactant 

(DQAS) SDAs developed by Ryoo’s group can lead to the formation of ZSM-5 zeolite 

nanosheet.17 Zhu et al. recently showed that the difference between Ryoo’s DQAS SDA and 

CTA resides in fact that the CTA’s quaternary ammonium head group fails to enter the 

inorganic matrix from the very onset of silica condensation, while the diquaternary 

ammonium head group in DAQS SDA shows enforced interaction with the silica matrix 

already during room temperature mixing of the zeolite synthesis ingredients.37 Recently, we 

have demonstrated that replacement of NaOH by KOH facilitates dissolution of silicate from 

the initially amorphous condensed silica precursor, allowing to obtain highly crystalline 

hierarchical ZSM-5 zeolites in a single-step synthesis procedure with CTA as the only 

organic SDA.38 This approach emphasizes that CTA can act both as an SDA and as a 

mesoporogen towards hierarchical ZSM-5 formation. The faster crystallization is due to the 

higher dissolution rate of the mesoporous silica precursor in the presence of KOH. The 

increased concentration of silicate anions at elevated temperatures induces zeolite nucleation. 

Thus, hierarchical ZSM-5 zeolite is obtained according to a dissolution-crystallization 

mechanism rather than a solid-solid transformation. The obtained zeolite showed much 

higher catalytic performance in the methanol-to-hydrocarbon (MTH) reaction compared with 

a bulk ZSM-5 sample. 

Herein, we investigated the crystallization of gels containing CTA as a SDA and 

mesoporogen in more detail in order to establish under which conditions direct synthesis of 

mesoporous ZSM-5 zeolite is possible. We varied the type of base (LiOH, NaOH, KOH, 

RbOH and CsOH), the CTA concentration, the counter ion of CTA and the Al content. The 

obtained materials were characterized by elemental analysis, powder X-ray diffraction 

(XRD), Ar porosimetry, high-resolution scanning electron microscopy (SEM), transmission 

electron microscopy (TEM) and Fourier transform infrared spectroscopy (FTIR). The 

catalytic performance of the hierarchical ZSM-5 zeolites was compared with a bulk ZSM-5 

zeolite in the MTH reaction.  
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 Experimental 

7.2.1 Sample preparation 

Cetyltrimethyl-ammonium hydroxide (CTAOH, TCI, 10 wt%) and cetyltrimethyl-

ammonium bromide (CTABr, Aldrich, 95%) were used as received. Ludox AS-40 (Aldrich, 

40 wt%) was the silica source in all syntheses. Aluminum hydroxide and all the mineralizing 

agents (e.g. NaOH, KOH) in the work were purchased from Aldrich. Hydrothermal synthesis 

was performed using the gel compositions given in Table 7.1. In a standard synthesis, 0.299 

g KOH and 3.350 g CTAOH solution were added to 11.085 g demi-water at room 

temperature. Afterwards, 0.033 g aluminium hydroxide and 3.167 g Ludox AS-40 were 

added to the mixture under vigorous stirring. The final gel had a molar composition of 5CTA 

: 12K2O : 0.95Al2O3 : 95SiO2 : 4000H2O. After stirring at room temperature for 2 h, the 

resulting gel was transferred into a 45 mL Teflon-lined steel autoclave and heated under 

rotating (50 rpm) at 413 K for 6 days. After crystallization, the white product was filtered, 

washed with demi-water followed by drying overnight at 383 K. The zeolite was calcined at 

823 K for 10 h under flowing air to remove the surfactant. The calcined zeolite was ion-

exchanged three times with 1.0 M NH4NO3 solutions followed by calcination at 823 K for 4 

h in flowing air to obtain the final proton form. For comparison, bulk-ZSM-5 zeolite was 

synthesized using tetrapropylammonium hydroxide (TPAOH, Merck, 40 wt%) as template. 

7.2.2 Characterization 

Elemental analysis. The elemental composition of the zeolites was determined by ICP-OES 

(Spectro CirosCCD ICP optical emission spectrometer). For analysis, an equivolumetric 

mixture of HF (40 wt% in water), HNO3 (65 wt% in water) and water was used to completely 

dissolve the zeolites. 

XRD patterns. XRD patterns were recorded on a Bruker D4 Endeavor using Cu Kα radiation 

with a scanning speed of 0.02 ° s-1 in the 2θ range of 5−40° and 0.004° s-1 in the 2θ range of 

0.7−5°.  

Ar physisorption. Surface area and porosity of zeolites (H form) were determined by Ar 

physisorption in static mode at 87 K on a Micromeritics ASAP 2020 instrument. The zeolites 

were outgassed at 723 K for 6 h prior to the sorption measurements. The BET surface area 

of ZSM-5 zeolite was determined in the relative pressure range 0.05–0.25. The total pore 

volume was calculated at p/p0 = 0.97. The micropore, mesopore volume and pore size 

distribution (PSD) of zeolites were determined by the NLDFT method (Ar at 87 K assuming 

slit pores without regularization).  

Electron microscopy. Scanning electron microscopy (SEM) images were taken on a FEI 

Quanta 200F scanning electron microscope at an accelerating voltage of 5 kV. Transmission 
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electron microscopy (TEM) pictures were taken on a FEI Tecnai 20 at 200 kV. The samples 

were suspended in ethanol and dispersed over a holey Cu grid coated with carbon film prior 

to measurements. 

FTIR spectroscopy. FTIR spectra were recorded in the range of 4000−800 cm-1 by a Bruker 

Vertex V70v instrument. The spectra were acquired at a 2 cm-1 resolution and averaged over 

64 scans. Typically, an amount of about 10 mg of zeolite was pressed into thin wafers with a 

diameter of 13 mm and placed inside a controlled-environment infrared transmission cell. 

Before measurement, the zeolite wafer was firstly heated to 823 K at a rate of 2 K·min-1 in 

artificial air. Then, the cell was outgassed at the final temperature until the residual pressure 

was below 5 × 10−5 mbar. A background IR spectrum was recorded. For CO adsorption, the 

sample was cooled to 77 K and CO was introduced into the cell via a sample loop connected 

to a Valco six-port valve. After each dosage, a spectrum was recorded at 77 K.  

NMR spectroscopy. 27Al Nuclear Magnetic Resonance (NMR) spectra were measured using 

a 11.7 Tesla Bruker DMX500 NMR spectrometer operating at 132 MHz. The NMR 

experiments were performed using a Bruker Triple Channel 2.5 mm MAS probe head 

spinning at 25 kHz. Saturated Al(NO3)3 solution were used for 27Al NMR shift calibration. 

