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Chapter  1 
 

Introduction   
 
 
1.1 ZEOLITES 

Zeolites are crystalline aluminosilicates built up from corner-sharing oxygen tetrahedra 
occupied by Si4+ or Al3+ ions. Zeolites are often called molecular sieves, referring to their 

ability to discriminate molecules on the basis of their size. They also combine tunable 
surface acidity with favorable textural properties for catalysis such as high thermal stability, 

high surface area, and high connectivity of uniformly-sized micropores. These 
advantageous properties explain the success of zeolites as catalysts in many industrial 
applications such as hydrocarbon conversion reactions, mainly in the oil refining and 

petrochemical industry.1−7 Until now, approximately 215 different types of crystalline 
aluminosilicates or -phosphates have been successfully synthesized.8 The structure of the 
zeolite will depend on the chemical composition of the precursor solution/gel, the 

presence of inorganic/organic additives, and the synthesis conditions. The specific 
connectivity of the zeolite building blocks, i.e. corner-sharing TO4 tetrahedra, can result 

in a wide variety of one-, two-, or three-dimensional pore networks, comprised of 
channels and/or cavities of varying size and shape. Pore sizes of zeolites and related 
aluminophosphates are in the 0.3 to ~ 1.0 nm range. The acidic and catalytic properties 

can be controlled by introducing other elements (e.g., Al, Fe, V, Ti, Ga, B, Ge, etc.) through 
isomorphous substitution. The flexible substitution and replacement with exchangeable 
cations is one of the most important methods to obtain zeolites with desired properties 

for practical applications.9−11 The substitution of tetrahedral Si4+ for Al3+ in the crystalline 
silica framework leads to a net negative charge of the framework, which has to be 

compensated by loosely fixed cations (e.g., Na+, K+, Ca2+, etc.) located in the channels12,13 
These cations can be post-exchanged by many other cations, including ammonium and 
protons. The latter endows zeolites with strong Brønsted acidity. It should be noted that 

the total Brønsted acidity of a zeolite depends on the amount of Brønsted acid sites and 
the strength of these sites, which is influenced by the local structure around the acid sites. 
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For instance, the acid strength strongly depends on the number of next nearest neighbor 
substitutions,14 and some elements such as Ga yield to weaker acid sites upon framework 
substitution than Al.15  

Most zeolites are prepared through hydrothermal synthesis, while some can also be 
prepared without solvent.16−19 Zeolite formation is usually slow and they are 

thermodynamically metastable products towards formation of dense quartz. However, 
examples exist of very fast zeolite synthesis such as preparation of SSZ-13 in a continuous-
flow tubular reactor.20 Since small organic templates were used in zeolite synthesis as 

structure-directing agents (SDAs), numerous novel types of zeolites have been discovered. 
By using more complex and bulkier SDAs, a number of new zeolites with extra-large pore 
openings could be obtained.21−24 Major achievements are the synthesis of VPI-5, an 

aluminophosphate with pores larger than 1 nm containing 18-membered rings and, more 
recently, the silicogermanate ITQ-43 with pore size of ~ 2 nm.25−27 The pore architectures 

of small-, medium- and large-pore zeolites were exemplified in Figure 1.1. 

 

 
Figure 1.1. Pore architectures of (a) small-, (b) medium- and (c) large-pore zeolites. (a) 3-

dimensional CHA zeolite with 8-membered ring openings, (b) 3-dimensional MFI zeolite with 10-

membered ring openings, (c) 3-dimensional ITQ-43 with 28-ring channel. (a and b were adapted 

with permission from Olsbye et al.,130 c was adapted with permission from Jiang et al.27) 
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1.2 HIERARCHIZATION IN ZEOLITES 

Notwithstanding the advantages of the microporous nature of zeolites in terms of shape 
selectivity,28 the small size of the pores as compared with the size of zeolite crystals often 

imposes a negative effect on the catalytic performance due to severe mass transport 
limitations. It leads to inefficient use of the internal regions of zeolite crystals.38,39 In 
addition, bulky reactant molecules will not be converted, because they do not fit in the 

pores.29−37 Accordingly, increasing the accessibility of the zeolite micropore space has been 
at the center of the attention of the zeolite community.  

In the last two decades, considerable efforts were made to look for strategies to improve 

diffusion or increase the accessibility of acid sites embedded in zeolite crystals. 
approaches to minimize diffusion limitations include increasing the size of the pores of 

zeolites21−24 or shortening the diffusion path length in the microporous domains.40−43 
Wide-pore zeolites mostly have low-framework density and contain rings of 12 or more T-
atoms, which limits their hydrothermal stability. Their synthesis usually involves more 

complex SDAs. Representative examples are VPI-5,25,26 UTD-1,24 ECR-34,44 ITQ-15,45 ITQ-
21,46 ITQ-33,23 and ITQ-4327. The other approach is to shorten the diffusion length and 

commonly involves reduction of the size of zeolite crystal or crystal domains to nano-
dimentions.47−52 Lercher and co-workers reported that the mass transport of zeolites with 
crystal size below 100 nm is not hampered by diffusion.53 To this end, clear sol systems are 

more preferred to synthesize nanozeolites with narrow particle size distribution, since the 
key factor is to control uniform nucleation and homogeneous distribution of nuclei in the 
system. Recently, Mintova et al. successfully synthesized extremely small FAU crystallites 

(10–15 nm) with a narrow particle size distribution by controlling the nucleation and 
limiting Ostwald ripening.47 Although nano-sized zeolites offer the potential to optimize 

the catalytic performance in diffusion-limited reactions, their synthesis is not economic at 
the iindustrial scale, because the small crystals bring the problem of difficult processing.47 
The alternative approach is to introduce larger intracrystalline meso- or macropores in the 

micropore domains either by top-down or bottom-up methods.43,54,55 The obtained 
materials, often called “hierarchical zeolites”, integrate different levels of porosity in one 

zeolite and, in this way, facilitate the diffusion of reactant and product molecules leading 
to enhanced effectiveness factors. Post-synthesis methods such as chemical, steaming or 
leaching treatment have been applied to obtain such hierarchical zeolites.55−61 Although 

some of these methods are relatively cheap and amenable to scale-up, they usually allow 
little control over textural and acidic properties of the final zeolite, and most importantly, 
the mesopores are generated at the expense of the microporous domains of the starting 

zeolite. Another factor is that their effectiveness will largely depend on the Si/Al ratio of 
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the zeolite materials. For instance, steam calcination of faujasite zeolite makes use of the 
inherent low stability of the low silica framework of the parent material; desilication only 
proceeds in certain ranges of the Si/Al ratio of the starting zeolite. The bottom-up 

approach has the advantage of better control over the pore hierarchy and the final 
acidity.62−72 Instead of relying only on the templating action of a structure-directing agent 

(SDA) responsible for the micropore formation, a second agents like inorganic salts,51 ionic 
liquid,73 or larger templates, such as the hard templates (e.g., carbon materials54,74−79) as 
well as soft templates (e.g., polymers, silylated agents, or bifunctional surfactants43,64,80−82) 

were adopted in order to introduce the desired mesoporosity. The main achievements are 
collected in Table 1.1. Ryoo and co-workers reported a breakthrough involving an elegantly 
designed bifunctional amphiphilic surfactant combining two structure-directing features, 

namely that for zeolite framework growth present in a hydrophilic part and that to create 
mesopores in a hydrophobic part within one agent, thus obtaining MFI zeolite nanosheets 

with thickness in the b-direction limited to around 2 nm.43 Based on this original 
bifunctional surfactant, various surfactants were synthesized by altering the number of 
quaternary ammonium centers, the alkyl linker between these centers, the length of the 

long alkyl chain, and the length of side chain on the ammonium centers.83,84 It was found 
that at least two ammonium centers are necessary for zeolite formation. The thickness of 

the nanosheets could be finely tuned by the number of ammonium groups; on the other 
hand, if the hydrophobic alkyl chain is too short, the whole surfactant can be embedded 
inside the MFI micropores and bulk zeolite is obtained again.84 So far, there have been 

many promising showcases of the potential of these bifunctional surfactants or their 
analogues85,86 for the synthesis of nanostructured zeolites.87,88 However, there is no 
detailed investigation of the growth mechanism of crystalline hierarchical zeolites. 

Chmelka, Ryoo and co-workers have recently reported that formation of MFI nanosheets 
involves layered amorphous silicates as the necessary intermediate structures that 

transform within the solid state during the hydrothermal synthesis.89  

The use of surfactants with multiple headgroups that induce zeolite growth offer better 
control of the hierarchical structure of zeolites in the form of nanosheets. In principle, 

this approach can be extended to other zeolite topologies. The drawback is, however, that 
there are no clear design rules for these surfactants, because the mechanism of zeolite 

growth is not understood well enough. Even so, the templates are too expensive to be 
realistically involved in the large-scale synthesis of zeolites for industrial applications. 
Therefore, there is considerable scope for further developing such bottom-up approaches, 

e.g. by use of a conventional SDA together with small quantities of an expensive 
mesoporogen or designing cheap mesoporogens. Recently, Hensen and co-works have 
successfully imparted mesoporosity in bulk SSZ-13 zeolite by a dual-templating strategy 
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involving the surfactant C22H45–N+(CH3)2–C4H8–N+(CH3)2–C4H9 together with N,N,N-
trimethyl-1-adamantammonium hydroxide (TMAdaOH) as zeolite growth SDA.69 The 
expensive diquaternary ammonium surfactant was only used in small amounts and acted 

as a space-filling agent within the voids between the nanocrystalline particles. The 
obtained mesoporous SSZ-13 zeolites exhibited much better catalytic performance in the 

methanol-to-olefins reaction. 
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Table 1.1. Hierarchization of zeolites with top-down or bottom-up methods. 

Method Mesoporogen Zeolite
 
 Hierarchical structurea Ref. 

Hard template Carbon particles ZSM-5 SC 54 

 Carbon nanotubes silicalite-1 SC 77 

 Graphene sheets silicalite SC 79 

 3Dom silicalite-1 SC 78 

 CMK ZSM-5 PC 91 

Soft template Organosilane MFI, LTA, CHA SC 80−82,92,93 

 Copolymer Beta PC 62,64,66  

 Amphiphilic surfactant MFI Nanosheet 13,43,68,83 

 Ionic liquid Beta PC 73 

Leaching Base/acid FAU, CHA, TON SC 58,61,94−96 

a SC = single crystal, PC = polycrystalline structure.  
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1.3 METHANOL CONVERSION REACTIONS 

Owing to the rapid depletion of fossil resources and geopolitical reasons, the gasification 
of abundant resources such as coal, natural gas, and biomass into synthesis and its further 

conversion into hydrocarbons has gained interest of the chemical industry.97−101 Among 
the various reaction routes, the Methanol-to-Hydrocarbons (MTH) reaction has received 
most attention.102−105 Methanol conversion occurs on Brønsted acid sites and, depending 

on the zeolite topology and the strength of the acid sites, a wide range of products can be 
obtained. Very weak acidity typically results in the formation of dimethyl ether. When the 
feedstocks are completely free from oxygen by dehydration reactions, one distinguished 

Methanol-to-Gasoline (MTG), Methanol-to-Olefins (MTO), and Methanol-to-Propylene 
(MTP) type of reactions. The MTG process was operated at a large scale for nearly a decade 

starting in 1985 by Mobil. MTO has been under development at UOP and various 
institutes and has been a commercial success mainly in China based on cheap coal as a 
source for the syngas to produce methanol. The current MTO processes mainly focus on 

production of light olefin building blocks for the polymers industry. Contrary to the MTO 
process that produces mainly ethylene and propylene, in the MTP reaction propylene is 

the dominant product; this reaction may gain importance as the shift to ethane crackers 
may result in a shortage of propylene supply.  

The mechanism of the methanol conversion has remained elusive for several decades 

and dozens of proposals to understand catalytic performance data have been scrutinized. 
Oxonium ylides,106,107 carbocations,108,109 carbenes,110−112 and free radicals113,114 were 
considered as reactive intermediates. Most of these proposals have been rejected on the 

basis of detailed investigation of the kinetics, the spent catalysts and the reaction 
products.115,116 A breakthrough was realized when Dahl and Kolboe proposed the 

hydrocarbon pool (HCP) mechanism.100,117−122 It is now broadly accepted that 
polymethylated benzenes (PMBs) and their deprotonated counterparts are the key 
components in the hydrocarbon pool that act as a (catalytic) intermediate in methanol 

conversion reactions in zeolites.117,123−127 CHA zeolites have been extensively studied 
because the aluminophosphate SAPO-34 material is the preferred catalyst for the MTO 

reaction.  On contrary, such PMBs play a less pivotal role when methanol is converted in a 
medium-pore zeolite such as HZSM-5; in such cases, alkenes are the likely reaction 
intermediates that produce a wider range of products than small-pore zeolites due to 

chain extension reactions involving methanol and cracking reactions to produce the 
olefins.128,129 Thus, the active hydrocarbon species that are involved in methanol 
conversion strongly depend on the pore topology and it may be expected that often 

different species contribute to the overall activity. A more general description is based on 
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the Dual-Cycle HCP mechanism (aromatics and alkene cycles) for HZSM-5, wherein the 
aromatics-based cycle is mainly responsible for the formation of ethylene, whereas 
propylene and higher alkenes are predominantly formed by alkene methylation and 

subsequent cracking. The Dual-Cycle concept is shown in Figure 1.2. 

 

 
Figure 1.2. Dual-cycle hydrocarbon pool mechanism over HZSM-5 zeolite (according to 
Ref 130) 

 

Up to now, only H-SAPO-34 and H-ZSM-5 have been applied in industrial MTH 
processes, despite the exploration of many zeolite topologies for these reactions.131−136 

Generally, all materials with medium-to-high Brønsted acid strength are able to catalyze 
the MTH reaction, yet higher acid strength and higher acid site density will lead to more 
rapid deactivation. For instance, it was found that H-SSZ-13 with CHA topology has a 

higher methanol conversion activity but also deactivates more rapidly than its 
aluminophosphate counterpart H-SAPO-34 in the MTO reaction. This explains why H-
SAPO-34 is the preferred catalyst in commercial operations so far. The use of the more 

acidic H-SSZ-13 as catalyst would lead to lower cost, because the reaction can be carried 
out at lower temperature; investment costs also depend on the size of the regenerator and 

the lower the deactivation rate, the smaller the size of the regenerator will need to be.137 
Thus, it would be required to limit the deactivation of H-SSZ-13 during the MTO reaction. 
The deactivation is influence by the pore architecture of the zeolite. H-SAPO-34 or H-

SSZ-13 deactivate much faster than H-ZSM-5 zeolite, because bulkier polyaromatics can be 
formed inside the cages of CHA zeolite that are much larger than the pore channels and 

intersections of H-ZSM-5, which only allow formation of monocyclic aromatics.125,129 It has 
been suggested that the activity loss of H-ZSM-5 is mostly due to external coke.138 For 
CHA zeolites, internal coke is the most important source of deactivation and this leads to 

diffusion limitations and blocking of the micropores.130   
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  With the increased fundamental understanding of MTH reaction mechanism, the 
scientific community has made significant progress in controlling the product selectivity, 
improving the catalytic performance and slowing down the deactivation process.105,130 In 

particular, pore hierarchization of zeolites has a positive impact on catalyst stability. It has 
been shown that the H-ZSM-5 zeolite nanosheets exhibited substantial longer lifetime 

compared with its bulk counterpart.43 The hierarchization in bulk SSZ-13 zeolite has also 
been demonstrated to be beneficial to the MTO reaction.69,90 While the higher stability of 
H-ZSM-5 nanosheets was ascribed to the mesopores that can accommodate larger coke 

species, for H-SSZ-13 it has been speculated that improved diffusion allows for complete 
utilization of the micropore space. Despite these advances, many questions remain related 
to the type and amount of coke formed as the reaction proceeds, the exact influence of 

hierarchical pore architectures on the formation of coke and its distribution and how 
reaction conditions influence the catalytic performance. In order to understand these 

aspects, the combination of basic characterization techniques with advanced ex-situ and 
in-situ spectroscopic techniques139−145 may be of great value.  
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1.4 SCOPE OF THESIS 

The goal of this PhD thesis is to understand better how functional groups of the 
mesoporogen impart mesoporosity in small- and medium-pore zeolites and, based on this 

knowledge, propose as inexpensive as possible bottom-up approaches to arrive at highly 
efficient and stable hierarchical zeolite catalysts for MTH reactions. The focus is on the 
texture and acidity of the novel zeolite materials. The main target reaction under study is 

the methanol conversion reaction to hydrocarbons (MTO, MTH) and especially the origin 
of catalyst deactivation and how hierarchical structuring affects deactivation will be 
scrutinized. CHA and MFI zeolites are the subject of most of our investigations. The 

growth of zeolite MFI nanosheets will be investigated in detail with the aim to better 
understand how these nanostructured zeolites are formed.  