 

7.2.3 Catalytic activity measurements 

The catalytic activity of ZSM-5 zeolites in the MTH reaction was determined in a quartz 

tubular fixed-bed reactor with an inner diameter of 4 mm. Typically, the proton form of ZSM-

5 zeolite was pressed and sieved into 250−425 μm particles. Prior to the reaction, the sample 

was calcined in the reactor at 823 K in 20 vol % O2 in He (30 mL·min-1) for 4 h. The 

methanol-to-hydrocarbons reaction was performed at 673 K. Methanol (Merck, 99%) was 

introduced to the reactor by passing a He flow of 30 mL min−1 through a thermostated 

saturator. The weight-hourly space velocity (WHSV) of methanol was kept at 6 h−1. The 

product effluent was analyzed online by gas chromatography (an Interscience Compact GC 

equipped with TCD and FID detectors with RT-Q-Bond and Al2O3/KCl columns). Catalytic 

lifetime is defined as the time to reach 50% of methanol conversion. Dimethyl ether (DME) 

was considered as a reactant.10 

 Results and discussion 

7.3.1 Influence of CTA concentration 
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Fig. 7.1 (A) Small-angle and (B) wide-angle powder XRD patterns of the as-synthesized 

samples from a composition gel of K2O : SiO2 : Al2O3 : CTAOH : H2O = 12 : 95 : 0.95 : x (x 

= 0, 1.25, 2.5, 5, 7.5) : 4000. (a) MFI(0CTA, K, 0.95Al), (b) MFI(1.25CTA, K, 0.95Al), (c) 

MFI(2.5CTA, K, 0.95Al), (d) MFI(5CTA, K, 0.95Al) and (e) MFI(7.5CTA, K, 0.95Al). 

*Characteristic pattern for α-quartz. 

 
 

We first optimized the synthesis of mesoporous ZSM-5 zeolite in the KOH/SiO2/CTA 

system and varied the H2O/CTAOH ratio. Fig. 7.1 shows that crystalline ZSM-5 zeolite can 

be obtained after 6 days autoclaving at 413 K with a molar H2O/CTAOH ratio in the 

800−3200 range. Without CTA, only amorphous silica and a small fraction of α-quartz was 

obtained. The broad feature in the small-angle region of the XRD patterns, observed for all 

zeolites, is too diffuse to be correlated to any sort of symmetry although it hints at partial 

order at the mesoscale. The order increases with rising CTA concentration. At the highest 

CTA concentration, crystallization did not occur and only amorphous silica was formed.  
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The SEM images in Fig. 7.2A show substantial differences in the morphology among the 

materials. Without CTA in the gel, the obtained material exhibits two morphologies, namely 

that of nanolayers and nanoparticles, which are assumed to be related to α-quartz39 and 

amorphous silica, respectively. The three zeolites have the morphology of agglomerated 

nanocrystals. Increasing the surfactant CTAOH concentration in the synthesis gel led to a 

decreased crystal size. This emphasizes the role of CTA as mesoporogen during 

crystallization. In Ar physisorption (Fig. 7.2B), the ZSM-5 zeolites MFI(2.5CTA, K, 0.95Al) 

and MFI(5CTA, K, 0.95Al) display a clear hysteresis loop and a climbing slope at the 

intermediate pressure range. The loop does not close until the relative pressure is quite close 

to the saturation pressure. The hysteresis is more pronounced with increasing CTA 

concentration in the gel. According to IUPAC classifications, the two isotherms are of the IV 

shape with a H4 hysteresis loop,40,41 which is generally attributed to a hierarchical porous 

material containing both micropores and mesopores. The strong uptake at low relative 

pressure certifies the presence of micropores.40 Differently, the zeolite MFI(1.25CTA, K, 

0.95Al) has a type I isotherm. The limited Ar uptake after the initial uptake in the micropores 

indicates the low external/mesopore surface area. As common estimations for the pore size 

distribution (PSD) such as the BJH method are considered unreliable for isotherms containing 

H4-type hysteresis loops,40 we employed the NLDFT method assuming slit-shaped pores 

without regulation. A distinct peak at 0.53 nm in the PSDs of all the zeolites (Fig. 7.2C) 

corresponds to the pore size of ZSM-5 zeolites. There is also a wide distribution of larger 

pores, stretching into the mesopore range up to 40 nm. The corresponding textural properties 

are listed in Table 7.2. The total pore volume and the mesopore volume of the zeolites follow 

the sequence: MFI(1.25CTA, K, 0.95Al) < MFI(2.5CTA, K, 0.95Al) < MFI(5CTA, K, 

0.95Al), indicating the importance of CTA for generating mesopores in zeolites. Consistent 

with the high crystallinity of these three samples, their micropore volume is similar. Both the 

isotherms and shape of the PSDs fit our SEM analysis, emphasizing that the secondary set of 

pores in the zeolites originates from voids between intergrown nanocrystals. 

The three HZSM-5 zeolites were evaluated as catalysts for the MTH reactions (Fig. 7.2D). 

Details including the product distribution after 1 h time on stream are listed in Table 7.3. The 

catalytic performance of bulk-ZSM-5 with similar Al content (Table 7.2) was included for 

comparison. Methanol conversion was complete for all the zeolites at the beginning of the 

reaction. The lifetime of the zeolites in MTH reaction follows the sequence: bulk-ZSM-5 < 

MFI(1.25CTA, K, 0.95Al) < MFI(2.5CTA, K, 0.95Al) < MFI(5CTA, K, 0.95Al), indicating 

that the additional porosity strongly enhances the catalyst lifetime. The main products of the 

three zeolites after 1 h time on stream are ethylene, propylene and C4+ products, as typically 

observed for methanol conversion by ZSM-5 zeolites.42-44 Although the exact nature of the 

“hydrocarbon pool” species in the MTH reaction remains unclear,45-48 it is widely accepted 
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that ethylene selectivity can be used for assessing the importance of the propagation via 

polymethylated benzenes, while C4+ selectivity is considered as an indicator for the degree of 

propagation via the olefins-based cycle.10,49 A salient detail noted from the data in Table 7.3 

is that the C4+/ethylene ratio of the ZSM-5 zeolites increased in the order: MFI(1.25CTA, K, 

0.95Al) < MFI(2.5CTA, K, 0.95Al) < MFI(5CTA, K, 0.95Al). Thus, the olefins-based cycle 

appears to become more important with increasing mesoporosity. We tentatively attribute 

this to a shorter intracrystalline residence time of aromatics with decreasing crystalline 

domain size. The increasing mesoporosity is due to a smaller crystalline domain size. 

 

Fig. 7.2 (A) SEM images of the as-synthesized samples; (B) Ar physisorption isotherm, (C) 

the corresponding pore size distribution, and (D) methanol conversion as a function of time 

on stream for the three zeolites (H form) as well as bulk-ZSM-5 in the MTH reaction. (a) 

MFI(0CTA, K, 0.95Al), (b) MFI(1.25CTA, K, 0.95Al), (c) MFI(2.5CTA, K, 0.95Al), (d) 

MFI(5CTA, K, 0.95Al) and (e) MFI(7.5CTA, K, 0.95Al). Catalytic lifetime is defined as the 

time to reach 50 % of methanol conversion. Dimethyl ether (DME) was considered as a 

reactant. 
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7.3.2 Influence of base 

 
 

 

Fig. 7.3 (A) Small-angle and (B) wide-angle powder XRD patterns; (C) SEM and (D) TEM 

images of the as-synthesized materials. (a) MFI(5CTA, Li, 0.95Al), (b) MFI(5CTA, Na, 

0.95Al), (c) MFI(5CTA, K, 0.95Al), (d) MFI(5CTA, Rb, 0.95Al) and (e) MFI(5CTA, Cs, 

0.95Al). The molar ratio of the composition in the gel is X2O (K2O, Li2O, Na2O, Rb2O, 

Cs2O) : SiO2 : Al2O3 : CTAOH : H2O = 12 : 95 : 0.95 : 5 : 4000. *Characteristic pattern for 

lithium metasilicate (Li2Si2O5). 
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Fig. 7.3A and Fig. 7.3B respectively show the small- and wide-angle XRD patterns of the 

as-synthesized materials using different bases. Similar with the standard synthesis procedure, 

the XRD pattern of the sample synthesized in the presence of RbOH instead of KOH is 

characteristic for MFI zeolite. The electron microscopy images (Fig. 7.3C and 7.3D) show 

that the MFI(5CTA, Rb, 0.95Al) sample is made up from aggregates of MFI nanocrystals. 

The Ar physisorption isotherm in Fig. 7.4A is of type IV with a H1 hysteresis loop. According 

to literature, such hysteresis loop is often associated with porous materials exhibiting a 

narrow distribution of relatively uniform cylindrical-like pores.40,41 In accordance with this, 

the PSD of this material (Fig. 7.4B) shows a sharp peak centered at about 3.75 nm in the 

mesopore range. The textural properties collected in Table 7.2 show that the hierarchical 

ZSM-5 possesses higher total pore volume and mesopore volume in comparison with the 

bulk-ZSM-5 zeolite. On the other hand, the micropore volumes of these two zeolites are 

comparable, justifying the conclusion that the crystallinity of MFI(5CTA, Rb, 0.95Al) is high. 

Important for our later comparison of the catalytic performance of these samples in the MTH 

reaction, Table 7.2 shows that the MFI(5CTA, Rb, 0.95Al) possesses similar framework Al 

content as the bulk-ZSM-5 sample. Fig 7.4C illustrates that the MFI(5CTA, Rb, 0.95Al) has 

a longer lifetime in MTH reaction than the bulk-ZSM-5 zeolite, which is mainly due to the 

hierarchical structure of the zeolite in line with earlier findings for mesoporous ZSM-5 

synthesized by standard procedure.10 Importantly, compared with bulk-ZSM-5, the higher 

C4+/ethylene ratio of MFI(5CTA, Rb, 0.95Al) in the product selectivities (Table 7.3) indicates 

the higher contribution of the olefins-based cycle in methanol conversion. Interestingly, 

although with substantial mesoporosity, the MFI(5CTA, Rb, 0.95Al) displays much shorter 

lifetime than MFI(5CTA, K, 0.95Al) synthesized in the presence of KOH. 

When the same syntheses were carried out with NaOH or CsOH in the gel, the XRD 

patterns of the obtained materials were that of amorphous silica.50 The use of LiOH as base 

resulted in the mixture of amorphous silica and lithium metasilicate.51 The lithium 

metasilicate part consists of nanorods with a thickness around 50 nm.  

A tentative mechanism for the growth of these hierarchical zeolites in the presence of 

different bases is shown in Fig. 7.5. Upon ageing the gel at room temperature, an amorphous 

silica-alumina precursor is formed in which the negatively charged silicate surface is 

compensated by alkali and CTA cations.52 It has been demonstrated before that, compared 

with Cs+ and Li+, K+ and Rb+ favor dissolution of silicate species from amorphous silica to 

form monomeric silicate species.53,54 We argue that (super)saturation of soluble (monomeric 

and oligomeric) silicate species will therefore occur easier and so does nucleation.54 As 

discussed earlier, nucleation likely involves the interaction of silicate species with the 

quaternary ammonium head group of CTA. The hydrophobic tails then have the effect of 

interrupting zeolite growth, resulting in final hierarchical ZSM-5 zeolite. Another aspect of 
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the work of Van Santen and co-workers is that TMA also slows silica dissolution. This 

explains the recalcitrance to crystallization at high CTA concentration in our study. 

 
 

Fig. 7.4 (A) Ar physisorption isotherm, (B) the corresponding pore size distribution and (C) 

the methanol conversion as a function of time on stream for the MFI(5CTA, Rb, 0.95Al) 

zeolite (H form) in the MTH reaction. The zeolite was synthesized from a composition gel 

of Rb2O : SiO2 : Al2O3 : CTAOH : H2O = 12 : 95 : 0.95 : 5 : 4000. Catalytic performance of 

bulk-ZSM-5 and MFI(5CTA, K, 0.95Al) in MTH reaction was also shown in Fig. 4C for 

comparison. 

To further support the hypothesis that nucleation is indirectly inhibited by the stabilization 

of the silica-alumina precursor by Li+, Na+ and Cs+
 ions, a small amount of HZSM-5 seeds 

was added to the synthesis gel (Fig. 7.5).55 From the XRD patterns in Fig. 7.6, we can see 

that in all the three cases ZSM-5 zeolite was obtained after 6 days of hydrothermal synthesis. 

Interestingly, the morphologies of these three materials are quite different. MFI(5CTA, Li, 

0.96Al, seed) contains ZSM-5 particles and certain impurities of rod-like lithium metasilicate. 

MFI(5CTA, Na, 0.96Al, seed) is composed of aggregated nanoparticles (< 50 nm), while the 

MFI(5CTA, Cs, 0.96Al, seed) zeolite is not uniform in morphology, containing nanolayers 

and nanoparticles. Correspondingly, the catalytic performance of these three materials (H 

form) in MTH reaction differs significantly. MFI(5CTA, Na, 0.96Al, seed) had a lifetime as 

high as 89 h. Although initial methanol conversion reached 97%, the MFI(5CTA, Cs, 0.96Al, 

seed) zeolite started to deactivate already after 5 min time on stream. MFI(5CTA, Li, 0.96Al, 

seed) only converted 42% of methanol in the initial time on stream, and its catalytic activity 

decreased dramatically in 24 h reaction. 
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Table 7.3 Lifetime and product selectivities of ZSM-5 zeolite catalysts for the MTH reaction 

after 1 h time on stream. 
 