Chapter 2 describes a very inexpensive approach to obtain hierarchical SSZ-13 zeolite by 
using fluoride anions without any organic additives. The influence of fluoride anions on 
the zeolite formation and its physicochemical properties have been investigated in detail. 

These materials display much decreased deactivation rate in the MTO reaction. By 
combining in-situ visible light microspectroscopy and uptake measurements, it is found 

that the resulting zeolite is the first example of a hierarchical zeolite that combines two 
micropore systems.  

Chapter 3 discussed how the catalytic performance of SSZ-13 zeolite can be improved by 

introducing mesopores with diquarternary ammonium surfactants. A set of mesoporous 
SSZ-13 zeolites were synthesized with different amount of surfactant. The influence of 
hierarchical structure on catalytic performance of MTO reaction was studied. By using in-

situ visible light microspectroscopy and ex-situ confocal fluorescence microscopy, the 
nature, formation, and distribution of the coke species were studied. 

In Chapter 4, a rational designed mono-ammonium surfactant containing a bulky N-
methylpiperidine head group was used to synthesize hierarchical small- and medium-pore 
zeolites such as SSZ-13 and ZSM-5. Molecular simulations were performed to understand 

the interaction between surfactants and zeolite framework. Compared with expensive 
multi-ammonium surfactants, the mono-ammonium surfactant showed in this study is 

much cheaper and is already effective when it was used in a small amount. 

Chapter 5 discusses the growth mechanism of zeolite nanosheets at the very early stage. 
Using X-ray scattering, Raman and NMR spectroscopy and electron microscopy, we show 

the morphology and structure of the amorphous precursor. Molecular simulations 
demonstrate how the precursor sheets assemble through molecular recognition of silicate 
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species by specific structure-directing functionalities of the diquarternary ammonium 
surfactants. 

Chapter 6 investigates the influence of hydrothermal synthesis temperature, 

diquarternary ammonium surfactants with different short end group, and NaF on the 
crystallization of ZSM-5 zeolite nanosheets with low Si/Al ratio of 20. The highly acidic 

ZSM-5  zeolite nanosheets were applied in n-heptane isomerization and MTH reaction.   
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Chapter  2 
 

On Fluoride-Modulated Growth of 
Hierarchical SSZ-13 Zeolite  

 
 
ABSTRACT: Zeolites find widespread application as microporous solid acid catalysts in the 
chemical industry. Their performance is often limited by slow molecular diffusion in the 
zeolite micropores. Hierarchical zeolites that contain intracrystalline mesopores can solve 

this problem because of increased diffusion rates. They can be prepared by using 
expensive templates or by applying tedious post-synthesis procedures. Here we present a 

novel and inexpensive approach to obtain hierarchical SSZ-13 zeolite (CHA topology) 
without additional organic additives. We show that fluoride anions in an alkaline 
synthesis gel alter zeolite growth in such way that fine grained zeolite crystals are obtained 

with additional micropores (~ 0.5 nm) that are larger than the inherent SSZ-13 micropores 
(0.38 nm). This dual porosity zeolite exhibits much increased lifetime in the industrially 

important methanol-to-olefins reaction. 
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2.1 INTRODUCTION 

Zeolites are crystalline porous solid aluminosilicates owing their importance to tunable 
pore dimensions, high surface area, outstanding chemical and thermal stability, and 

adsorptive and catalytic properties.1 They are widely used for shape-selective conversion of 
hydrocarbons, in well-established and large scale petroleum refinery processes as fluid 
catalytic cracking, hydroisomerization, hydrocracking and alkylation.2,3 The catalytic 

potential of zeolite-based materials is often seriously hampered by diffusion limitations, 
because the crystal dimensions are by far larger than the pore mouths. Such molecular 
trafficking resistance usually lowers the overall reaction rate and it limits the conversion of 

bulky reactants.4 Accordingly, the introduction of additional porosity usually in the 
mesopore size (2-50 nm) range improves mass transport and, with that, catalytic 

performance has been a central research theme of the zeolite community in the last 
decade.5–10   

Different synthetic methods can be pursued to prepare hierarchical zeolites and they 

can be discriminated as top-down and bottom-up approaches. Chemical treatment of pre-
made zeolites by steaming or base leaching constitutes a cost-efficient and scalable way to 

obtain mesopores in bulk zeolites.11–14 The drawback is that the extra pores are created at 
the expense of micropores and they are usually not uniformly distributed over the zeolite 
crystals.11 Bottom-up approaches, involving mesopore-filling agents added to the synthesis 

gel, allow better control over the mesoporosity during zeolite crystallization.7,15–18 
However, these methods are less scalable because of the use of expensive organic 
mesoporogens. One can also decrease the size of zeolite crystals below 50 nm, which 

brings the problem of difficult processing of these materials.9 

In the present work, we report about our finding that the use of a small amount of 

fluoride ions in the alkaline synthesis of SSZ-13 zeolite (with chabazite topology, CHA) 
results in an additional network of micropores. The new highly crystalline SSZ-13 material 
is a fine grained zeolite crystal; the additional microporosity is located at the boundaries 

of the zeolite grains. We will show that the extra micropores in this hierarchical zeolite 
have a size of about 0.5 nm, which is larger than the native CHA 8-membered ring 

openings (0.38 nm). This hierarchization results in faster transport of molecules 
throughout the zeolite. As a consequence, the lifetime of such hierarchical SSZ-13 zeolite 
catalyst is significantly improved in the industrially important methanol-to-olefins 

(MTO) reaction as compared with conventional SSZ-13 zeolite.  

Recently, zeolite-catalyzed conversion of methanol into light olefins has been 
commercialized.19 It provides an attractive route for the conversion of abundant and cheap 

feedstock such as coal or gas into building blocks for the chemical industry. Zeolites and 
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the related class of silicoaluminophosphate porous solids with the CHA framework 
topology (i.e., zeotype SAPO-34) are excellent catalysts for the shape-selective conversion 
of methanol into other useful products.20 The carbon-carbon bond forming reactions 

result in light olefins when CHA zeolites are used (methanol-to-olefins, MTO). With 
pentasil zeolites, the main products are gasoline-range hydrocarbons (methanol to 

gasoline, MTG). There is growing consensus that the MTO reaction proceeds via 
polymethylated benzene reaction intermediates occluded in the relatively large cages of 
the CHA structure. Only light olefin products formed by reaction of methanol with these 

aromatics can leave the zeolite crystals through the small pore apertures of 0.38 nm of the 
CHA structure. The aromatics are thought to slowly condense into polyaromatic 
hydrocarbons (PAHs) that then deactivate the zeolite catalyst. In general, the less acidic 

silicoaluminophosphate SAPO-34 is preferred over its zeolite SSZ-13 counterpart, because 
too strong acidity results in rapid coking and blockage of the micropores. However, if the 

rapid deactivation of SSZ-13 could be controlled, the stronger acidity of SSZ-13 zeolite 
would allow operating the MTO reaction at lower temperatures than with the current 
isostructural SAPO-34 commercial catalysts.21 One approach to achieve this is to  increase 

the mass transport in the SSZ-13 crystals. The benefit of hierarchization of bulk SSZ-13 
zeolite for the MTO reaction has recently been demonstrated.18,22 Mesoporous SSZ-13 was 

prepared by using a combination of two templates: trimethyladamantammonium 
(TMAda+) directs the formation of SSZ-13 zeolite and amphiphilic surfactants with head 
groups that interact strongly enough with the SSZ-13 framework introduce mesopores. The 

current work presents a simple and inexpensive approach involving the use of a small 
amount of fluoride ions in the synthesis gel of SSZ-13 to introduce sufficient additional 
porosity to completely utilize the zeolite crystals during the MTO reaction. 

 

 
2.2 EXPERIMENTAL SECTION 

2.2.1 SYNTHESIS OF ZEOLITES 

Hierarchical SSZ-13 zeolites were synthesized as follows: sodium hydroxide (EMSURE, 

50 wt%), TMAdaOH (SACHEM Inc. 25 wt%) were mixed in deionized water and stirred 
for 10 min, to the template solution aluminium hydroxide (Aldrich, reagent grade) and 

sodium fluoride (EMSURE, ≥99.5 %) were added and then stirred for another 30 min. 

Ludox AS 40 (Aldrich, 40 wt%) was added quickly into the clear solution. The final gel has 
a molar composition of 20 TMAdaOH : 7.5 Na2O : 2.5 Al2O3 : 100 SiO2 : x NaF : 4400 H2O 

(x = 0, 5, 10, or 20). After vigorous stirring at room temperature for 2 h, the resulting gel 
was transferred into a 45 mL Teflon lined steel autoclave and crystallized at 160 °C for 10 
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days. The obtained solids are denoted as SSZ-13-xF with x = 0, 5, 10, or 20. The 
conventional SSZ-13 was prepared from the same gel without NaF and crystallized at 160 
°C for 6 days. After crystallization, the zeolite products were filtered, washed with distilled 

water and dried in air at 110 °C. The zeolites were calcined at 550 °C for 10 h under flowing 
air and subsequently ion-exchanged three times with 1.0 M NH4NO3 solutions followed 

by calcination at 550 °C for 4 h in flowing air in order to obtain their proton forms. 

 

2.2.2 CHARACTERIZATION 

Basic characterization: X-ray diffraction patterns were recorded on a Bruker D4 
Endeavor diffractometer using Cu Kα radiation in the 2θ range of 5−60°. Elemental 

analyses were carried out by ICP-OES on a Spectro Ciros CCD ICP optical emission 
spectrometer with axial plasma viewing, samples were digested in a mixture of 
HF/HNO3/H2O. Surface area and porosity of zeolites were determined by Argon 

physisorption at −186 °C on a Micromeritics ASAP 2020 instrument in static mode. The 
samples were outgassed at 400 °C for 8 h prior to the sorption measurements. Langmuir 

surface area of SSZ-13 zeolite was obtained in the relative pressure range (p/p0) of 0.05–
0.20, the total pore volume was calculated at p/p0= 0.97, the mesopore volume and the 
micropore volume were calculated from the BJH method and the t-plot method 

(thickness range 0.336−0.380 nm), respectively. The micropore size distribution and 
diameter was calculated by the NLDFT model. Use was made of the model for Ar on 

oxides in cylindrical pores at −186 °C. Regularization was not applied.  

Electron microscopy: Scanning electron microscopy (SEM) images were taken on a FEI 
Quanta 200F scanning electron microscope at an accelerating voltage of 3 kV. The 

zeolites were coated with gold prior to measurements.  

Thermogravimetric analysis: The carbonaceous deposits formed during MTO were 

analyzed by thermogravimetric analysis (TGA) on TGA/DSC 1 STAR system of Mettler 
Toledo. The temperature was increased to 850 °C at a rate of 5 °C min−1 under flowing air 
(50 ml min−1). The weight loss between 300 °C and 600 °C was considered as the total 

carbonaceous deposit content. To evaluate differences in diffusion in zeolites, methanol, 
ethylene, propylene, n-butanol, i-butanol, and o-xylene adsorption was performed in 
TGA apparatus at 30 °C. The samples were dehydrated at 550 °C before the exposure. For 

the liquid adsorbents, a He flow was led through a thermostated saturator. The gaseous 
adsorbents were mixed with a He flow. The partial pressures of the adsorbents were 2.8 

mbar for methanol, 6.9 mbar for n-butanol, 4.3 mbar for i-butanol, 10 mbar for o-xylene, 
47 mbar for ethylene and propylene.  



21 
 

FT-IR spectroscopy: FT-IR spectra of samples were recorded on a Bruker Vertex 70v 
instrument. The spectra were acquired at 2 cm−1 resolution and 64 scans. The samples 
were prepared as thin wafers of ~ 10 mg and placed inside a controlled environment 

infrared transmission cell, capable of heating and cooling, gas dosing and evacuation. For 
CO adsorption, the wafer was heated to 550 °C at a rate of 10 °C min−1 under evacuation. 

Subsequently, the sample was cooled to −196 °C. CO (Praxair, 99.999 %) was introduced 
into the sample cell via a sample loop (5 μL) connected to a Valco six-port valve. FT-IR 
spectra of propylene were performed at 30 °C and a 10 μL sample loop was used. IR 

Spectra were normalized by the weight of catalyst wafer.  

NMR spectroscopy: Nuclear Magnetic Resonance (NMR) spectra were recorded on an 

11.7 Tesla Bruker DMX500 NMR spectrometer, operating at 500 MHz for 1H, 470 MHz 
for 19F, 99 MHz for 29Si, and 132 MHz for 27Al measurements. 27Al MAS NMR was 
performed using a Bruker 2.5 mm MAS probe head spinning at 20 kHz. The MAS NMR 

measurements were carried out using a 4 mm MAS probe head with sample rotation 
rates of 10 kHz for 1H and 19F, and 5-8 kHz for 29Si NMR measurements, respectively. 

The 1H measurement was carried out using a 4 mm MAS probe head with sample 
rotation rate of 10 kHz. 19F MAS NMR was measured at 30 kHz rotation speed with 12 K 
scans and 5 seconds interscan delay using a 2.5 mm rotor, the spectra shown in Figure 

2.16 are substracted spectra from the background spectrum which originates from the 
probe-head materials. Quantitative 29Si NMR spectra were recorded 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. Higher interscan delay did not show any significant 
increase in signal intensity. 27Al 3QMAS NMR spectra were recorded by use of the three-

pulse sequence p1-t1-p2-τ-p3-t2 for triple-quantum generation and zero-quantum filtering 
(strong pulses p1 = 3.4 μs and p2 = 1.4 μs at v1 = 100 kHz; soft pulse p3 = 11 μs at v1 = 8 kHz; 
filter time τ = 20 μs; interscan delay 0.2 s). 1H-{27Al} TRAnsfer of Population in DOuble 

Resonance (TRAPDOR) spectra were measured using a Hahn-echo 90°-τ-180°-τ proton 
pulse sequence with time interval τ1 = 795 μs. Two sets of spectra were recorded, with 
and without irradiation at the 27Al NMR frequency. The same experiment without 27Al 

irradiation served as a blank experiment for reference purposes. 1H NMR spectra were 
recorded with a Hahn-echo pulse sequence p1-τ1-p2-τ2-aq with a 90° pulse p1 = 5 μs and a 

180° p2 = 10 μs. The interscan delay was set to 120 s for quantitative spectra. 1H NMR shifts 
were calibrated using tetramethylsilane (TMS) and a saturated aqueous Al(NO3)3 
solution was used for 27Al NMR shift calibration.  

In-situ visible light microspectroscopy: The measurements were performed on an 
Olympus BX41 upright microscope using a 50 × 0.5 NA long working distance microscope 

objective lens. A 75 W tungsten lamp was used for illumination. In addition, the 
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microscope has a 50/50 double viewport tube, which accommodates a CCD video camera 
(ColorViewIIIu, Soft Imaging Systems GmbH) and an optical fibre mount. A 200 μm core 
fibre connects the microscope to a CCD Vis spectrometer (AvaSpec-2048TEC, Avantes 

BV). The in-situ Vis measurements were conducted in a Linkam FT-IR 600 in-situ cell. 
Before the MTO reaction, the catalysts were heated to 550 °C in 50 ml min−1 N2 flow with 

a rate of 10 °C min−1 and kept for 1 h. Then the temperature was lowered to 350 °C and 
methanol was introduced to the in-situ cell by leading a flow of 10 ml min−1 N2 through 
liquid methanol kept at room temperature.  