Zeolite Lifetime
a

(h) 

Selectivity (%) 

CH
4
 C

2

=
 C

2
 C

3

=
 C

3
 C

4+
 Aromatics 

MFI(5CTA, K, 0.96Al) 50 0.3 7.8 0.1 35.3 2.3 49.0 5.2 

MFI(1.25CTA, K, 0.96Al) 26 0.6 14.1 0.3 35.9 5.2 41.8 1.0 

MFI(2.5CTA, K, 0.96Al) 44 1.0 11.8 0.1 37.4 3.8 43.6 1.6 

MFI(5CTA, Rb, 0.96Al) 34 0.3 6.7 0.2 41.9 1.1 46.6 3.3 

MFI(5CTA, Li, 0.96Al, seed) - 0.8 5.1 <0.1 25.4 <0.1 39.7 28.8 

MFI(5CTA, Na, 0.96Al, seed) 89 0.5 8.9 <0.1 38.7 2.9 46.8 2.0 

MFI(5CTA, Cs, 0.96Al, seed) - 0.3 5.0 0.3 51.1 1.0 36.0 6.3 

MFI(5CTA, K, 0.28Al) - 1.2 3.6 0.2 52.0 0.3 32.0 9.9 

MFI(5CTA, K, 2.38Al, seed) - 0.6 8.2 0.1 30.0 3.9 44.7 12.5 

MFI(5CTABr, K, 0.96Al) 46 0.3 6.8 0.5 37.5 1.6 53.3 2.2 

bulk-ZSM-5  19 0.4 9.8 0.1 31.1 3.7 54.8 0.1 

a Time to reach methanol conversion of 50 %, DME was considered as reactant. WHSV = 6 

h−1; T = 673 K. 

 

 
Fig. 7.5 The mechanism of hierarchical ZSM-5 zeolite and ZSM-48 zeolite formation. 
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Fig. 7.6 (A) SEM images, (B) small-angle and (C) wide-angle powder XRD patterns of as-

synthesized materials; (D) methanol conversion over the H form of three zeolites. (a) 

MFI(5CTA, Li, 0.96Al, seed) (b) MFI(5CTA, Na, 0.96Al, seed) and (c) MFI(5CTA, Cs, 

0.96Al, seed). The molar ratio of the composition gel is Li2O (or Na2O, Cs2O) : SiO2 : Al2O3 

: CTAOH : H2O : seed = 12 : 95 : 0.95 : 5 : 4000 : 5. *Characteristic pattern for lithium 

metasilicate. 

 

7.3.3 Influence of Al content  

We also varied the Al content in the synthesis gel. XRD (Fig. 7.7) shows that without Al 

in the gel phase-pure ZSM-48 zeolite is obtained. This zeolite has the *MRE topology 

comprised of a tubular pore system with pore diameter of 0.56 nm × 0.56 nm.56,57 The 

corresponding SEM (Fig. 7.8A and 7.8B) and TEM (Fig. 7.8C) images show that the obtained 

ZSM-48 zeolite is composed of aggregated nanowires with a thickness of about 20 nm. 

According to the database of the Structure Commission of the International Zeolite 

Association (IZA-SC), both MFI and *MRE frameworks contain the composition building 

unit of mel. Besides, the MFI structure contains mor (t-tes), cas and mfi (t-pen) units, while 

the *MRE topology contains imf (t-imf-7) and afi (t-afi) units. These units are shown in Fig. 

7.9. We hypothesize that under our synthesis conditions, in the initial nucleation stage of 

zeolite formation, the presence of Al is necessary for forming part of/all mor (t-tes)/cas/ mfi 

(t-pen) units, which results in further MFI zeolite growth. Instead, in the absence of Al the 

units of imf (t-imf-7) and afi (t-afi) are formed for further *MRE zeolite growth. Fig. 7.10 

displays the Ar physisorption isotherm and corresponding PSD of calcined ZSM-48. A type 

IV isotherm can be seen with a distinct H1 hysteresis loop at very narrow relative pressure 
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range between p/p0 = 0.35 and 0.65, which indicates a narrow distribution of mesopores.40 A 

weak uptake at low relative pressure is indicative of the low micropore volume. In line with 

this, there is no clear feature related to micropores in the PSD. A distinct peak centered 

around 3.4 nm can be ascribed to the uniform voids between nanorods, which is inconsistent 

with the display of a hysteresis loop in a narrow relative pressure range. The corresponding 

textural properties are listed in Table 7.2. The nano-rod ZSM-48 zeolite has a total pore 

volume and a mesopore volume of 0.40 cm3 g-1 and 0.35 cm3 g-1, respectively. The BET 

surface area is about 234 m2 g-1. The micropore volume is only 0.02 cm3 g-1.  

 
 

Fig. 7.7 (A) Small-angle and (B) wide-angle powder XRD patterns of samples synthesized 

from a composition gel of K2O : SiO2 : Al2O3 : CTAOH : H2O = 12 : 95 : x (x = 0, 0.24, 0.95, 

2.38) : 5 : 4000. (a) MFI(5CTA, K, 0Al), (b) MFI(5CTA, K, 0.24Al), (c) MFI(5CTA, K, 

0.95Al) and (d) MFI(5CTA, K, 2.38Al). #Characteristic pattern for ZSM-48 zeolite.  

 

Interestingly, the XRD pattern confirms that the addition of a small amount of Al in the 

gel (Si/Al = 200) already changed the outcome of the synthesis towards formation of ZSM-

5 zeolite instead of ZSM-48. The MFI(5CTA, K, 0.24Al) sample only contains 0.31 wt% of 

Al according to elemental analysis, with about half of it ending up in framework positions 
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after calcination (Table 7.2). SEM (Fig. 7.8D) shows that MFI(5CTA, K, 0.24Al) is not 

uniform in particle size. Ar physisorption presents a clear H4 hysteresis loop in the type-IV 

isotherm with a narrow PSD in the mesopore range centered at about 3.4 nm (Fig 7.10A and 

7.10B). The distinct peak at 0.53 nm is in line with the pore size of MFI topology. A salient 

detail noted from the data in Table 7.2 is that MFI(5CTA, K, 0.24Al) zeolite possesses a high 

mesopore volume of 0.14 cm3 g-1. The micropore volume is 0.13 cm3 g-1, similar with that of 

bulk-ZSM-5. Due to the low Al content, the methanol conversion was not complete for this 

hierarchical ZSM-5 at the start of the MTH reaction, although it presented a good stability 

(Fig. 7.10C). This may be due to the lower acid site density which implies a lower rate of 

secondary reactions leading to coke.43 Secondly, the hierarchical pore system leads to the 

enhanced utilization of Brønsted acid sites in the inner crystal particles.50,58 Similar with the 

bulk-ZSM-5, the main products were ethylene, propylene and C4+ products after 1 h time on 

stream. The product distribution was shifted to propylene and aromatics instead of ethylene 

and higher olefins. 
 