Confocal fluorescence microscopy: For the confocal fluorescence microscopy, a Nikon 
Eclipse LV150 upright microscope with 50 × 0.55 NA dry objective was used for 

fluorescence microscopy studies. Fluorescence microphotographs were collected using 
510−700 nm excitation light from a mercury source. Confocal images were acquired with 
a Nikon D-Eclipse C1 head connected to 488, 561, and 635 nm excitation lasers. The 

emission was detected in the ranges 510–550 nm, 570–620 nm, and 662–737 nm, 
respectively. For the confocal images of SSZ-13 samples after the exposure to propylene, 
the excitation wavelength of the laser is 561 nm and detection was in the 570–620 nm 

range. Thiophene and 4-fluorostyrene oligomerization reactions were performed on the 
heating element of a Linkam in-situ cell. The samples were heated at 120 °C for 5 min. 

Subsequently, 15 μl of thiophene or 4-fluorostyrene was added and then heating was 
stopped after 10 s. The fluorescent images were taken by exciting the oligomers with a 561 
nm laser and collecting the fluorescent light in the range 570–620 nm. 

 

2.2.3 MOLECULAR SIMULATION 

A sorption isotherm was modelled using Materials Studio v6.0 (BIOVIA, formerly 
Accelrys) to estimate the occupation of the CHA cages by Argon atoms using a periodic 
box consisting of 2x2x2 CHA unit cells. Charge assignment using the QEq method was 

combined with the use of the Universal Forcefield and Metropolis algorithm at Fine 
quality. The temperature was set to −188 °C and the fugacity range was 0 to 5000 kPa. The 

total loading fluctuated between 48 to 49 Argon – though a loading of 49 became 
dominant at a higher fugacity. It was found that Argon atoms adopt an octahedral 
geometry in every cage. The same settings were used to create the Argon loaded CHA 

periodic structure of 2x2x2 unit cells. 

The Argon loaded model was used to calculate the distances between different Argon 
atoms within the same channel – i.e. looking through the 8MR windows. For instance, the 

x- and y-positions were independently determined in the xy-plane yielding the distances 
Δx and Δy between pairs of Argon atoms. The Van der Waals radius of Argon (1.88 Å) was 
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added twice to the obtained distance because Δx and Δy only yields core-to-core distances 
and which would significantly underestimate the channel diameter. The procedure of 
measuring distances and correcting for the Argon Van der Waals radii was done for eight 

different pores – four in the xz plane and four in the yz plane – yielding an average of 4.96 
Å for the 16 different obtained diameters. This was all done under the assumption that 

either Δz and Δx (xz-plane) or Δz and Δy (yz-plane) intersect each other at the centre of 
the channel. This simplification will slightly underestimate the pore diameter. See also 
Figure 2.5 for a schematic overview of the procedure. 

 

2.2.4 CATALYTIC ACTIVITY MEASUREMENTS 

The proton form zeolites was pressed into pellets, and then crushed and sieved to 
obtain particles ranging in size from 250 to 500 μm. Catalytic activity measurements were 
carried out in a quartz tubular fixed-bed reactor with 50 mg catalyst loading. The inner 

diameter of the quartz tube reactor was 4 mm. Before reaction, the catalysts were 
activated at 550 °C in synthetic air (30 ml min−1) for 2 h. The methanol-to-olefins reaction 

was performed at 350 °C. Methanol (Merck, 99 %) was introduced to the reactor by 
leading a flow of 30 ml min−1 of He through a saturator kept at −17.2 °C. The resulting 
WHSV is 0.8 g g−1 h−1. The product effluent was analysed online by gas chromatography 

(Compact GC Interscience equipped with TCD and FID detectors with RT-Q-Bond and 
Al2O3/KCl columns). The reaction was followed for 24 h. Methanol conversion is based 
on the inlet and outlet concentrations of methanol as determined by GC analysis of the 

reactor feed before and after the reaction and the reactor effluent during reaction. 
Dimethylether was considered as a reactant in these calculations. 
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2.3 RESULTS AND DISCUSSION 

2.3.1 PHYSICOCHEMICAL PROPERTIES 

The XRD patterns (Figure 2.1) show that the samples are highly crystalline zeolites with 

the CHA framework topology, except when the F/SiO2 ratio was 0.2. In the latter case, 
the main product is quartz. Quartz has been reported as a competitive phase during the 
synthesis of SSZ-13 at high Si/Al ratio.23 

 

 
Figure 2.1. XRD patterns of as-synthesized (a) SSZ-13-0F, (b) SSZ-13-5F, (c) SSZ-13-10F, and (d) 

SSZ-13-20F. * Impurity quartz. 

 

SEM images of SSZ-13-0F and SSZ-13-10F in Figure 2.2 show large micrometer-sized 
cubic particles with rounded corners and edges. SSZ-13-0F is enclosed by smooth 
surfaces. On the contrary, the surface of SSZ-13-10F is different in that the large zeolite 

crystals are made up from small cubic-shaped crystals (Figure 2.2k). SEM images of SSZ-
13-20F (Figure 2.2d, h, and l) are clearly showing that the dominated impurity phase 
formed. The textural properties (Figure 2.3 and Table 2.1) show that SSZ-13-0F and SSZ-

13-10F are microporous materials with few mesopores. The micropore volume and the 
Langmuir surface area are higher for SSZ-13-10F as compared with SSZ-13-0F (Table 2.1). A 

comparison of the micropore size distribution (NLDFT method) points to the presence of 
extra micropores with an average size of ~ 0.5 nm in SSZ-13-10F. SSZ-13-5F also contains 
these extra micropores but in a lower amount; the micropore volume of this sample is 

intermediate to that of SSZ-13-0F and SSZ-13-10F. The micropores in SSZ-13-0F and SSZ-
13-10F are centered at ~ 0.54 nm,62,63 which is the effective pore diameter considering the 

combination of cages and pore apertures with sizes of 0.92 nm and 0.38 nm, respectively 
(Figure 2.4).  
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Figure 2.2. Morphology of SSZ-13 zeolite catalysts synthesized without and with F− ions. SEM 

images of (a, e, and i) SSZ-13-0F, (b, f, and j) SSZ-13-5F, (c, g, and k) SSZ-13-10F, and (d, h, and l) 

SSZ-13-20F.  

 

 

Figure 2.3. Ar physisorption isotherms (a) confirm the predominant microporous nature of (■) 

SSZ-13-0F, (▲) SSZ-13-5F, and (●) SSZ-13-10F. All these zeolites have similar mesopore size 

distribution (b). The micropore size distribution analyzed by the NLDFT method (c) points to 

additional microporosity with a size of ~ 0.5 nm. The native micropore system of SSZ-13 zeolite 

that is composed of 0.92 nm supercages separated by 0.38 nm apertures gives rise to on average 

0.54 nm micropores as also confirmed by molecular simulations (see Figure 2.4). 
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Figure 2.4. Molecular modelling. Note that the CPK values of Argon have been downscaled for 

esthetic reasons. 

 
Table 2.1. Textural properties of calcined SSZ-13 zeolites. 

Zeolite 
SL

a
  

(m2 g−1) 
Vtot

b  
(cm3 g−1) 

Vmeso
c  

(cm3 g−1) 
Vmicro

d  
(cm3 g−1) 

SSZ-13-0F 677 0.24 0.02 0.20 
        SSZ-13-5F  711 0.26 0.02 0.21 
        SSZ-13-10F  763 0.28 0.03 0.23 
a SL is the Langmuir surface area obtained in the relative pressure range (p/p0) of 0.05–0.20;  
b Vtot is the total pore volume at p/p0= 0.97; 
c Vmeso is the mesopore volume calculated by the BJH method; 
d Vmicro is the micropore volume calculated by the t-plot method. 

 

To evaluate further the effect of fluoride on the properties of the zeolite catalysts, we 
performed a more thorough characterization of the materials. As shown in Table 2.2, the 
Si/Al ratios as determined by element analysis are very similar for both zeolites. 29Si MAS 

NMR (Figure 2.5) allows determining the framework Si/Al ratio (Si/Al)F from the relative 
intensities of tetrahedral Si (Q4) with different number of Al atoms in the second 

coordination sphere Q4(nAl) with n = 0, 1, 2, 3 or 4 by use of (Si/Al)F = 4 (Σ In )/(Σ nIn), 
where I is the peak area and n the number of coordinated Al atoms.24 All spectra contain 
three distinct signals at −101, −105 and −111 ppm, which can be assigned to Q4(2Al), Q4(1Al) 

and Q4(0Al), respectively.25 As the signal at ~ −101 ppm consists of overlapping peaks from 
Q4(2Al) and Si atoms with terminal hydroxyl groups at the defect sites Si(SiO)3OH (Q3), 

the spectra were deconvoluted according to the strategy outlined by Eilertsen et al.25 The 
calculated framework Si/Al ratios of the different materials are comparable to the Si/Al 
ratio determined by ICP-OES. 27Al MAS NMR spectra (Figure 2.5) are dominated by a 

symmetric tetrahedrally coordinated aluminum (AlIV) at ~ 59 ppm, which is associated 
with Al in the CHA zeolite framework.26 The asymmetrically broadened peaks located at ~ 
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0 ppm represent extraframework aluminum in octahedral coordination (AlVI). 
Deconvolution of these spectra (Table 2.2) shows that nearly all Al atoms are built in the 
framework of these two zeolites. This implies that the two zeolites contain the similar 

number of Brønsted acid sites. 27Al 3QMAS NMR spectra (Figure 2.6) reveal that there is 
no difference in the Al speciation between SSZ-13-0F and SSZ-13-10F. This is in keeping 

with the earlier conclusion that the additional micropores in SSZ-13-10F at the grain 
boundaries of the SSZ-13 nanocrystals.  

 

 
Figure 2.5. (Left) 27Al and (right) 29Si MAS NMR spectra of (a) SSZ-13-0F and (b) SSZ-13-10F. The 

spectra were normalized by the weight of the samples. 

 

 

Table 2.2. Si/Al ratio determined by ICP-OES elemental analysis and 29Si MAS NMR. The relative 

amount of Al species in zeolites was determined by 27Al MAS NMR. 

Zeolite 
Si/Al  
(ICP)

 
 

Si/Al  
(29Si NMR)

 
 

Al
IV

 
(%) 

Al
VI

 
(%) 

SSZ-13-0F 21 22 89 11 

   SSZ-13-10F 22 25 88 12 
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Figure 2.6. (a, b) 27Al MAS and (c, d) 27Al 3QMAS NMR spectra of (a, c) SSZ-13-0F and (b, d) SSZ-

13-10F. 

 

Quantitative 1H MAS NMR data of the dehydrated zeolites (Figure 2.7a) were recorded. 

The assignment and deconvolution of these spectra is collected in Table 2.3. Close 
inspection of 1H T2-filtered spectra (Figure 2.7c) shows that the silanol signal consists of 

two signals at 2.0 ppm and 1.8 ppm. The signal at 1.8 ppm is due to isolated silanol groups 
at lattice defect sites, which are mostly located at the crystal surfaces. The downfield shift 
of the resonance at 2.0 ppm is due to the interaction of silanol groups with neighboring 

oxygens, indicating that they are located in the internal zeolite micropores.27−30 These two 
distinct silanols were also observed in the FT-IR characterization. The band at ~ 4 ppm 

belongs to the bridging hydroxyl groups Si(OH)Al (Brønsted acid sites, BAS).31,32 Signals in 
the region 2.5−3.0 ppm correspond to hydroxyl groups of AlOH moieties at 
extraframework positions.33 These assignments are supported by data from 1H-{27Al} 

TRAPDOR NMR experiments (Figure 2.7d); this technique helps to identify the protons 
located in the vicinity of Al atoms.34 The results summarized in Table 2.3 clearly show that 
SSZ-13-0F and SSZ-13-10F zeolites have similar densities of external silanols. SSZ-13-10F 

contains less internal silanol defects than SSZ-13-0F, which can be ascribed to the charge-
compensation of fluoride anions. Both zeolite samples have very similar density of strong 

BAS.   
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Figure 2.7. (a) 1H MAS NMR spectra of (black) SSZ-13-0F and (green) SSZ-13-10F. (b) 

Decomposition of the different peaks of SSZ-13-0F. The spectra were normalized by the weight of 
the catalysts. (c) Proton T2 filtered spectra of dehydrated SSZ-13-10F at varied echo times 2t = 0.05, 

2, 8, 16, 32, and 64 ms (from top to bottom). From the filtered spectra at higher 2t times can be 

clearly seen that the silanol signal consists of two peaks at 2.0 and 1.8 ppm which are assigned as 

internal and external silanols, respectively. (d) 1H-{27Al} TRAPDOR effect in dehydrated SSZ-13-10F: 

green and blue lines represent 1H MAS NMR spectra without and with 27Al irradiation, respectively. 

Only the BAS protons and aluminum hydroxyl groups are affected by the Al irradiation. 

 

Table 2.3. Integrals of deconvoluted 1H MAS NMR spectra of dehydrated SSZ-13-0F and SSZ-13-10F. 

Zeolite 
BAS  SiOHexternal  SiOHinternal  

[d/ppm] [mmol g−1]  [d/ppm] [mmol g−1]  [d/ppm] [mmol g−1]  

SSZ-13-0F 4.0 0.65  1.8 0.55  2.0 0.22  

   SSZ-13-10F 4.0 0.67  1.8 0.55  2.0 0.17  

 

The acidic properties of the zeolites were investigated in more detail by FT-IR spectra of 

adsorbed CO. The results are given in Figure 2.8 and show important features in the OH 
stretching 3900−3100 cm−1 region. Bands at 3735 cm−1 and 3707 cm−1 are assigned to 
isolated external and internal silanols, respectively. The band at 3500 cm−1 relates to 

silanol nests.21 The clear band around 3610 cm−1 is due to acidic bridging hydroxyl groups 
in H-SSZ-13 zeolite.35,36 Upon CO adsorption, the bands of these Brønsted acid sites shift 
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to 3308 cm−1 for both samples, indicating similar acid strength of the bridging hydroxyl 
groups. This shows that the use of fluoride did not influence the strength of the acid sites.  

 

 
Figure 2.8. (Left) hydroxyl and (right) CO stretch regions of FTIR spectra of (a, b) SSZ-13-0F and 

(c, d) SSZ-13-10F as a function of the CO coverage. The spectra were normalized by the weight of 

the catalysts. 

 

The above investigations point out the physico-chemical changes in zeolites synthesized 

with or without NaF, the Si/Al ratio and the concentration and strength of the Brønsted 
acid sites are very similar for all samples. The main difference encountered after the 

characterization of the materials is in the texture, more specifically, in the additional 0.5 
nm microporosity created by the fluorine method. 

 

2.3.2 CATALYSIS 

The catalytic performance of SSZ-13-0F, SSZ-13-5F and SSZ-13-10F in the MTO reaction 
was followed as a function of time-on-stream at 350 °C. It has been reported that the 

optimum reaction temperature for SSZ-13 is in the range 350−375 °C, which is lower than 
the optimum reaction temperature for SAPO-34.21 The catalyst lifetime is usually defined 
as the time to reach a conversion of 50 % (t50). In this Thesis, we employ the time at which 

conversion has decreased to 98 % (t98) as this is more relevant to commercial practice. 
The corresponding data including the product selectivities after a reaction time of 1 h are 
collected in Table 2.4. As illustrated in Figure 2.9a, all zeolites convert methanol 
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completely during the initial stages of the reaction. The sum of ethylene and propylene 
selectivity is around 80 %. The methanol conversion of SSZ-13-0F decreased drastically 
with time on stream and t50 (t98) was only 5.1 h (2.1 h). SSZ-13-10F with additional 

microporosity exhibited already a much longer t50 (t98) of 10.1 h (5.2 h). The performance 
of SSZ-13-5F is intermediate between these two zeolites. The total methanol conversion 

capacity37 increased in the order SSZ-13-0F < SSZ-13-5F < SSZ-13-10F (Figure 2.9b). SSZ-13-
10F converts nearly twice as much methanol as SSZ-13-0F, the higher value for SSZ-13-10F is 
mainly due to the lower rate of deactivation. TGA analysis showed that the coke content in 

the spent catalysts correlated with catalyst longevity. This indicates that the zeolite 
micropores were more effectively used in SSZ-13-10F than in SSZ-13-0F. 

 

 
Figure 2.9. Methanol-to-olefins (MTO) reaction. (a) Methanol conversion as a function of the 

time-on-stream for (■) SSZ-13-0F, (▲) SSZ-13-5F, and (●) SSZ-13-10F. The reaction conditions for 

the MTO reaction are a weight hourly space velocity (WHSV) of 0.8 h−1 and a temperature of 

350 °C. (b) The total methanol conversion capacity is strongly increased upon addition of fluoride 

to the SSZ-13 synthesis gel. Optimum performance is obtained for SSZ-13-10F. 

 
Table 2.4. Lifetime, product selectivity of MTO reaction after 1 h time on stream over SSZ-13 

zeolites. 

Zeolite Coke 
(%) 

t50

a 

(h) 
t98

b 

(h) 
TCC

c
  

(g g−1) 

Selectivity (%) 

C1 C2

=
 C2 C3

=
 C3 C4-C6

d
 

SSZ-13-0F 14.1 5.1 2.1 6.8 0.8 40.6 0.2 41.0 2.7 14.7 

SSZ-13-5F 18.1 7.3 3.5 8.8 0.5 42.5 0.6 38.9 1.0 16.5 

SSZ-13-10F 19.7 10.1 5.2 12.5 0.7 38.2 0.4 41.7 2.2 16.8 
a lifetime is defined as the time to reach 50 % of methanol conversion; 
b lifetime is referred to the time to reach 98 % of methanol conversion; 
c total methanol conversion capacity; 
d sum of olefins and paraffins selectivity. 



32 
 

2.3.3 IN-SITU SPECTROSCOPY 

The substantial difference in catalytic performance was evaluated by time-resolved in-

situ visible light microspectroscopy. This technique can dynamically inspect the formation 
of carbon-containing species in SSZ-13 crystals during the MTO reaction. A pinch of the 
zeolite crystals were placed in the in-situ cell and exposed to a methanol containing 

nitrogen flow at a total flow rate of 10 ml min−1. The reaction temperature was 350 °C. In 
this geometry, we cannot accurately determine the weight hourly space velocity in this 
configuration, but it is expected to be much higher than in the fixed-bed catalytic activity 

measurements discussed above. Time-resolved visible spectra are depicted in Figure 2.10a, 
d. For SSZ-13-0F, a broad band around 400 nm due to polymethylated benzene species 

dominates the spectra.38−40 For SSZ-13-10F, the same band develops followed by 
appearance of strong absorption bands at higher wavelengths, ascribed to bulky 
polyaromatic hydrocarbon (PAH) species. For each sample, the spectra were deconvoluted 

into two main component spectra by non-negative matrix factorization analysis (Figure 
2.10b, e).41 The first component spectrum is mainly made up by the 400 nm feature and 

the second one by higher wavelength features, representing methylated naphthalenes as 
well as other methylated PAHs.38 The contribution of these two components to the spectra 
with time-on-stream of the MTO reaction are shown in Figure 2.10c, f. For SSZ-13-0F, the 

intensity of polymethylated benzenes goes through a maximum with time on stream and 
PAHs form at a later time. The amount of these PAHs remains relatively low, although it is 
difficult to put relative numbers on these observations, as extinction coefficients of these 

two groups of species are unknown. The spectra for SSZ-13-10F are qualitatively similar, but 
the amount of PAHs increases for a longer time than for SSZ-13-0F. These observations 

suggest that in SSZ-13-10F the polymethylated benzenes are more efficiently used in the 
MTO reaction and, at the same time, converted into PAHs species. This is consistent with 
the larger amount of methanol converted by SSZ-13-10F in the catalytic activity 

measurements and also with the higher coke content in spent SSZ-13-10F.  
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Figure 2.10. Time-resolved in-situ visible light microspectroscopy of (a, b, and c) SSZ-13-0F and (d, 

e, and f) SSZ-13-10F taken during the MTO reaction at 350 °C. All time-resolved spectra were 

deconvoluted into two main spectral features (b and e; the black line represents mostly 

polymethylated benzenes and the red line stands for bulkier polyaromatics) and the evolution of 

those spectral features with increasing time-on-stream (c and f) by non-negative matrix 

factorization analysis. 

 

The spatial distribution of the coke species from the catalyst materials after deactivation 

was also investigated by confocal fluorescence microscopy (Figure 2.11). Laser lines at 488, 
561, and 635 nm were used to image the distribution of distinct aromatics in the middle 
plane of the spent SSZ-13-0F and SSZ-13-10F crystals. In this way, longer excitation 

wavelengths can visualize more extended aromatic species.38,42 The 2D fluorescence 
images of a spent SSZ-13-0F crystal taken from the middle plane of the crystal (Figure 2.11a, 

b, c) show that the aromatic species are mainly located in the outer regions of the zeolite 
crystal in a zone with a thickness of 2-4 μm. The absence of fluorescence originating from 
inner regions implies that no or very little aromatics were formed and therefore only the 

periphery of the crystal was efficiently used for the MTO reaction. In stark contrast with 
these observations, the fluorescent images of a spent SSZ-13-10F crystal (Figure 2.11d, e, f) 
show that the aromatic species are homogeneously distributed throughout the crystal, 

independent of the condensation degree of the aromatic species. All these results, in 
combination with the basic characterization of the catalyst materials, suggest that the 

additional pores in SSZ-13-10F benefit the diffusion of reactants and/or products. 
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Figure 2.11. Confocal fluorescence microphotographs of (a, b, and c) SSZ-13-0F and (d, e, and f) 

SSZ-13-10F crystals collected after the MTO reaction. The images, in false colors, were taken in the 

middle plane of single zeolite crystals. For the visualization of the coke species, 488 nm (a, d), 561 

nm (b, e) and 635 nm (c, f) lasers were used with a detection range of 510–550 nm, 570–620 nm 

and 662–737 nm, respectively. 

 

2.3.4 HIERARCHICAL STRUCTURE 

To investigate the effects of the additional porosity in SSZ-13-10F on diffusion of 

molecules, we compared the uptake of several organic molecules at room temperature in 
dehydrated SSZ-13-0F and SSZ-13-10F (Figure 2.12). Figure 2.12a illustrates that the rate of 
methanol uptake is the same for these two zeolites. The total methanol uptake is only 

slightly higher for SSZ-13-10F. Thus, the difference in porosity does not affect the diffusion 
rate of the methanol reactant. Figure 2.12d shows that SSZ-13-0F only slowly takes up a 
larger alcohol, n-butanol, in the cage-window pore system of the CHA zeolite. Such slow 

uptake curves were also seen for adsorption of linear alcohols in SAPO-34.43 The uptake of 
n-butanol in SSZ-13-10F is much faster at the start of the exposure to n-butanol and 

continues to be faster later on. This difference is attributed to the presence of an 
additional network of micropores that allow the faster diffusion of n-butanol throughout 
the SSZ-13-10F crystal. The total uptake of n-butanol is much higher for SSZ-13-10F than 

for SSZ-13-0F. The amount of n-butanol adsorbed during the initial steep uptake (V = 
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0.028 cm3 g−1) for SSZ-13-10F is quite similar to the difference in the micropore volume 
between SSZ-13-0F and SSZ-13-10F (0.03 cm3 g−1). Similar differences were noted when the 
uptake of more bulky i-butanol (Figure 2.12e) and o-xylene (Figure 2.12f) molecules were 

investigated for these two zeolites.  

 

 
Figure 2.12. (a) Methanol, (b) ethylene, (c) propylene, (d) n-butanol, (e) i-butanol, and (f) o-

xylene uptake experiments performed at 30 °C on zeolite samples (■) SSZ-13-0F and (●) SSZ-13-

10F. The samples were dehydrated before the adsorption. 

 

We also investigated the uptake of propylene (Figure 2.12c), one of the main products of 

the MTO reaction on SSZ-13. The uptake of propylene is much faster in SSZ-13-10F as 
compared with SSZ-13-0F and the total uptake is also much higher. The total uptake in 
SSZ-13-10F amounts to 3-4 propylene molecules per Brønsted acid site. Compared with 

ethylene (Figure 2.12b), propylene is more reactive and can be protonated already at room 
temperature by the Brønsted acid sites of zeolites.44 The resulting adsorbed propyl 

carbenium ion will further react with propylene to form oligomers. The oligomerization of 
propylene is confirmed by in-situ IR spectra of the zeolites exposed to propylene for 
prolonged time at room temperature (Figure 2.13). Bands at 2962 cm−1, 2937 cm−1, 2871 

cm−1, 1466 cm−1, and 1380 cm−1 due to the oligomers45 are more intense for SSZ-13-10F than 
for SSZ-13-0F in line with the higher uptake of the former zeolite. The reason for the 
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different total uptakes is evident from confocal fluorescence microspectroscopy data of 
the SSZ-13-0F and SSZ-13-10F samples after exposure to propylene at room temperature 
(Figure 2.14a, d). Oligomerization occurred throughout the zeolite crystal of SSZ-13-10F. 

These oligomers are absent in the inner parts of the SSZ-13-0F crystals. Based on these 
data, we can now firmly conclude that the oligomers formed in the outer regions of the 

SSZ-13-0F crystal block the diffusion of propylene into the inner parts of the crystal. The 
additional micropores in SSZ-13-10F provide a less hindered diffusion pathway for 
propylene throughout the SSZ-13 zeolite crystal. 

The existence of the additional microporosity was further underpinned by performing 
thiophene oligomerization reaction in the zeolite crystals (Figure 2.14). In this probe 
reaction, the reactant has to diffuse inside of the micropore structure of the zeolite to 

react and form oligomers, which are fluorescent and can be detected by confocal 
fluorescence microscopy.46,47 The pore apertures of the CHA framework are too small (0.38 

nm) to allow for the diffusion of thiophene (kinetic diameter of thiophene is 0.46 nm), 
which means that the oligomerization reaction can only take place in the SSZ-13-10F with 
additional larger microporosity. The results indicate that no fluorescent species were 

formed inside the crystal of the SSZ-13-0F sample (Figure 2.14b). However, the formation 
of fluorescent species from oligomerization reactions was evident from the images for the 

SSZ-13-10F sample (Figure 2.14e). These data point out the presence of additional 
microporosity beyond the size of the CHA pore apertures in the crystals of SSZ-13-10F. 
Another conclusion is that the additional micropores contain Brønsted acid sites that can 

catalyze the oligomerization reaction required for the formation of the fluorescent species 
in these crystals. On the basis of these confocal fluorescence microscopy results and the 
uptake measurements, we conclude that these additional micropores are significantly 

larger than the pore apertures of SSZ-13 of 0.38 nm. This is consistent with the NLDFT 
analysis of Ar physisorption data. To corroborate these data, an additional probe reaction, 

the oligomerization of 4-fluorostyrene, was performed. The results as summarized in 
Figure 2.14c, f clearly confirm that SSZ-13-10F contain microporosity beyond that of the 
CHA framework. 
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Figure 2.13. FTIR spectra of absorbed propylene on (a) SSZ-13-0F and (b) SSZ-13-10F as a function 

of the propylene coverage. (2962 cm−1: asymmetric CH3-; 2937 cm−1: asymmetric -CH2-; 2871 cm−1: 

symmetric C-H; 1466 cm−1: -CH2- deformation of oligomer; 1380 cm−1: CH3- deformation of 

oligomer). The spectra were normalized by the weight of the catalysts. 

 

 
Figure 2.14. Confocal fluorescence microphotographs of (a, b, and c) SSZ-13-0F and (d, e, and f) 

SSZ-13-10F crystals collected after the (a, d) propylene, (b, e) thiophene and (c, f ) 4-fluorostyrene 

oligomerization reactions. The images were taken in the middle plane of single crystals. 

 

The present findings show that fluoride ions in the alkaline synthesis gel modulate 

zeolite growth in such way that an additional network of micropores with a size of about 
0.5 nm is created next to the SSZ-13 micropore system. We surmise that these additional 
micropores are located at the boundaries between the cubic-shaped grains seen in the 

SEM images. The sharp XRD reflections for SSZ-13-10F indicate that the large micron-



38 
 

sized crystals are single crystalline domains, possibly formed by modulated self-assembly 
instead of by the random assembly of the individual crystals.  

The role of fluoride in the generation of this extra porosity demands further discussion. 

In zeolite synthesis, fluoride does not only act as mineralizer but also as charge-
compensating agent.48 Fluoride synthesis of zeolites is mostly carried out at near-neutral 

pH; in this way, number of novel zeolite structure, especially high silica zeolites, were 
synthesized for the first time.49,50 Less defective crystals are usually obtained due to the 
slower crystal growth rate and the charge-compensating nature of SiO4/2F− groups.51,52 It 

has also been established that fluoride can stabilize small cages such as D4R units.53–55 
Despite the importance of fluoride in the zeolite synthesis, relatively few efforts have been 
made to investigate the effect of F− on zeolite synthesis under alkaline conditions.23,56 It 

has for instance been reported that the crystal morphology of BEA zeolite substantially 
depended on the pH in the presence of fluoride ions.57 

 

 
Figure 2.15. 19F MAS NMR spectra of SSZ-13-10F: (a) as synthesized SSZ-13-10F, (b) calcined SSZ-13-

10F zeolite. 

 

The exact mechanism by which F− ions give rise to additional micropores during the 

alkaline synthesis of SSZ-13 remains unclear. By 19F MAS NMR, one can distinguish the 
different coordination environments of fluoride in as-prepared SSZ-13-10F (Figure 2.15). 
The resonance at −63 ppm is due to F− in the D6R cages of the CHA structure as reported 

before for SSZ-13 synthesized with TMAda+ in the presence of fluoride at neutral pH.58 
The resonance at ~ −121 ppm is due to free fluoride anions present in the zeolite. Solid 
NH4F and NaF give rise to a single line at ~ −116 ppm and −126 ppm, respectively.59,60 

Calcination removes all of the F anions in SSZ-13-10F. Accordingly, the formation of 
Na2SiF6 and Na3AlF6 precipitates is not likely; this is also consistent with the absence of F 

peaks related to these phases in the 19F NMR spectrum. The lower field signal we observed 
at ~ −106 ppm cannot be assigned at this moment. We speculate that this chemical shift 
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would arise from the F− ions in aluminosilicate-type environments that separate the fine 
zeolite grains. If a alkaline gel system contains fluoride anions, the less soluble fluorinated 
inorganic species will limit the Ostwald ripening (smaller particles dissolve for the growth 

of larger ones) and slow down crystal growth. Then, fusion of very small, relatively 
uniformly sized primary zeolite particles will be the main route to zeolite particle growth. 