 
 

 

Fig. 7.8 (A, B, D and E) SEM images, and (C) TEM image of samples synthesized from a 

composition gel of K2O : SiO2 : Al2O3 : CTAOH : H2O = 12 : 95 : x (x = 0, 0.24, 2.38) : 5 : 

4000. (A, B and C) MFI(5CTA, K, 0Al), (D) MFI(5CTA, K, 0.24Al) and (E) MFI(5CTA, K, 

2.38Al). 
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Fig. 7.9 Composite building units of *MRE and MFI zeolites according to database of the 

Structure Commission of the International Zeolite Association. 

 

 
 
 
Fig. 7.10 (A) Ar physisorption isotherm and (B) PSD of calcined (a) MFI(5CTA, K, 0Al) 

and (b) MFI(5CTA, K, 0.24Al); (C) Methanol conversion as a function of time on stream 

over bulk-ZSM-5 and MFI(5CTA, K, 0.24Al) (H form). 
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Fig. 7.11 (A) Small-angle and (B) wide-angle powder XRD patterns and (C) SEM images of 

as-synthesized MFI(5CTA, K, 2.38Al, seed); (D) Ar physisorption isotherm, (E) PSD and 

(F) Methanol conversion as a function of time on stream over MFI(5CTA, K, 2.38Al, seed) 

(H form). The zeolite was synthesized from a composition gel of K2O : SiO2 : Al2O3 : CTAOH 

: H2O : seed = 12 : 95 : 2.38 : 5 : 4000 : 5. Methanol conversion over bulk-ZSM-5 was shown 

in (F) for comparison. 

 

Setting the Si/Al ratio to 20 in the synthesis gel, the obtained MFI(5CTA, K, 2.38Al) 

material shows a broad peak between 15°−35° in XRD pattern (Fig .7.7), which is typical for 

amorphous silica.50 The corresponding SEM image confirms that MFI(5CTA, K, 2.38Al) 

consists of nanoparticles. A tentative explanation is that the high Al content of the solid 

precursor binds the cations strongly so that dissolution is slowed down and therefore no 

supersaturation as well as nucleation is reached. To confirm this hypothesis, a small amount 

of ZSM-5 seeds was added into the gel. As expected, the obtained material shows the 

characteristic XRD pattern of MFI zeolite (Fig. 7.11A). Importantly, the broadening of the 

reflections between 22°−25° are indicative of the small crystal domain size.9 In agreement 

with this, the SEM images (Fig. 7.11B) show that the zeolites are aggregated nano-needles 

with a uniform thickness about 20 nm. The proton-form of this zeolite shows a distinct H1 
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type hysteresis loop in the Ar physisorption isotherm (Fig 7.11D), indicating the presence of 

uniform mesopores. The PSD displays two peaks centered at 0.53 nm and 4.0 nm, which can 

be related to MFI micropores and uniform voids between the nano-needles, respectively. The 

corresponding textural properties are listed in Table 7.2. Consistent with its high crystallinity, 

the micropore volume of MFI(5CTA, K, 2.38Al, seed) is similar with that of bulk-ZSM-5. 

In contrast, the hierarchical zeolite contains significantly higher mesopore volume (0.24 cm3 

g-1) and total pore volume (0.37 cm3 g-1) than its bulk counterpart. According to 27Al NMR 

spectroscopy, most of the Al ends up in the zeolite framework position for such high Al 

content. Compared with bulk-ZSM-5, MFI(5CTA, K, 2.38Al, seed) shows pronounced 

stability in the MTH reaction. The deactivation only occurs after 40 h time on stream. 

Especially, the aromatics selectivity is much higher than for bulk-ZSM-5. This is ascribed to 

the higher reaction rates of oligomerization, cyclization and dehydrogenation of olefins in 

zeolite channels that contain more Brønsted acid sites.44  

 

7.3.4 Influence of CTA counter-ion 

We also verified the outcome of the synthesis when CTAOH was replaced by CTABr. 

The wide-angle XRD patterns (Fig. 7.12B) confirm that pure MFI zeolite was obtained after 

8 days hydrothermal synthesis using CTABr as SDA. Compared with the standard recipe in 

which highly crystallized MFI zeolite was obtained after 6 days hydrothermal synthesis using 

CTAOH as the SDA, the application of CTABr as SDA slows the crystallization slightly and 

about 8 days are required to obtain highly crystalline zeolite. The broad peak in the small-

angle XRD patterns (Fig. 7.12A) evidence the partially ordered mesoporosity of 

MFI(CTABr, K, 0.96Al). SEM (Fig. 7.12C) and TEM (Fig. 7.12D) images show that the 

zeolite consists of agglomerated nano-particles with dimensions in the range of 20−50 nm. 

These images also show mesoporous voids between the primary particles. We mention that 

in establishing solid certainty on the validity of this result, we have reproduced the synthesis 

on 5 occasions, using different and sterile autoclaves for each experiment. It turns out that 

only 2 out of these 5 occasions succeeded, while the other 3 cases resulted in the formation 

of amorphous silica. Differently, in the case of using CTAOH as SDA, we always obtained 

the desired crystalline zeolite material. 

As seen in Fig. 7.13, when CTABr is used as SDA, variation of the parameters results in 

similar materials as obtained with CTAOH. Without Al in the synthesis gel, ZSM-48 zeolite 

was obtained, controlling the Si/Al ratio in the 50−200 range results in ZSM-5 zeolite 

formation, and high Al content in the gel (Si/Al = 20) results in amorphous silica. Amorphous 

silica was obtained when applying LiOH, NaOH and CsOH as the base instead of KOH. 

Using CTABr at a molar ratio H2O/CTABr = 800−1600 leads to ZSM-5 zeolite formation, 
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while without CTABr or with higher CTABr concentration (H2O/CTABr = 533.3) only 

amorphous silica was formed.  