We speculate further that the agglomeration of these small primary crystals into the fine 
grained zeolite material may be facilitated by the reduced negative surface charge of the 
fluoride terminated primary crystals.61 This hypothesis is supported by the fact that too 

low fluoride content in the gel leads to decreased additional porosity in SSZ-13, while too 
high fluoride content results in extremely slow crystallization and, consequently, 
formation of quartz. Thus, the concentration of fluoride in the synthesis gel is a key 

parameter to the SSZ-13 crystallization process. This approach presents an inexpensive and 
scalable approach to obtain CHA zeolites with improved performance in the MTO 

reaction. 
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2.4 CONCLUSION 

The present work reports a new approach for the hierarchization of microporous zeolites. 
The presence of a small amount of fluoride in the alkaline synthesis gel of SSZ-13 changes 

the growth process of SSZ-13. As a result, a fine grained SSZ-13 zeolite containing an 
additional system of micropores with a size of around 0.5 nm is formed. Evidence for these 
micropores has been provided by measurement of uptake curves of molecules too large to 

enter the CHA apertures as well as confocal fluorescence microscopy measurements of 
oligomerized molecules that do not fit in the primary micropore network of CHA. The 
secondary micropore system increases the diffusion rate of molecules inside the zeolite 

crystals. As a result, the negative effect of oligomerization/coking reactions that block the 
crystals during catalytic reactions is substantially decreased. The increased accessibility is 

particularly evident from the increased uptake of propylene, which rapidly oligomerizes in 
SSZ-13. The current approach is a very cost-effective and scalable approach to completely 
utilize the micropore space of SSZ-13 zeolite during the MTO reaction. 
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Chapter  3 
 

Trimodal Porous Hierarchical SSZ-13 Zeolite 
with Improved Catalytic Performance in the 
Methanol-to-Olefins Reaction  
 
ABSTRACT: In this work, hierarchical SSZ-13 zeolites with trimodal porosity (native 

microporosity CHA/additional larger microporosity/mesoporosity) were synthesized by 
using a diquarternary ammonium type surfactant C22-4-4·Br2 and fluoride anions. The 

resulting hierarchical fully crystalline SSZ-13 zeolites possess similar acidic sites as a 
reference bulk SSZ-13 zeolite. The increased diffusion in the hierarchical SSZ-13, proved by 
uptake experiments and selective staining, resulted in much slower catalyst deactivation 

in the methanol-to-olefins (MTO) reaction. The C2
=/C3

= ratio was found to increase from 
0.8 to 1.2 by varying the weight hourly space velocity (WHSV). Hierarchical SSZ-13 exhibits 

higher light olefins selectivity and lower selectivity to heavier products including coke 
than bulk SSZ-13. Confocal fluorescent images of hierarchical SSZ-13 zeolite reveal a more 
homogeneous distribution of coke species, indicating that the micropore space has been 

completely utilized in the MTO reaction. In-situ visible light microspectroscopy shows 
that the spent mesoporous SSZ-13 zeolite contains more bulkier carbonaceous deposit 
species in the crystals. 
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3.1 INTRODUCTION 

The methanol-to-olefins (MTO) reaction has rapidly become an important practical 
technology to convert methanol derived from natural gas, coal or biomass into valuable 

light olefins.1−5 In practice, H-SAPO-34, a microporous silicoaluminophosphate with the 
chabazite (CHA) framework topology, is used as the catalyst.6 CHA contains large 
cavities with a size of 6.7 Å × 10.9 Å connected by small pore openings of 3.8 Å. Dahl and 

Kolboe were the first to suggest that methanol conversion into olefins and aromatics 
involves hydrocarbon pool species that built up during acid-catalyzed reactions in 
zeolites and related microporous materials.7,8 There is compelling evidence that 

polymethylated benzenes are involved in converting methanol into light olefins in H-
SAPO-34 and other small-pore zeolites.9 It is assumed that these methylbenzenes slowly 

age with time on stream into multi-ring aromatics, which cause blocking of the 
micropores and, in this way, result in loss of activity.4,10 

H-SSZ-13 is the aluminosilicate analogue of H-SAPO-34. The stronger acidity of the 

bridging hydroxyl groups in H-SSZ-1311 results in faster deactivation during methanol 
conversion due to the build-up of carbonaceous deposits in the internal voids of the 

zeolite crystals, which may limit the effectiveness factor.12−15 Accordingly, several groups 
have attempted to introduce intracrystalline mesopores in zeolite particles. Common 
approaches for mesopore generation such as alkaline leaching and steaming applied to 

H-SSZ-13 had little positive and, usually, a negative influence on the MTO 
performance.12,16 Wu et al. synthesized mesoporous H-SSZ-13 by combining the structure-
directing agent TMAdaOH with a diquaternary ammonium type surfactant [C22H45-

N+(CH3)2-C4H8-N+(CH3)2-C4H9]Br2 (C22-4-4·Br2 for brevity).17,18 Related diquaternary 
ammonium surfactants have earlier been used to synthesize ZSM-5 zeolite 

nanosheets.19,20 An important aspect of the work of Wu et al. was the combination of two 
templates, one for structure direction of the zeolite and the other to generate sufficient 
intracrystalline mesopores. At optimized C22-4-4·Br2/TMAdaOH ratio, the lifetime of 

mesoporous H-SSZ-13 in the MTO reaction was three times higher than that of bulk H-
SSZ-13.  

In Chapter 2, we described a new finding to obtain hierarchical zeolite H-SSZ-13. The 
use of fluoride in the alkaline synthesis of H-SSZ-13 zeolite results in fine-grained zeolite 
crystals that contain an additional system of micropores. These additional micropores 

are larger than the inherent pore apertures of the CHA pore topology. The increased 
accessibility of the zeolite crystal greatly increased the lifetime in the MTO reaction. In 
this work, we further investigate this approach and explore the combination with a 

mesoporogen to arrive at H-SSZ-13 zeolite with trimodal porosity. The resulting 
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hierarchical H-SSZ-13 zeolites display the highest performance in the MTO reaction in 
terms of the total methanol conversion capacity. The structural, textural and acidic 
properties of these new materials were characterized in detail by XRD, electron 

microscopy, Ar physisorption, NMR, and IR spectroscopy. Visible light 
microspectroscopy and confocal fluorescence microscopy were employed to identify the 

nature and location of carbonaceous deposits during the MTO reaction. 

 

 
3.2 EXPERIMENTAL SECTION 

3.2.1 SYNTHESIS OF MESOPOROGEN 

C22-4-4·Br2: 4.1 g (0.01 mol) 1-bromodocosane (Aldrich, 96 %) were dissolved in 20 ml 
toluene (Biosolve, 99.5 %) and added dropwise to a 20 ml solution of 10.3 g (0.07 mol) 

N,N,N’,N’-tetramethyl-1,4-butanediamine (Aldrich, 98 %) in acetonitrile (Biosolve, 
99.8 %). The solution was refluxed in an oil bath at 70 °C for 12 h. After cooling to room 

temperature, the solution was filtered and washed with diethyl ether. The resulting 
product [C22H45-N+(CH3)2-C4H8-N(CH3)2]Br was dried in a vacuum oven at 50 °C. 3.7 g 
(0.007 mol) [C22H45-N+(CH3)2-C4H8-N(CH3)2]Br and 1.96 g (0.014 mol) 1-bromobutane 

(Aldrich, 98 %) were dissolved in 110 ml of acetonitrile and stirred under reflux at 70 °C 
for 12 h. The resulting solution was cooled, filtered, washed with diethyl ether and dried 
in a vacuum oven at 50 °C. The product was [C22H45-N+(CH3)2-C4H8-N+(CH3)2-C4H9]Br2, 

which will be further denoted as C22-4-4·Br2. 

 

3.2.2 SYNTHESIS OF ZEOLITES 

H-SSZ-13 zeolite was synthesized according to a published procedure.18 In a typical 

synthesis of H-SSZ-13, Ludox AS 40 (Aldrich, 40 wt%), aluminium hydroxide (Aldrich, 
reagent grade), sodium hydroxide (EMSURE, 50 wt%), N,N,N-trimethyl-1-
adamantammonium hydroxide (TMAdaOH, SACHEM Inc. 25 wt%), and distilled water 

were mixed to obtain a gel with molar composition of 20 TMAdaOH : 7.5 Na2O : 2.5 
Al2O3 : 100 SiO2 : 4400 H2O. The resulting gel was stirred at room temperature for 2 h 
and then transferred into a 45 mL Teflon lined steel autoclave. The gel was crystallized 

statically at 160 °C for 6 days. The resulting reference zeolite is denoted as SSZ-13-R. 
Another SSZ-13 zeolite was synthesized by adding sodium fluoride (EMSURE, ≥ 99.5 %) 

to the above recipe of SSZ-13-R to give the following gel composition 20 TMAdaOH : 7.5 
Na2O : 10 NaF : 2.5 Al2O3 : 100 SiO2 : 4400 H2O. The final gel was crystallized statically at 
160 °C for 10 days; the obtained zeolite is denoted as SSZ-13-F.  
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A set of mesoporous SSZ-13 zeolites, denoted as SSZ-13-F-Mx in which a fraction of 
TMAdaOH replaced by C22-4-4·Br2 (with x represents the fraction TMAdaOH replaced). 
The total N content of the synthesis gel was kept constant. C22-4-4·Br2 was added to the 

gel for SSZ-13-F synthesis and the mixture was stirred for 2 h. The final gel was 
transferred into a Teflon-lined autoclave and crystallized statically at 160 °C for 12 days. 

After crystallization, the zeolite products were filtered, washed with distilled water and 
dried at 110 °C. The zeolites were calcined at 550 °C for 10 h under flowing air and ion-
exchanged three times with 1.0 M NH4NO3 solutions followed by calcination at 550 °C 

for 4 h in order to obtain their proton forms. 

 

3.2.3 CHARACTERIZATION 

Basic characterization: X-ray diffraction patterns were recorded using a Bruker D4 
Endeavor diffractometer using Cu Kα radiation in the 2θ range of 5−60°. Elemental 

analyses were carried out by ICP-OES on a Spectro Ciros CCD ICP optical emission 
spectrometer with axial plasma viewing. The surface area and porosity of the zeolites 

were determined by Ar physisorption at −186 °C on a Micromeritics ASAP 2020 
instrument in static mode. The samples were outgassed at 400 °C for 8 h prior to the 
sorption measurements. The Langmuir adsorption isotherm model was used to 

determine the total surface area in the p/p0 range between 0.05−0.20. The mesopore 
volume and mesopore size distribution was calculated from the adsorption branch of the 

isotherm by the Barrett−Joyner−Halenda (BJH) method. The micropore volume was 
determined by the t-plot method. The micropore diameter was calculated by the NLDFT 
model. The model for Ar adsorption on oxides in cylindrical pores at −186 °C was used 

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. The 

zeolites were coated with gold prior to analysis. We also employed low-voltage high-
resolution scanning electron microscopy (LV-HRSEM). A high purity carbon stub was 

used as sample support. The carbon stub was cleaned by ultrasonication in ethanol 
followed by heating in a vacuum before mounting the sample. The SSZ-13-F-M50 sample 
was picked on a swab (cotton ball) and dropped onto the stub and then heated in a 

vacuum oven for 10 min at 200 °C. Afterwards, the sample was cleaned by Ar ion cleaner 
equipped in the load lock chamber of the LV-HRSEM instrument at 300 V for 10 min. The 

conditions including gun voltage and specimen bias are given with each LV-HRSEM 
image. All images were taken with the in-column detector on a JEOL JSM-7800F GBSH.  
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Thermogravimetric analysis: The carbonaceous deposits formed during the MTO 
reaction were analysed by thermogravimetric analysis (TGA) on TGA/DSC 1 STAR system 
of Mettler Toledo. For this purpose, the temperature of the sample was increased to 

850 °C at a rate of 5 °C min−1 in flowing artificial air (50 ml min−1 20 vol.% O2 in He). The 
weight loss between 300 °C and 600 °C was considered as the total carbonaceous deposit 

content. To evaluate differences in diffusion in the zeolites, the adsorption of methanol, 
ethylene, propylene, n-butanol, and i-butanol was investigated in the same TGA 
apparatus. The samples were first dehydrated at 550 °C and then exposed to the gaseous 

adsorbent at 30 °C. For the liquid adsorbents, a He flow was led through a thermostated 
saturator. The gaseous adsorbents were mixed with a He flow. The partial pressures of 

the adsorbents were 2.8 mbar for methanol, 6.9 mbar for n-butanol, 4.3 mbar for i-
butanol, 47 mbar for ethylene and propylene. 

FT-IR spectroscopy: FT-IR spectra of CO, pyridine, and propylene adsorbed on the 

zeolite samples were recorded in the range of 4000−400 cm−1 on a Bruker Vertex 70v 
instrument. The spectra were acquired at 2 cm−1 resolution and averaged over 60 scans. 

The samples were prepared as thin self-supporting wafers (~ 10 mg cm−2) and placed 
inside a controlled environment infrared transmission cell, capable of heating and 
cooling, gas dosing and evacuation. Prior to CO adsorption, the catalyst wafer was heated 

to 550 °C at a rate of 2 °C min−1 in an oxygen atmosphere. Subsequently, the cell was 
outgassed at the final temperature until the residual pressure was below 5 × 10−5 mbar. 
For CO (Praxair, 99.999 %) adsorption, the sample was cooled to −196 °C and CO was 

introduced into the sample cell via a sample loop (5 μL) connected to a Valco six-port 
valve. For pyridine adsorption, pyridine was introduced to the cell from an ampoule kept 

at room temperature. The exposure time was 20 min followed by desorption for 1 h under 
evacuation at temperatures of 150, 300 and 500 °C. Spectra were recorded after cooling the 
sample to 150 °C. FT-IR spectra of propylene were performed at 30 °C; propylene was 

added by using a 10 μL sample loop. Spectra were normalized to the weight of catalyst 
wafer. 

NMR spectroscopy: Nuclear Magnetic Resonance (NMR) spectra were recorded on an 

11.7 Tesla Bruker DMX500 NMR spectrometer, operating at 500 MHz for 1H, 99 MHz 
for 29Si and 132 MHz for 27Al measurements. 27Al MAS NMR was performed using a 

Bruker 2.5 mm MAS probe head spinning at 20 kHz. The MAS NMR measurements were 
carried out using a 4 mm MAS probe head with sample rotation rates of 10 kHz for 1H, 
and 5-8 kHz for 29Si NMR measurements, respectively. 1H NMR spectra were recorded 

with a Hahn-echo pulse sequence p1-τ1-p2-τ2-aq with a 90° pulse p1 = 5 μs and a 180° p2 = 
10 μs. The interscan delay was set to 120 s for quantitative spectra.  
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Quantitative 29Si NMR spectra were recorded 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. Higher interscan delay did not show any significant increase in signal 

intensity.  

For 1H MAS NMR measurements, the zeolites were first subjected to a dehydration 

procedure. A known amount of sample was placed in glass tube. This tube was connected 
to a vacuum line and the sample was dehydrated in this way at a temperature of 450 °C at 
a pressure lower than 10−5 mbar for 6 h. After evacuation, the dehydrated zeolites were 

placed into the 4 mm MAS NMR zirconia rotor under inert conditions and transferred to 
the NMR probe head.  

1H and 29Si NMR shifts were calibrated using tetramethylsilane (TMS). A saturated 

aqueous Al(NO3)3 solution was used for 27Al NMR shift calibration. The intensities of the 
different components in the 1H and 29Si MAS NMR spectra were obtained by 

deconvolution using DMfit2011.21 

In-situ visible light microspectroscopy: The measurements were performed on an 
Olympus BX41 upright microscope using a 50 × 0.5 NA long working distance microscope 

objective lens. A 75 W tungsten lamp was used for illumination. In addition, the 
microscope has a 50/50 double viewport tube, which accommodates a CCD video camera 

(ColorViewIIIu, Soft Imaging Systems GmbH) and an optical fibre mount. A 200 μm core 
fibre connects the microscope to a CCD Vis spectrometer (AvaSpec-2048TEC, Avantes 
BV). The in-situ Vis microspectroscopy were conducted in a Linkam FT-IR 600 in-situ 

cell. Before the MTO reaction, the catalysts were heated to 550 °C in 50 ml min−1 N2 flow 
with a rate of 10 °C min−1 and kept for 1 h. Then the temperature was lowered to 350 °C 

and methanol was introduced to the in-situ cell by leading a flow of 10 ml min−1 N2 
through liquid methanol kept at room temperature.  

Confocal fluorescence microscopy: A Nikon Eclipse LV150 upright microscope with 50 × 

0.55 NA dry objective was used for fluorescence microscopy studies. Fluorescence 
microphotographs were collected using 510−700 nm excitation light from a mercury 
source. Confocal images were acquired with a Nikon D-Eclipse C1 head connected to 488, 

561, and 635 nm excitation lasers. The emission was detected in the ranges 510–550 nm, 
570–620 nm, and 662–737 nm, respectively.  

 

3.2.4 CATALYTIC ACTIVITY MEASUREMENTS 

The zeolites were pressed into pellets, which were then crushed and sieved to obtain 
particles in the range 250−500 μm. Catalytic activity measurements were carried out in a 
quartz tubular fixed-bed reactor with 50 mg catalyst loading. The inner diameter of the 
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quartz tube reactor is 4 mm. Prior to reaction, the catalyst was activated at 550 °C in 
synthetic air (30 ml min−1) for 2 h. The MTO reaction was performed at 350 °C. Methanol 
(Merck, 99 %) was introduced to the reactor by leading a flow of 30 ml min−1 of He 

through a saturator kept at −17.2 °C. The resulting WHSV is 0.8 g g−1 h−1. For the purpose 
of investigating the influence of different WHSV on the performance of zeolite catalysts, 

the temperature of saturator was changed to −2 °C and 17 °C to obtain the WHSV of 2 
and 5.6 g g−1 h−1, respectively. The product effluent was analyzed by online gas 
chromatography (Compact GC Interscience equipped with TCD and FID detectors with 

RT-Q-Bond and Al2O3/KCl columns, respectively). The reaction was followed for 24 h. 
Thereafter, the catalyst was cooled in He to room temperature and reclaimed as the 
spent catalyst. Methanol conversion is based on the inlet and outlet concentrations of 

methanol as determined by GC analysis of the reactor feed before and after the reaction 
and the reactor effluent during reaction. Dimethylether was considered as a reactant in 

the calculation of the conversion and selectivity. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 STRUCTURAL AND TEXTURAL CHARACTERIZATION 

According to the XRD patterns (Figure 3.1), all materials are zeolites with the CHA 

structure without indications of impurity phases.  

 

 
Figure 3.1. XRD patterns of as-synthesized (a) SSZ-13-R, (b) SSZ-13-F, (c) SSZ-13-F-M1, (d) SSZ-13-

F-M5, (e) SSZ-13-F-M10, (f) SSZ-13-F-M25, (g) SSZ-13-F-M50. 

 

Figure 3.2 displays representative SEM images of these zeolites. All samples comprise 
micron-sized cubic particles with rounded edges. Close inspection of these images 

indicates that the surface of SSZ-13-R is very smooth in contrast to the surface of SSZ-13-
F. The large zeolite particles of SSZ-13-F consist of smaller cubic-shaped crystals (as seen 

in Figure 3.2f). The SEM images of the SSZ-13-F-Mx zeolites show a very open structure 
consisting of mesoporous voids between crystalline domains; this morphology is similar 
to the one obtained for mesoporous SSZ-13 zeolites prepared with the same mesoporogen 

but without NaF in the synthesis gel.18 The size of the SSZ-13-F-Mx zeolite crystals 
slightly decreases with increasing C22-4-4·Br2 content of the synthesis gel. This is in 

keeping with the proposed role of the diquaternary ammonium mesoporogen to 
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interrupt the zeolite crystal growth.18 In high-resolution low-voltage SEM images (Figure 
3.2l, p), SSZ-13-F-M50 zeolite particles were made up from intergrown primary small 
crystals which do not seem to contain mesopores themselves.  

 

 

Figure 3.2. Morphology of SSZ-13 zeolite catalysts. SEM images of (a, e) SSZ-13-R, (b, f) SSZ-13-F, 
(c, g) SSZ-13-F-M1, and (d, h) SSZ-13-F-M5. (i, m) SSZ-13-F-M10, (j, n) SSZ-13-F-M25, (k, o) SSZ-13-

F-M50, and (l, p) LV HRSEM images of SSZ-13-F-M50.  

 

Figure 3.3 shows the Ar physisorption isotherms and the corresponding pore size 
distributions of the calcined SSZ-13 zeolite samples. The isotherms of SSZ-13-R and SSZ-

13-F are typical for microporous materials. The textural properties listed in Table 3.1 show 
that the mesopore volume of these two zeolites is very small. The micropore volume and 
Langmuir surface area are larger for SSZ-13-F as compared with SSZ-13-R. The micropore 

size distribution of SSZ-13-R, SSZ-13-F, and SSZ-13-F-M5 zeolites as determined by the 
NLDFT method is also compared in Figure 3.3. Clearly, SSZ-13-F and SSZ-13-F-M5 contain 
extra micropores with an average size of ~ 0.5 nm; these additional pores are likely 

located at the grain boundaries of the primary nanocrystals. All SSZ-13-F-Mx zeolites 
display type IV adsorption isotherms, characteristic for the combined presence of 

micropores and disordered mesopores. SSZ-13-F-M5 zeolite contains less extra 
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microporosity than SSZ-13-F, which can be ascribed to the generation of mesopores in 
the crystal. The textural properties show that all mesoporous SSZ-13 zeolites have larger 
surface areas than the microporous reference zeolite. SSZ-13-F-M25 has the highest 

Langmuir surface area (787 m2 g−1). The micropore volumes of SSZ-13-F and SSZ-13-F-Mx 
are close to that of SSZ-13-R, which confirms the high crystallinity of these zeolite 

samples. The largest mesopore and total pore volumes are obtained for the zeolite 
prepared with the largest amount of mesoporogen in the synthesis gel. This shows that 
mesopore generation is directly linked to the presence of C22-4-4·Br2 in the synthesis gel. 

 

 

   

Figure 3.3. (Up left) Ar physisorption isotherms and (up right) mesopore size distributions of (a) 

SSZ-13-R, (b) SSZ-13-F, (c) SSZ-13-F-M1, (d) SSZ-13-F-M5, (e) SSZ-13-F-M10, (f) SSZ-13-F-M25, (g) 

SSZ-13-F-M50. (Bottom) The micropore size distributions analyzed by the NLDFT method point 

to additional microporosity with a size of ~ 0.5 nm. The isotherms were vertically offset by equal 

intervals of 150 cm3 g−1. The mesopore size distributions were calculated by the BJH algorithm 

using the adsorption branch vertically offset by equal intervals of 0.004 cm3 g−1 nm−1.  
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Table 3.1. Textural properties of calcined SSZ-13 zeolites. 

  Zeolite 
SL 

a 
(m2 g−1) 

Vtot b 
(cm3 g−1) 

Vmeso c 
(cm3 g−1) 

Vmicro
d 

(cm3 g−1) 

  SSZ-13-R 677 0.24 0.02 0.20 

  SSZ-13-F 763 0.28 0.03 0.23 

  SSZ-13-F-M1  707 0.27 0.04 0.21 

  SSZ-13-F-M5 778 0.29 0.05 0.22 

  SSZ-13-F-M10  745 0.30 0.07 0.21 

  SSZ-13-F-M25 787 0.36 0.12 0.21 

  SSZ-13-F-M50 754 0.48 0.25 0.19 
a SL is the Langmuir surface area obtained in the relative pressure range (p/p0) of 0.05–0.20;  
b Vtot is the total pore volume at p/p0= 0.97; 
c Vmeso is the mesopore volume calculated by the BJH method; 
d Vmicro is the micropore volume calculated by the t-plot method. 

 
27Al MAS NMR spectra of SSZ-13 zeolites are shown in Figure 3.4. The main feature in 

all spectra is due to a symmetric tetrahedrally coordinated Al species (AlIV) at ~ 59 ppm, 
associated with Al3+ in the CHA zeolite framework.23 The asymmetrically broadened 

peaks located at ~ 0 ppm represent extraframework Al in octahedral coordination (AlVI). 
Deconvolution of these spectra (Table 3.2) shows that ~ 90 % of the Al atoms are built 

into the zeolite framework. The Si/Al ratios of all the samples measured by ICP-OES 
elemental analysis were also very similar. 

The coordination of the Si atoms in the zeolites was determined by DE 29Si MAS NMR 

spectroscopy (Figure 3.4). 29Si MAS NMR allows determining the framework Si/Al ratio 
(Si/Al)F from the relative intensities of tetrahedral Si (Q4) with different number of Al 
atoms in the second coordination sphere Q4(nAl) with n = 0, 1, 2, 3 or 4 by use of (Si/Al)F 

= 4 (Σ In )/(Σ nIn), where I is the peak area and n the number of coordinated Al atoms.24 
All spectra contain three signals at −101, −105 and −111 ppm, which refer to Q4(2Al), 

Q4(1Al) and Q4(0Al), respectively.25 The spectra were deconvoluted according to the 
strategy outlined by Eilertsen et al.25 The calculated framework Si/Al ratios of all the 
samples are similar to the Si/Al ratio determined by ICP-OES. 
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Figure 3.4. (Left) 27Al and (right) 29Si MAS NMR spectra of (a) SSZ-13-R, (b) SSZ-13-F, (c) SSZ-13-F-

M5, (d) SSZ-13-F-M10, (e) SSZ-13-F-M25, (f) SSZ-13-F-M50. The spectra were normalized by the 

weight of the samples. 

 

Table 3.2. Si/Al ratio determined by ICP-OES elemental analysis and 29Si MAS NMR. The relative 

amount of Al species in zeolites was determined by 27Al MAS NMR. 

Zeolite 
Si/Al  
(ICP)

 
 

Si/Al 
a
  

(29Si NMR)
 
 

Al
IV

 
(%) 

Al
VI

 
(%) 

SSZ-13-R 21 22 89 11 

SSZ-13-F  22 25 88 12 

SSZ-13-F-M5 22 26 86 14 

SSZ-13-F-M10 22 22 88 12 

SSZ-13-F-M25 23 22 93 7 

   SSZ-13-F-M50 23 23 92 8 
a Deconvoluted according to the strategy outlined by Eilertsen et al.25 

 

3.3.2 ACIDITY CHARACTERIZATION 

The nature of the OH groups of the SSZ-13 zeolites was investigated by means of 1H 
MAS NMR and IR spectroscopy of adsorbed CO. Quantitative 1H MAS NMR spectra of 

the dehydrated samples are shown in Figure 3.5. The assignment and results of the 
deconvolution of these spectra are given in Table 3.3. The signal at 1.8 ppm is due to 

isolated external silanol groups and the signal at 2.0 ppm refers to the internal silanol 
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groups.26−29 Notably, the silanol band in SSZ-13-F-M25 shifted upfield compared with the 
two microporous zeolites due to the significantly higher content of external silanol 
groups, which experience less hydrogen bonding than the internal silanol groups. The 

band at ~ 4 ppm stands for the Brønsted acid sites.30,31 Signals in the region 2.5−3.0 ppm 
correspond to OH groups of AlOH moieties at extraframework positions.31,32 These 

assignments are supported by data from 1H-{27Al} TRAPDOR NMR experiments (as 
shown in Chapter 2). This technique helps to identify the protons located in the vicinity 
of Al atoms.33 The quantitative data derived from these spectra show that SSZ-13-R and 

SSZ-13-F zeolites have similar densities of external silanols. SSZ-13-F contains less internal 
silanol defects than SSZ-13-R, which can be ascribed to charge-compensation by fluoride 
anions during the zeolite growth process. The number of internal silanol defects for SSZ-

13-F-M25 lies in between values for SSZ-13-R and SSZ-13-F. All samples contain strong 
BAS in nearly the same amount.  

The acidity situation of the zeolites was investigated in more detail by FTIR spectra of 
adsorbed CO and pyridine. CO IR spectra are given in Figure 3.6 and show important 
features in the OH stretching 3900−3100 cm−1 region. Bands at 3735 cm−1 and 3707 cm−1 

are assigned to isolated external and internal silanols, respectively. The band at 3500 cm−1 
relates to silanol nests.11 The band around 3610 cm−1 is due to acidic bridging OH groups 

in H-SSZ-13 zeolite.34,35 Upon CO adsorption, the band of these BAS shifts to 3308 cm−1 
for all samples, indicating similar acid strength of the BAS. This shows that the use of 
fluoride and the C22-4-4·Br2 mesoporogen did not influence the strength of the acid sites. 

The size of pyridine is too large to enter the pores of CHA zeolite; thus the IR spectra of 
adsorbed pyridine (Figure 3.7, Table 3.3) relates to BAS on the external surface of SSZ-13-R 
and SSZ-13-F-M25 zeolites. The bands in the spectra at ~ 1455 cm−1, 1490 cm−1, and 1545 

cm−1 arise from pyridine interacting with Lewis acid sites (LAS), LAS and BAS sites, and 
BAS, respectively.36 The concentration of BAS at the external crystal surface of SSZ-13-R is 

negligible. On contrary, such sites can be probed for SSZ-13-F-M25 because of its higher 
surface area and it is estimated that about 5 % of all of the acid sites are located at the 
external crystal surface in SSZ-13-F-M25. 

The above investigations show the changes of physico-chemical properties in zeolites 
synthesized with or without NaF and, also, how the mesoporogen affects them. The Si/Al 

ratio and the concentration and strength of the BAS are very similar for all samples. The 
use of increasing amounts of C22-4-4·Br2 in the synthesis gel results in additional 
mesoporosity in the crystals and also affects slightly the crystal size of the zeolite 

particles. The other significant difference appears to be the lower internal silanol content 
of the samples prepared in the presence of NaF. This is due to the role of fluoride as 
charge-compensating anions that lowers the number of defects during the synthesis of 
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high-silica zeolites.37,38 The additional mesoporosity results in a higher concentration of 
external silanol groups. The presence of a small amount of F− ions in the alkaline 
synthesis gel of SSZ-13 modulates the growth process of SSZ-13 zeolite. As a result, the 

obtained SSZ-13-F zeolite contains an additional micropore system with pores that are ~ 
0.5 nm in size and are most likely located at the grain boundaries. Although zeolites 

including H-SSZ-13 can also be synthesized in fluoride media at near-neutral pH,39 this 
route cannot be used together with C22-4-4·Br2, because the mesoporogen cannot be 
effectively dispersed in the very viscous (low H2O/SiO2 ≈ 3) synthesis gels used in 

fluoride-mediated zeolite synthesis. 

 

 
Figure 3.5. 1H MAS NMR spectra of (a) SSZ-13-R, (b) SSZ-13-F, (c) SSZ-13-F-M25. The right figure 

shows the deconvolution of these spectra for SSZ-13-R. The spectra were normalized to the catalyst 

weight. 

 

Table 3.3. Integrals of deconvoluted 1H MAS NMR spectra of dehydrated SSZ-13-R, SSZ-13-F and 

SSZ-13-F-M25 and external BAS density determined by IR of adsorbed pyridine. 

Zeolite 
BAStotal

a 
(mmol g−1) 

BASexternal
b 

(mmol g−1) 
SiOHexternal

a 

(mmol g−1) 

SiOHinternal
a 

(mmol g−1) 

SSZ-13-R 0.65 

0.67 

0.80 

0.00 0.55 

0.55 

0.77 

0.22 

0.17 

0.19 

SSZ-13-F n.d.c 

   SSZ-13-F-M25 0.04 
a total BAS determined by 1H MAS NMR;  
b external BAS determined by IR of adsorbed pyridine; 
c not determined. 
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Figure 3.6. (Left) hydroxyl and (right) CO stretch regions of FTIR spectra of (a) SSZ-13-R and (b) 

SSZ-13-F, and (c) SSZ-13-F-M25 as a function of the CO coverage. The spectra were normalized by 

the weight of the catalysts. 