 

Fig. 7.12 (A) Small-angle and (B) wide-angle XRD patterns of the as-synthesized materials 

from a composition gel of K2O : SiO2 : Al2O3 : CTABr : H2O = 12 : 95 : 0.95 : 5 : 4000 after 

(a) 2, (b) 4, (c) 6 and (d) 8 days synthesis; (C) SEM and (D) TEM images of the as-

synthesized material obtained after 8 days synthesis using the above recipe. 
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Fig. 7.13 Phase diagrams obtained using CTABr as SDA. *Success rate: 2 out of 5 synthesis. 
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Fig. 7.14 (Left) Hydroxyl and (right) CO stretch regions in the FTIR spectra of bulk-ZSM-5 

(a and b) and MFI(5CTABr, K, 0.96Al) (c and d, H form) recorded at 77 K. The spectra were 

normalized by the weight of the catalysts.  

 

Fig. 7.14 shows the hydroxyl and CO stretch regions in the FTIR spectra of bulk-ZSM-5 

and MFI(5CTABr, K, 0.96Al) recorded at 77 K. The two zeolites show an OH stretching 

band around 3300 cm−1, characteristic for strongly acidic bridging hydroxyl groups that are 

perturbed by CO.59,60 They involve, for both cases, a red shift of  ~ 316 cm−1 with respect to 

unperturbed bridging OH groups.10 The equal red shift for these two materials implies that 

the Brønsted acid sites are similar in strength. In the carbonyl stretching region, two bands at 

2175 cm-1 and 2137 cm-1 can be observed, which belong to CO adsorption on Brønsted acidic 

sites and physisorbed CO, respectively.10 The frequency of CO coordinating to the Brønsted 

acid sites does not depend on the morphology of these two ZSM-5 zeolite. 

Ar physisorption isotherm and PSD for MFI(5CTABr, K, 0.96Al) zeolite are shown in 

Fig. 7.15. The additional presence of mesoporosity in the zeolite is evident from the H4 type 

hysteresis loop in the Ar physisorption isotherm. The strong uptake at low relative pressure 

confirms the presence of micropores. The PSD indicates the presence of mesopores, next to 

the micropore system of ZSM-5. Table 7.2 further shows that this hierarchical zeolite has 

very favorable textural properties and, most notably, a high mesopore volume (0.11 cm3 g-1). 
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The potential of this mesoporous ZSM-5 zeolite in acid catalysis was evaluated by 

determining its catalytic performance in the MTH reaction. Fig. 7.15C shows methanol 

conversion as function of time on stream for MFI(5CTABr, K, 0.96Al) and bulk-ZSM-5. The 

hierarchical ZSM-5 zeolite showed much longer lifetime (46 h) than bulk-ZSM-5 (19 h). As 

the elemental analysis and 27Al NMR data confirm that these samples contain a similar 

amount of framework Al (Table 7.2), the greatly improved performance can be attributed to 

the smaller crystal domains in the hierarchical zeolite, effectively reducing mass transport 

limitations. The product distribution for MFI(5CTABr, K, 0.96Al) is similar with the one 

observed for bulk-ZSM-5 after 1 h time on stream, in which the main products are ethylene, 

propylene and C4+ hydrocarbons.  

 
 

Fig. 7.15 (A) Ar physisorption isotherm, (B) the corresponding pore size distribution and (C) 

methanol conversion as a function of time on stream in the MTH reaction for MFI(5CTABr, 

K, 0.96Al) (H form). Catalytic performance of bulk-ZSM-5 in MTH reaction was also shown 

in (C) for comparison.  

 

  Conclusions 

In this work, we explored the conditions under which hierarchical ZSM-5 zeolite can be 

obtained in a one-pot synthesis procedure using CTA as the only template. A key aspect in 

these syntheses is that a mesoporous silica-alumina precursor is obtained initially which can 

transform to mesoporous zeolite through dissolution of silicate species at temperatures 

conducive to zeolite nucleation in the presence of CTA via a dissolution-recrystallization 

mechanism. We varied the base (LiOH, NaOH, KOH, RbOH and CsOH), the H2O/CTA ratio, 

the Al content and the counter ion of CTA (Br- or OH-).  
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Mesoporous ZSM-5 zeolite can be obtained in this way in the KOH/CTAOH/SiO2 system 

at H2O/CTA ratios in the 800−3200 range. Without CTAOH, a mixture of amorphous silica 

and α-quartz was obtained, while a too high H2O/CTA did not allow fast enough dissolution 

of silicate species, consistent with the known role of quaternary ammonium cations in 

stabilizing silica. While KOH and RbOH allowed obtaining hierarchical ZSM-5 zeolite in 

this way, the use of NaOH and CsOH as base mainly led to amorphous silica. That is a too 

small or too large alkali cation impedes silica dissolution. For LiOH, this was also the case 

with an additional lithium silicate being obtained in that particular case. The conclusion that 

solubilisation of silica is too slow with LiOH, NaOH and CsOH is corroborated by the finding 

that seeding the synthesis with ZSM-5 resulted in formation of mesoporous ZSM-5 zeolites 

in all cases. Our results also point out the necessity of Al in the synthesis gel for crystallizing 

ZSM-5 zeolite. Without Al, only ZSM-48 was obtained. Setting the Si/Al ratio in the 50−200 

range in the gel resulted in hierarchical ZSM-5. Higher Al content in the gel (Si/Al = 20) did 

not allow obtaining zeolite, although again the use of seeds facilitated ZSM-5 crystallization 

in the form of nano-needles with uniform thickness. This result indicates an important role 

of Al concentration in zeolite nucleation. Finally, replacing CTAOH with CTABr led to 

similar results although the reproducibility of such syntheses was found to be lower. A highly 

crystalline, free from extraframework Al and hierarchical ZSM-5 synthesized from a gel with 

KOH as base, H2O/CTAOH = 800, Si/Al = 50 and CTAOH as the template displays the 

highest catalytic performance in the MTH reaction, clearly outperforming bulk ZSM-5. An 

important implication of this work is that care has to be taken when exploring the use of 

organic templates in the synthesis of hierarchical zeolites using NaOH as mineralizing base. 

Stabilizing an amorphous silica precursor by Na+ at temperatures at which zeolite nucleation 

can in principle proceed may obscure the potential of organic surfactants to direct silicate 

structures at the micro- and mesoscale. 
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Summary 

 

Hierarchical MFI zeolites: novel synthesis 
strategies and applications in catalysis 

 
Zeolites are an important class of catalyst materials extensively used in the chemical 

industry for the conversion of different types of feedstock to chemicals and fuels. Zeolites 

are microporous crystalline aluminosilicates, typically obtained through hydrothermal 

synthesis of appropriate sources of Si and Al as well as organic structure-directing agents 

(SDAs). MFI is one of the most used zeolites, characterized by its three-dimensional 10-

membered ring pore system (~ 5.5 Å). Mass transport limitations arise from the similar size 

of the micropores with the reactants and products that diffuse to and from the active sites in 

zeolites. Optimizing performance through tailoring the texture of zeolites is a very important 

research area in academia and industry. 

The research in this thesis addresses novel approaches to obtain hierarchical zeolites, 

which are characterized by the presence of an additional pore system to the one arising from 

the zeolite framework itself. Usually, this constitutes mesopores that separate the 

microporous domains. Breakthrough in this field has come from the use of diquaternary 

ammonium surfactant (DQAS) developed by Ryoo’s group.1 The ammonium head group of 

DQAS can direct the MFI zeolite formation, while the long hydrophobic tail limits the crystal 

growth. The obtained ZSM-5 zeolites exhibit a sheet-like structure with their size in the b-

direction of MFI’s crystal structure reduced to several unit cell dimensions. By varying the 

number of ammonium groups in the hydrophilic head group, the thickness of such ZSM-5 

zeolite nanosheets can be controlled.2 So far, there have been many promising showcases of 

the potential of these bifunctional surfactants or their analogues for the synthesis of 

nanostructured zeolites. However, these DQAS are made by multiple alkylation steps, which 

makes them too expensive for industrial application. Thus, it would be appealing to employ 

cheaper surfactants such as monoquaternary ammonium surfactants for synthesizing 
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hierarchical zeolites. This thesis focus on applications (Chapter 2-4) and novel synthesis 

strategies (Chapter 5-7) in catalysis of hierarchical MFI zeolites.  

In Chapter 2, a set of Fe/ZSM-5 zeolite nanosheets with thickness of ~2-3 nm and ~6-8 

nm and with varying Fe content were synthesized, extensively characterized and compared 

to bulk Fe/ZSM-5 zeolite in the oxidation of benzene to phenol with nitrous oxide. For all of 

these zeolites, steaming is effective in increasing the number of active Fe2+ centers for N2O 

decomposition and benzene oxidation. The degree of Fe aggregation during steaming 

increases with the Fe content and the crystal domain size. These two parameters also strongly 

affect the catalytic performance. Decreasing the number of active centers along the b-

direction of the zeolite crystals substantially suppresses secondary reactions of phenol and, 

accordingly, the deactivation rate. This together with the absence of diffusional limitations 

in nanosheet zeolites explains the much higher phenol yield, which can be obtained with 

nanostructured Fe/ZSM-5. Steamed Fe/ZSM-5 zeolite nanosheet synthesized using C22-6-

3·Br2 (domain size in b-direction ~2-3 nm) and containing 0.24 wt% Fe exhibits the highest 

catalytic performance. During the first 24 h on stream, this catalyst produced 185 mmolphenol 

g-1. Calcination to remove the coke deposits completely restores the initial activity. The 

optimized catalyst retains its improved activity and stability during benzene oxidation at high 

benzene-to-nitrous oxide ratio. 

In Chapter 3, a series of bulk and sheet-like MFI zeolites with varying acidity was 

obtained by hydrothermal synthesis using gels containing Al3+, Ga3+, Fe3+ or B3+. All obtained 

materials had the MFI zeolite topology, consisting either of crystals of several hundreds of 

nanometers (tetrapropylammonium SDA, bulk zeolites) or several-nanometer-thick platelets 

(C22-6-6·Br2 SDA, sheet zeolites). NMR spectroscopy showed that a high fraction of the 

relatively small B and Al cations was inserted in the MFI framework, whereas only about 

half of the Ga and Fe cations ended up in in the framework. The Brønsted acid strength as 

determined from the bridging hydroxyl frequency shift upon CO adsorption decreased in the 

order Al(OH)Si > Ga(OH)Si > Fe(OH)Si >> B(OH)Si. Judged from the intensity of the band 

due to CO adsorbed on bridging hydroxyl groups, the concentration of Brønsted acid 

decreased in the order Al(OH)Si > Ga(OH)Si > Fe(OH)Si >> B(OH)Si for bulk and 

Al(OH)Si > Fe(OH)Si > Ga(OH)Si >> B(OH)Si for sheet-like zeolites. Especially, the 

amount of Brønsted acid sites was lower in sheet-like [Ga]MFI in comparison with bulk 

[Ga]MFI. Pyridine-15N NMR spectra showed that there was more than one population of 

Brønsted acid sites in the zeolites. This was most evident for the [Ga]MFI with one type of 

acid sites being stronger than the other one. The [B]MFI contained only Brønsted acid sites 

of the weaker sort. The Lewis acid sites in [B]MFI zeolites were also weaker than that those 

in [Ga]MFI and [Al]MFI zeolites, the latter samples displaying similar Lewis acid strengths. 

In general, the acidity in the nanosheet zeolites was weaker than in the bulk zeolites, mainly 
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due to a lower efficiency in the inclusion of tervalent cations in the framework. The sheet-

like Al based MFI zeolites exhibited the highest longevity in the MTH reaction, strongly 

outperforming its bulk [Al]MFI counterpart. While the lower acidity of bulk [Ga]MFI led to 

better catalytic performance than bulk [Al]MFI, the sheet-like [Ga]MFI sample was found to 

be nearly inactive. The Fe- and B-substituted zeolite samples displayed very low catalytic 

performance due to their too low acidity. Based on the selectivities, the MTH reaction was 

dominated by olefins-based catalytic cycles. Nevertheless, the improved catalyst longevity 

of the sheet-like [Al]MFI zeolite can be attributed to shorter residence time of aromatic coke-

precursors in the micropores (as evident from the lower ethylene selectivity) than of bulk 

[Al]MFI zeolite. 

In Chapter 4, the influence of zeolite domain size and acidity on the hydroconversion of 

n-decane and n-nonadecane was investigated. For this purpose, bulk and desilicated 

(mesoporous) zeolites were compared to nanosheet zeolites of 3 and 6-8 nm at Si/Al ratios 

of 20 and 40. Ar physisorption results revealed the presence of large mesopore volume in 

nanosheet zeolites. All zeolites exhibit similar acid strength. At Si/Al = 20, the density of 

Brønsted acid site follows the order MFI(TPA,20) > MFI(meso,20) > MFI(2N,20) ≈ 

MFI(4N,20), and there is lower variation for the value of MFI(TPA,40), MFI(2N,40) and 

MFI(4N,40). Specifically, 2,4,6-collidine IR measurements confirmed that the acid sites were 

located much more on the external surface in thick nanosheet catalysts than those in thin 

nanosheets and bulk zeolites. The isomerization of n-decane over Pd-containing bulk ZSM-

5 bifunctional catalysts led a typical to n-methylnonane distribution with an 

overrepresentation of 2-methyl nonane. When nanosheet catalysts were used, a more uniform 

distribution of n-methylnonane isomers was obtained. The formation of bulky tribranched 

C10 isomers is severely hindered for all the catalysts, which is related to a combination of 

transition-state shape-selectivity and product-diffusion selectivity. Hydrocracking is delayed 

when the crystal size is reduced. The highest skeletal isomerization yield is observed for the 

thick nanosheet zeolites, which is possibly due to the larger number of external Bronsted acid 

sites in the thick nanosheet zeolites in comparison to the thin ones. The carbon number 

distribution of bulk ZSM-5 catalyst displayed a typical “M” shape, which is more bell-shaped 

for nanosheet catalysts. The short residence time of the fragments inside the short nanosheet 

samples suppresses secondary cracking. All catalysts give low yields of skeletal isomers 

throughout the whole range of n-nanodecane conversion. The strongly skewed distributions 

are indicative of significant over-cracking due to the long residence times of the 

hydrocarbons in the medium-pore zeolite domains. 