 

 
Figure 3.7. Infrared spectra of pyridine adsorbed on the proton forms of (a) SSZ-13-R and (b) SSZ-

13-F-M25 after evacuation at 150, 300 and 500 °C (arrow indicates increasing evacuation 

temperature), IR spectra were recorded at 150 °C. 
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3.3.3 EFFECT OF HIERARCHICAL STRUCTURE ON DIFFUSION 

The influence of the additional intracrystalline micropores and mesopores on the 

diffusion was investigated by comparing the uptake of different organic molecules at 
30 °C in the dehydrated zeolites by thermogravimetric analysis. We first established that 
the total methanol uptake of SSZ-13-R and SSZ-13-F is very similar (Figure 3.8a). The 

uptake of these samples is ~ 120 mg g−1. This corresponds to about 5 methanol molecules 
per BAS, close to the value reported for methanol uptake in SAPO-34.40 It implies that 
the adsorption is dominated by weakly adsorbed methanol molecules in addition to a 

small amount of protonated methanol molecules. Importantly, the uptake rates were 
very similar for both zeolites. Thus, the difference in porosity did not affect the diffusion 

rate of methanol. SSZ-13-F-M25 displays a higher uptake rate and the amount of 
methanol adsorbed is also higher as compared with SSZ-13-R and SSZ-13-F. This indicates 
that the mesopores and shortened diffusion length in the mesoporous SSZ-13 samples 

facilitate diffusion of methanol and increase the adsorption capacity. The additional 
space available in the mesopores of the crystals explains the higher uptake of methanol. 

Figure 3.8b and c also show that the uptake of larger molecules such as n-butanol and i-
butanol differs between SSZ-13-R, SSZ-13-F, and SSZ-13-F-M25. The slow uptake of 
butanols in the SSZ-13-R sample is similar to what has been reported for adsorption of 

linear alcohols in SAPO-34.41 The total uptake increases in the order SSZ-13-R < SSZ-13-F 
< SSZ-13-F-M25 for both adsorbates. The uptake data also show that butanols are initially 
adsorbed faster in SSZ-13-F and SSZ-13-F-M25 than in SSZ-13-R. The initial uptake of the 

former two samples is very similar, from which we derive that the rapid uptake of 
butanols is due to additional system of micropores. These micropores appear to affect the 

initial uptake rate more than the mesopores in SSZ-13-F-M25. We explain this by the fact 
that the additional micropores decrease the crystalline CHA zeolite domain size more 
than the mesopores. Another factor may be the higher heat of adsorption of butanols in 

these additional micropores than in the mesopores.  

The uptake of light olefins was also investigated for these zeolites. Figure 3.8d and e 

show the uptake curves for propylene and ethylene, respectively. The uptake of 
propylene increases in the order SSZ-13-R < SSZ-13-F < SSZ-13-F-M25. After 60 min 
exposure to propylene, SSZ-13-R, SSZ-13-F and SSz-13-F-M25 contain 0.46 (0.71), 2.75 (4.10) 

and 3.46 (4.33) mmol g−1 (number of propylene molecules per acid sites in brackets). 
Propylene is very reactive and can be protonated already at room temperature by the 
bridging OH groups of the zeolites.42 The resulting adsorbed propyl carbenium ion can 

then further react with propylene to oligomers. The IR spectra of these samples exposed 
to propylene for prolonged time at room temperature have been shown in Chapter 2. The 
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bands at 2962 cm−1, 2937 cm−1, 2871 cm−1, 1466 cm−1 and 1380 cm−1 were assigned to the 
formation of propylene oligomers.42  

 

 
Figure 3.8. (a) Methanol, (b) n-butanol, (c) i-butanol, (d) propylene, and (e) ethylene uptake 

experiments performed at 30 °C on zeolite samples (■) SSZ-13-R, (●) SSZ-13-F, and (▲) SSZ-13-F-

M25. The samples were dehydrated before the adsorption. 

 

3.3.4 CATALYTIC PERFORMANCE IN THE MTO REACTION 

The zeolites were then evaluated for their catalytic performance in the MTO reaction at 
350 °C. The catalyst lifetime is defined as the time to reach a conversion of 50 % (t50). 

Here, we employ the time at which conversion has decreased to 98 % (t98), as this is 
more relevant to commercial practice. The conversion as a function of time on stream is 
shown in Figure 3.9. The corresponding data including the lifetime and product 

selectivities after methanol conversion reaches 98 % are collected in Table 3.4. During 
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the initial stages of the reaction, all zeolite catalysts completely converted the methanol 
feed and produced ethylene and propylene with a combined yield above 80 %. The 
methanol conversion of SSZ-13-R decreased drastically with time on stream and t50 (t98) 

was only 5.1 h (2.1 h). SSZ-13-F showed already a much longer t50 (t98) of 10.1 h (5.2 h). The 
set of SSZ-13-F-Mx zeolites was able to convert methanol for at least 7 h (t98), and their 

deactivation rate was much lower compared with the two microporous SSZ-13 zeolites. 
Consequently, their lifetimes were much longer (t50 ≈ 14 h). Although all the mesoporous 
zeolites performed quite similarly, the zeolite with the highest mesopore volume was 

seen to deactivate slowest. The selectivity data for the MTO reaction after methanol 
conversion drops to 98 % show that ethylene and propylene were the main reaction 
products. The C2

=/C3
= ratio was approximately 1.2 in all cases. We determined the total 

methanol conversion capacity (TCC, total amount of methanol converted to 
hydrocarbons after 24 h time on stream) of these zeolites (Figure 3.9). The corresponding 

data are given in Table 3.4. It is seen that the TCC increases in the order SSZ-13-R < SSZ-
13-F < SSZ-13-F-M1 < SSZ-13-F-M5 < SSZ-13-F-M10 ≈ SSZ-13-F-M25 < SSZ-13-F-M50. The 
higher TCC value for SSZ-13-F-M50 is mainly due to the lower rate of deactivation. 

Nevertheless, the time to the onset of deactivation is very similar for all mesoporous SSZ-
13 zeolites.  

 

 
Figure 3.9. (Left) Catalytic performance in the MTO reaction of SSZ-13 zeolites; (right) cumulative 

amount of methanol that has been converted to hydrocarbons versus time-on-stream (T = 350 °C; 

WHSV = 0.8 g g−1 h−1). 

 

In industrial practice, MTO catalysts are regenerated by combustion of the carbon 
deposits in a process layout that has similarities with the conversion of oil feedstock in 
FCC units. Therefore, it is important to assess the reusability of new or improved 

catalysts. For this purpose, spent SSZ-13-F-M25 was regenerated by in-situ calcination at 



61 
 

550 °C for 4 h followed by evaluation of its activity under identical conditions as the first 
activity measurement. This reaction-regeneration cycle was repeated for five times. 
Figure 3.10 shows that there was no significant decrease in the catalytic performance in 

the consecutive cycles.  

 

 
 

Figure 3.10. Catalytic performance of SSZ-13-F-M25 after intermittent recalcination for five 

consecutive regeneration cycles (T = 350 °C; WHSV = 0.8 g g−1 h−1).  

 

The textural properties of the spent catalysts after 24 h time on stream were 

determined by Ar physisorption. The carbon content was determined by 
thermogravimetric analysis (TGA). The results are given in Table 3.5. Compared with the 

fresh samples, the mesopore volumes of the spent catalysts were only slightly lower. On 
contrary, the micropore volumes of the spent catalysts decreased very substantially 
during the MTO reaction. This shows that carbon deposition mainly takes place in the 

micropores, consistent with the mechanistic proposal of occluded polymethylated 
benzenes as reaction centers and precursors to coke deposits. There is no clear trend 
between the remaining micropore volume and the initial mesopore volume. From this, 

we conclude that either all micropores are filled with carbon deposits or that the pore 
entrances are blocked. In line with these suggestions, we observe that in all cases the 

Langmuir surface area was much lower after reaction. Comparing the various samples, 
SSZ-13-F and SSZ-13-F-Mx contain more carbon deposits than SSZ-13-R. Less carbon is 
deposited on the mesoporous SSZ-13 zeolites with increasing mesopore volume. This is 

due to the fact that the mesoporous zeolites are not fully deactivated after 24 h time on 
stream and the catalysts are still able to convert the reactant methanol. Therefore not all 

the zeolite micropores are filled with larger coke deposits.  
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Table 3.4. Lifetime, product selectivity of MTO reaction after 98 % of methanol conversion over 

SSZ-13 zeolites (T = 350 °C; WHSV = 0.8 g g−1 h−1). 

Zeolite 
t50

a  

(h) 
t98

b 
(h) TCC

 c
  

(g g−1) 

Selectivity (%) 

C1   C2

=
 C2 C3

=
 C3 C4-C6

 d
 

SSZ-13-R 5.1 2.1 6.5 1.1 44.4 0.4 37.7 1.8 14.5 

SSZ-13-F 10.1 5.2 9.8 1.1   46.4 0.2 38.1 0.8 13.4 

SSZ-13-F-M1 11.5 6.5 10.7 1.1 45.8 0.2 37.3 0.6 15.0 

SSZ-13-F-M5 13.7 7.7 11.3 1.2 46.8 0.2 37.8 0.6 13.4 

SSZ-13-F-M10 13.9 7.7 12.1 1.2 45.5 0.3 37.0 0.9 15.1 

SSZ-13-F-M25 13.8 6.7 12.1 1.2 45.7 0.2 37.9 0.8 14.3 

   SSZ-13-F-M50 14.3 6.7 12.7 1.2 45.9 0.2 38.0 0.6 14.0 
a lifetime is defined as the time to reach 50 % of methanol conversion; 
b lifetime is referred to the time to reach 98 % of methanol conversion; 
c total methanol conversion capacity after 24 h time on stream; 
d sum of olefins and paraffins selectivity. 

 

Table 3.5. Textural properties of spent SSZ-13 zeolites. 

  Zeolite 
SL 

a 
(m2 g−1) 

Vtot b 
(cm3 g−1) 

Vmeso c 
(cm3 g−1) 

Vmicro
d 

(cm3 g−1) 
Coke

e
 

(%) 
  SSZ-13-R 59 0.02 0.00 0.01 14.1 

  SSZ-13-F 65 0.02 0.01 0.01 19.7 

  SSZ-13-F-M5 90 0.08 0.06 0.01 19.5 

  SSZ-13-F-M10  97 0.08 0.06 0.01 19.3 

  SSZ-13-F-M25 149 0.13 0.10 0.02 17.8 

  SSZ-13-F-M50 157 0.22 0.19 0.01 16.9 
a SL is the Langmuir surface area obtained in the relative pressure range (p/p0) of 0.05–0.20;  
b Vtot is the total pore volume at p/p0= 0.97; 
c Vmeso is the mesopore volume calculated by the BJH method; 
d Vmicro is the micropore volume calculated by the t-plot method. 
e coke content determined by TGA after 24 h time on stream in the MTO reaction. 

 

These data show that the NaF modification of the alkaline SSZ-13 synthesis can be 

effectively combined with C22-4-4·Br2 to generate substantial intracrystalline mesoporous 
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voids in the zeolite crystals. In this way, we obtain trimodal porosity in these crystals. All 
the zeolite samples display similar acidity. SSZ-13 synthesized in the presence of NaF and 
C22-4-4·Br2 shows strongly improved catalytic performance in the MTO reaction. In our 

earlier work, we found that the maximum lifetime of ~ 8 h in the MTO reaction under 
the same reaction conditions was obtained for a particular C22-4-4·Br2/TMAdaOH ratio.18 

The present data show that, in the presence of additional microporosity introduced by 
adding NaF in the synthesis gel, the optimum performance is already obtained when a 
very small amount of C22-4-4·Br2 is added to the synthesis gel. The combination of NaF in 

the synthesis gel and a small amount of C22-4-4·Br2 is therefore effective in obtaining 
optimal SSZ-13 zeolite catalysts for the MTO reaction. 

 

3.3.5 INFLUENCE OF SPACE VELOCITY ON THE CATALYTIC PERFORMANCE 

For industrial use, MTO catalysts usually work at higher space velocity (weight hourly 
space velocity, WHSV) than typically used in laboratory conditions. It is thus worthwhile 
to investigate the influence of the WHSV on the catalytic performance and product 

distribution for hierarchical SSZ-13 zeolites. Figure 3.11 shows the catalytic performance 
and cumulative methanol conversion as function of time on stream for reference SSZ-13 
and hierarchical SSZ-13 zeolite samples at different WHSV. The corresponding data 

including lifetime and selectivity are shown in Table 3.4, 3.6, and 3.7. For all samples the 
methanol feed could be completely converted at the initial stages of MTO reaction. The 

rate of deactivation became faster as the WHSV increased; however, hierarchical SSZ-13 
zeolites exhibit longer lifetime than the SSZ-13-R sample. The lifetime increases in the 
order SSZ-13-R < SSZ-13-F < SSZ-13-F-M1 < SSZ-13-F-M5 < SSZ-13-F-M25 for different 

WHSV. Figure 3.12 displays the lifetime ratio (t50, hierarchical zeolite/t50, SSZ-13-R) for hierarchical 
zeolites: when the MTO reaction was performed at increased WHSV, the hierarchical 

SSZ-13 zeolites with higher mesopore volume exhibited higher resistance against 
deactivation (longer lifetime). The total amount of methanol converted after 24 h on 
stream (TCC) as function of  WHSV is shown in Figure 3.13. The TCC value of SSZ-13-R 

was much lower than that of hierarchical zeolites at a particular WHSV, which can be 
ascribed to the higher accessibility of hierarchical zeolite crystals.  

For SSZ-13-R, as expected, the TCC value decreased when the WHSV increased due to 

rapid deactivation. On contrary, the hierarchical SSZ-13 zeolites displayed a volcano-like 
curve with the highest TCC value at intermediate WHSV. This points to additional 

benefits of hierarchical structuring of SSZ-13 under increased WHSV conditions as used 
in the chemical industry. Notably, SSZ-13-F and SSZ-13-F-M1 exhibit similar methanol 
conversion capacity. This shows that the reaction mostly benefits from the additional 
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microporosity induced by F anions in the synthesis and that the effect of mesopores is 
negligible here. When the samples contain more mesopores, the TCC strongly increased.  

 

 
 
Figure 3.11. (Left) Catalytic performance and (right) time on stream versus cumulative amount of 

methanol that has been converted to hydrocarbons in the MTO reaction of (a) SSZ-13-R, (b) SSZ-

13-F, (c) SSZ-13-F-M1, (d) SSZ-13-F-M5, and (e) SSZ-13-F-M25. (T = 350 °C; WHSV = 0.8 h−1 (black), 

2 h−1 (red), 5.6 h−1 (green)). 
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Table 3.6. Lifetime, product selectivity of MTO reaction after 98 % of methanol conversion over 

SSZ-13 zeolites (T = 350 °C; WHSV = 2 g g−1 h−1). 

Zeolite 
t50

a  

(h) 
t98

b 
(h) TCC

 c
  

(g g−1) 

Selectivity (%) 

C1   C2

=
 C2 C3

=
 C3 C4-C6

 d
 

SSZ-13-R 1.4 0.8 4.3 0.8 38.5 0.6 39.3 0.7 20.1 

SSZ-13-F 4.7 2.8 13.1 0.8   42.1 0.4 40.5 1.4 14.8 

SSZ-13-F-M1 4.6 3.0 13.2 0.9 42.3 0.3 41.3 1.1 14.1 

SSZ-13-F-M5 5.6 3.5 14.9 1.0 42.9 0.3 41.3 0.9 13.6 

SSZ-13-F-M25 5.8 3.5 17.0 1.0 42.2 0.3 40.8 0.8 14.9 
a lifetime is defined as the time to reach 50 % of methanol conversion; 
b lifetime is referred to the time to reach 98 % of methanol conversion; 
c total methanol conversion capacity after 24 h time on stream. 
d sum of olefins and paraffins selectivity. 

 

Table 3.7. Lifetime, product selectivity of MTO reaction after 98 % of methanol conversion over 

SSZ-13 zeolites (T = 350 °C; WHSV = 5.6 g g−1 h−1). 