In Chapter 5, a dual-templating synthesis strategy was developed to hydrothermally 

synthesize hierarchical ZSM-5 zeolites. By combination of mono-quaternary ammonium 

surfactant C16H33-[N+-methylpiperidine] (C16MP) and diethylamine, the obtained 
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hierarchical ZSM-5 zeolite exhibits comparable catalytic performance in the MTH reaction 

as ZSM-5 nanosheet zeolite synthesized by an expensive di-quaternary ammonium 

surfactant. The new hierarchical zeolite is highly mesoporous and crystalline with a low 

amount of silanol and external Brønsted acid sites. Instead of diethylamine, N-propylamine, 

1,4-diaminobutane and 1,6-diaminohexane can also be used to obtain hierarchical ZSM-5. 

The dual-templating synthesis of hierarchical zeolites by combing a mesoporogen with 

different structure directing agents forms a new strategy to obtain hierarchical zeolites. 

In Chapter 6, hierarchical ZSM-5 zeolite is hydrothermally synthesized in a single step 

with cetyltrimethylammonium (CTA) hydroxide acting as mesoporogen and structure-

directing agent. Essential to this synthesis is the replacement of NaOH with KOH. An in-

depth solid-state NMR study reveals that, after early electrostatic interaction between 

condensed silica and the head group of CTA, ZSM-5 crystallizes around the structure-

directing agent. The crucial aspect of using KOH instead of NaOH lies in the faster 

dissolution of silica, thereby providing sufficient nutrients for zeolite nucleation. The 

hierarchical ZSM-5 zeolite contains mesopores and shows excellent catalytic performance in 

the methanol-to-hydrocarbons reaction. 

In Chapter 7, we explored the conditions under which hierarchical ZSM-5 zeolite can be 

obtained in a one-pot synthesis procedure using CTA as the only template. A key aspect in 

these syntheses is that a mesoporous silica-alumina precursor is obtained initially which can 

transform to mesoporous zeolite through dissolution of silicate species at temperatures 

conducive to zeolite nucleation in the presence of CTA via a dissolution-recrystallization 

mechanism. We varied the base (LiOH, NaOH, KOH, RbOH and CsOH), the H2O/CTA ratio, 

the Al content and the counter ion of CTA (Br- or OH-). Mesoporous ZSM-5 zeolite can be 

obtained in this way in the KOH/CTAOH/SiO2 system at H2O/CTA ratios in the 800−3200 

range. Without CTAOH, a mixture of amorphous silica and α-quartz was obtained, while a 

too high H2O/CTA did not allow fast enough dissolution of silicate species, consistent with 

the known role of quaternary ammonium cations in stabilizing silica. While KOH and RbOH 

allowed obtaining hierarchical ZSM-5 zeolite in this way, the use of NaOH and CsOH as 

base mainly led to amorphous silica. That is a too small or too large alkali cation impedes 

silica dissolution. For LiOH, this was also the case with an additional lithium silicate being 

obtained in that particular case. The conclusion that solubilisation of silica is too slow with 

LiOH, NaOH and CsOH is corroborated by the finding that seeding the synthesis with ZSM-

5 resulted in formation of mesoporous ZSM-5 zeolites in all cases. Our results also point out 

the necessity of Al in the synthesis gel for crystallizing ZSM-5 zeolite. Without Al, only 

ZSM-48 was obtained. Setting the Si/Al ratio in the 50−200 range in the gel resulted in 

hierarchical ZSM-5. Higher Al content in the gel (Si/Al = 20) did not allow obtaining zeolite, 

although again the use of seeds facilitated ZSM-5 crystallization in the form of nano-needles 
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with uniform thickness. This result indicates an important role of Al concentration in zeolite 

nucleation. Finally, replacing CTAOH with CTABr led to similar results although the 

reproducibility of such syntheses was found to be lower. A highly crystalline, free from 

extraframework Al and hierarchical ZSM-5 synthesized from a gel with KOH as base, 

H2O/CTAOH = 800, Si/Al = 50 and CTAOH as the template displays the highest catalytic 

performance in the MTH reaction, clearly outperforming bulk ZSM-5. An important 

implication of this work is that care has to be taken when exploring the use of organic 

templates in the synthesis of hierarchical zeolites using NaOH as mineralizing base. 

Stabilizing an amorphous silica precursor by Na+ at temperatures, at which zeolite nucleation 

can in principle proceed, may obscure the potential of organic surfactants to direct silicate 

structures at the micro- and mesoscale. 
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Derivation of rate equation for rate of 
hydrocracking 
Assuming an equilibrium between alkenes and alkanes due to a sufficient hydrogenation 
function: 

⇌ 	 2                                                                                                              (A.1) 

	 	
2

                                                                                             (A.2) 

Further assuming equilibrium between gas phase and adsorbed alkene renders: 

	∗	⇌ 		 ∗                                                                                                             (A.3) 

	 	 	 	
2

                                                                                   (A.4) 

Based on the assumption that the overall isomerization/cracking rate is determined by the 
acid-catalyzed reaction: 

	 	                                                                                                 (A.5) 

Substituting the alkene coverage by the alkene pressure and alkane pressure renders: 

	
. .
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                                                                                                   (A.6) 

Assuming an equilibrium between alkenes and alkanes due to a sufficient hydrogenation 
function: 

⇌ 	 2                                                                                                              (A.7) 

	 	
2

                                                                                                                (A.8) 

Further assuming equilibrium between gas phase and adsorbed alkene renders: 

	∗	⇌ 		 ∗                                                                                                             (A.9) 
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Based on the assumption that the overall isomerization/cracking rate is determined by the 
acid-catalyzed reaction: 

	 	                                                                                                                    (A.11) 

Substituting the alkene coverage by the alkene pressure and alkane pressure renders: 

	
. .

. .
                                                                                                   (A.12) 
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