Zeolite 
t50

a  

(h) 
t98

b 
(h) TCC

 c
  

(g g−1) 

Selectivity (%) 

C1   C2

=
 C2 C3

=
 C3 C4-C6

 d
 

SSZ-13-R 0.2 0.0 3.6 1.0 30.1 0.6 37.5 6.8 24.0 

SSZ-13-F 0.9 0.4 9.9 0.8   31.1 0.6 42.6 4.0 20.8 

SSZ-13-F-M1 1.0 0.4 10.0 0.8 31.8 0.6 43.0 3.6 20.2 

SSZ-13-F-M5 1.3 0.7 12.5 0.8 33.3 0.5 43.5 2.0 19.9 

SSZ-13-F-M25 1.4 0.7 14.8 0.9 34.9 0.4 44.6 1.7 17.5 
a Lifetime is defined as the time to reach 50 % of methanol conversion; 
b Lifetime is referred to the time to reach 98 % of methanol conversion; 
c Total methanol conversion capacity after 24 h time on stream. 
d sum of olefins and paraffins selectivity. 
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Figure 3.12. The lifetime ratio (t50,hierarchical zeolite /t50,SSZ-13-R) is plotted as function of WHSV for (a) 

t50,SSZ-13-F/t50,SSZ-13-R, (b) t50,SSZ-13-F-M1/t50,SSZ-13-R, (c) t50,SSZ-13-F-M5/t50,SSZ-13-R, (d) t50,SSZ-13-F-M25/t50,SSZ-13-R.  

 

 
 

Figure 3.13. Total methanol conversion in 24 h time on stream versus WHSV of (a) SSZ-13-R, (b) 

SSZ-13-F, (c) SSZ-13-F-M1, (d) SSZ-13-F-M5, and (e) SSZ-13-F-M25.  

 

Another aspect worth discussing is the product distribution. Light olefins are the target 

products in the MTO reaction. The selectivity will depend on the zeolite topology,9 
acidity,43 the reaction conditions,44 the amount of coke formed,45 and possible co-feeding 

approaches (e.g., co-feeding methanol and ethylene gives rise to enhanced methanol 
conversion and higher propylene selectivity).46,47 Here, we emphasize that the light olefin 
selectivity depends on the space velocity rather than the textural properties. Figure 3.14 

shows the C2
=/C3

= ratio at 98 % methanol conversion for reference SSZ-13 and 
hierarchical SSZ-13 zeolites at different WHSV. Interestingly, the textural properties did 
not influence the C2

=/C3
= ratio in keeping with the data in Table 3.4, that is all samples 

had similar C2
=/C3

= ratio at a particular WHSV. The C2
=/C3

= ratio decreased gradually in 
the range of 0.8-1.2 as the WHSV was increased. This is in agreement with Haw and co-

workers’ study over H-SAPO-34.55 These effects are graphically displayed in Figure 3.15. 
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For SSZ-13-R, the combined ethylene and propylene selectivity decreased with increasing 
WHSV, along with an increase in the amount of C4-C6 products. Hierarchical SSZ-13 
zeolites showed a much more stable selectivity to light olefins at WHSV values of 0.8 and 

2 h−1. At WHSV = 5.6 h−1, the selectivity of light olefins decreased for all samples; yet, the 
sum of ethylene and propylene selectivity increased with increasing mesopore volume. 

Furthermore, the selectivities to bulkier products, as shown in Tables 3.4, 3.6, and 3.7, are 
comparable for hierarchical SSZ-13 zeolites at WHSV of 0.8 and 2 h−1. At higher WHSV of 
5.6 h−1, it decreased for the sample contains higher mesopore volume. This work 

demonstrates that, although the C2
=/C3

= ratio is independent of the SSZ-13 zeolite texture, 
the presence of mesopores helps to maintain high light olefins and low coke selectivity at 
high WHSV in the MTO reaction.  

 

 
Figure 3.14. The ratio of ethylene and propylene selectivity after 98 % of methanol conversion 

under different WHSV of (a) 0.8 h−1, (b) 2 h−1, and (c) 5.6 h−1 for SSZ-13 zeolites in the MTO 

reaction.  

 

 
Figure 3.15. Sum of ethylene and propylene selectivity after 98 % of methanol conversion under 

different WHSV of (a) 0.8 h−1, (b) 2 h−1, and (c) 5.6 h−1 for SSZ-13 zeolites in the MTO reaction. 
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3.3.6 COKE FORMATION AND DISTRIBUTION  

To better understand the nature of the carbon deposits and their spatial distribution in 

the zeolite crystals, we investigated SSZ-13-F-M25 by time-resolved in-situ visible light 
microspectroscopy. The results for the SSZ-13-R and SSZ-13-F samples have already been 
shown in Chapter 2. The resulting spent samples were further investigated by confocal 

fluorescence microscopy. For the purpose of the Vis spectroscopy measurements, a few 
zeolite crystals were placed in the in-situ cell and exposed to a nitrogen flow saturated 
with methanol at a total flow rate of 10 ml min−1. The reaction temperature was 350 °C. 

The time-resolved spectra are shown in Figure 3.16a. The spectra of SSZ-13-R are 
dominated by a band around 400 nm, which is due to polymethylated benzenes.13,48 For 

the SSZ-13-F-M25 sample, the spectra initially show the appearance of the band at 400 
nm followed by the appearance of additional absorption bands at higher wavelengths, 
which can be ascribed to bulkier multi-ring aromatics. The spectra were deconvoluted 

into two main spectral features by non-negative matrix factorization analysis.49 These 
two spectral features are shown in Figure 3.16b. The first component spectrum has a 

prominent feature at ~ 400 nm, which relates to polymethylated benzenes.50−53 The other 
component spectra are dominated by higher wavelength features, representing 
methylated naphthalenes as well as methylated multiring-aromatics.48 The contribution 

of these two components to the visible spectra recorded during the MTO reaction is 
shown in Figure 3.16c. It is seen that initially polymethylated benzenes are formed, but 
that their contribution decreases once larger aromatics are formed. The polymethylated 

benzenes appeared much earlier in SSZ-13-F-M25 than in SSZ-13-R or SSZ-13-F. This 
indicates that the enhanced diffusion of methanol through the zeolite crystals due to the 

presence of mesopores results in more rapid build-up of the hydrocarbon pool species. It 
can be related to the faster uptake of methanol in the mesoporous SSZ-13 samples 
compared with the other two microporous samples seen in Figure 3.8a. Strikingly, the 

amount of multi-ring aromatics in SSZ-13-F-M25 was seen to increase for a much longer 
time than for SSZ-13-R. All this is consistent with the much larger amount of methanol 

converted for SSZ-13-F-M25 in the catalytic activity measurements.  

In the confocal fluorescence microscopy measurements (Figure 3.16d, e, and f), three 
lasers with excitation lines at 488 nm, 561 nm, and 635 nm were used to record images in 

the middle plane of single spent catalyst crystal. Longer excitation wavelengths can 
visualize more extended aromatic species.48,53 The 2D fluorescence image of a spent SSZ-
13-R crystal (Chapter 2, Figure 2.12) shows that the aromatic species are preferentially 

deposited in the outer regions of the zeolite crystal. In stark contrast with this result, the 
fluorescent images of a spent SSZ-13-F-M25 crystal show that the aromatic species are 

homogeneously distributed throughout the crystal. These data show that all the 
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micropore space of SSZ-13-F-M25 has been utilized in the MTO reaction. Another 
significant difference, however, is the much lower amount of polymethylated 
naphthalenes. This indicates that the polymethylated naphthalenes have already been 

converted into multi-ring aromatics. It points to a much higher reaction rate in the 
mesoporous sample. We link this to the faster transport of methanol inside the zeolite 

crystals. In several images of SSZ-13-F-M25, one observes smaller and sometimes larger 
patches without fluorescence in all three images, which may be due to the presence of 
larger pores.  

 

 
 

Figure 3.16. (a, b, and c) Time-resolved in-situ visible spectra of SSZ-13-F-M25 taken during the 

MTO reaction at 350 °C. All the time-resolved spectra can be deconvoluted into two main spectral 

features (b, black line refers to polymethylated benzenes and red line stands for more bulkier 

polyaromatic species) by non-negative matrix factorization analysis and the evolution of those 

spectral features with time on stream (c). The spectra were taken from a 2 μm spot in the center 

region of single SSZ-13 crystals. (d, e, and f) Confocal fluorescence microscopy images of SSZ-13-F-

M25 crystal collected after the MTO reaction. The images were taken in the middle plane of single 

crystals and are shown in false colours. For the visualization of the coke species, 488 nm (d), 561 

nm (e), and 635 nm (f) lasers were used with a detection range of 510–550 nm, 570–620 nm and 
662–737 nm, respectively. 
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The most salient finding of the confocal fluorescence microscopy study is that the 
crystals of SSZ-13-F-M25 are much better utilized during the MTO reaction than SSZ-13-R 
crystals. This qualitatively corresponds with the differences in catalytic performance in 

the MTO reaction. In reaction engineering terms, the effectiveness factor for the MTO 
reaction of the SSZ-13-R crystals is lower than those of SSZ-13-F and SSZ-13-F-Mx 

zeolites.54 The present spatially resolved data indicate that in SSZ-13-R (as shown in 
Chapter 2) the micropores become rapidly blocked by multi-ring aromatics during the 
initial stages of the reaction. It suggests that the MTO reaction in SSZ-13-R is limited to a 

relatively small fraction of the zeolite crystal. These large carbonaceous deposits are 
mainly formed close to the external surface. Once multi-ring aromatics are formed, the 
crystal become inaccessible to methanol and the reaction stops. These gradients over the 

zeolite crystal disappear when the SSZ-13 zeolite contains additional porosity due to the 
effect of NaF and mesopores. The data also show that the reaction rate for the 

mesoporous sample is much higher with the consequence that at the time scale of the in-
situ experiment nearly all polymethylated benzenes have been converted into larger 
aromatic species. 
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3.4 CONCLUSION 

A set of highly crystalline hierarchical SSZ-13 zeolites was successfully synthesized in the 
presence of C22-4-4·Br2 and fluoride anions. A manifold of characterization techniques have 

been applied to determine the structural, textural, and acidic properties of the samples. All 
catalysts have similar Si/Al ratios, Brønsted acid site densities and comparable intrinsic 
acid strength. With the addition of fluoride anions and a diquaternaty ammonium 

surfactant mesoporogen to the synthesis mixture, the hierarchical SSZ-13-F-Mx zeolites 
exhibited trimodal porosity which substantially improved mass transport inside the 
crystals and lowered the deactivation in the MTO reaction. Carrying out the MTO reaction 

at increased WHSV (from 0.8 h−1 to 5.6 h−1) increased the C3
=/C2

= ratio, independent of the 
textural properties of the zeolite catalyst. The open structure of the hierarchical SSZ-13 

zeolites benefited the total light olefins selectivity. Confocal fluorescence microscopy and 
time-resolved in-situ visible light microspectroscopy reveal homogeneous distribution of 
carbonaceous deposits inside the zeolite crystals for the hierarchical SSZ-13 zeolites, 

showing that the additional porosity led to complete utilization of the micropore space. 
This study presents new fundamental insights into the functioning of hierarchical SSZ-13 

zeolite catalyst with high economic interest. 
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Chapter  4 
 

Synthesis of Hierarchical Zeolites Using an 
Inexpensive Mono-quaternary Ammonium 
Surfactant as Mesoporogen   

 
 
ABSTRACT: The preparation of mesoporous zeolites usually involves expensive surfactants, 

which limits their practical use in industry. One way to overcome this problem would be 
to add small amounts of mesoporogens in the synthesis gel of zeolites with the aim to 

impart sufficient mesoporosity improve catalytic performance. Here we describe how a 
cheap amphiphlic surfactant containing a bulky N-methylpiperidine head group can be 
used to synthesize hierarchical small- and medium-pore zeolites such as SSZ-13 and ZSM-

5. This novel mesoporogen acts in concert with the usual structure-directing agents used 
to synthesize these zeolites. It is already effective in small amounts. Molecular simulations 

show how this mesoporogen effectively competes with the conventional structure-
directing agents. This novel approach expands the toolbox for the preparation of 
mesoporous zeolites. Highly mesoporous SSZ-13 prepared in this manner shows greatly 

improved catalytic performance in the methanol-to-olefins reaction compared to bulk 
SSZ-13.  

 

 
 
This Chapter has been published in Chem. Commun. 2014, 50, 14658  
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4.1 INTRODUCTION 

Zeolites are crystalline microporous aluminosilicates built up from corner-sharing 
oxygen tetrahedra occupied by Si4+ or Al3+ ions. They combine tunable surface acidity with 

favorable textural properties for catalysis such as high surface area, high thermal stability 
and high connectivity of uniformly-sized micropores. Accordingly, they are widely used as 
acid catalysts in the petrochemical and oil refining industry.1–3 Although the microporous 

texture of zeolites is advantageous in terms of shape selectivity in catalysis, transport of 
bulky reactant and product molecules may be hindered in the subnanometer micropores.4 
These diffusion limitations can lead to decreased reaction rates as a result of inefficient 

use of the internal regions of zeolite crystals.5 Related to this, side reactions such as coking 
may seriously lower the lifetime of zeolites.6,7 Accordingly, the development of 

mesoporous zeolites with sufficiently large voids between microporous domains has been 
widely explored.8–17 

A common approach to obtain mesoporous zeolites involves post-synthesis methods 

such as chemical, steaming or leaching treatments of zeolites.18–24 Although some of these 
methods are relatively cheap and amenable to scale-up, they usually allow little control 

over textural and acidic properties of the final zeolite. The alternative bottom-up strategy 
has the advantage of better control over the pore hierarchy and the final acidity.25–35 A 
drawback is, however, that complex and expensive templates have to be employed to bring 

about the additional porosity.30,36-38 Ryoo and co-workers synthesized multifunctional 
structure-directing agents (SDAs) that are able to direct formation of highly accessible 
zeolites (e.g., MFI, BEA) in the form of nanosheets, nanocrystals, and nanosponges.10,30,38 

Preparation of these SDAs requires multiple steps, making them expensive. It has also 
been shown that these multifunctional SDAs can be used in combination with 

conventional zeolite-forming SDAs to obtain mesoporous zeolites.32,33,38 These studies 
constitute a first step towards the use of mesoporogen additives in zeolite synthesis gel 
mixtures to prepare mesoporous zeolites in one step. Earlier attempts in this direction 

with single ammonium head group amphiphilic surfactants have not been successful.39-41 
The interaction of the zeolite with monofunctional surfactants such as 

cetyltrimethylammonium bromide (CTAB) is not strong enough to compete with the 
zeolite-forming SDA (e.g., tetrapropylammonium for MFI zeolite),32 resulting at best in 
intimate mixtures of bulk zeolite and amorphous mesoporous silica.41 Thus, we 

hypothesized that surfactants with sufficiently strong interaction with the zeolite to 
effectively compete with the zeolite SDA need to be developed during dual-template 
synthesis of hierarchical zeolites.12,23,29  
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Herein we report about a monofunctional surfactant containing a bulky 
monoquaternary ammonium head group in the form of N-methylpiperidine and a cetyl 
(C16) tail group. This versatile and cheap mesoporogen is capable of introducing 

mesoporosity in SSZ-13 and ZSM-5 zeolites. We simply replaced part of N,N,N-trimethyl-1-
adamantan-ammonium hydroxide (TMAdaOH) as the SDA for SSZ-13 formation by 

C16H33-[N+-methylpiperidine] (further denoted by C16MP) in a  conventional SSZ-13 
synthesis gel. The small-pore zeolite SSZ-13 with the chabazite (CHA) topology contains 
large 6.7 Å × 10.9 Å-sized cavities interconnected by 8-membered rings with pore 

apertures of 3.8 Å. Its silicoaluminophosphate counterpart, SAPO-34, is the preferred 
catalyst in the industrial-scale Methanol-To-Olefins (MTO) process.43–45 Although the use 
of the more acidic aluminosilicate SSZ-13 would lower capital investment for the 

regenerator section in the MTO process, the higher acidity causes more rapid coke 
formation leading to premature catalyst deactivation and underutilization of its 

micropore volume.33,42 We have earlier shown that diquaternary ammonium surfactants 
can generate sufficient mesoporosity in SSZ-13 bulk crystals to improve catalytic MTO 
performance.32,33 However, the preparation of these surfactants involves several steps and 

relatively expensive raw materials. The C16MP template can be prepared in a single step 
from cheap starting chemicals, that is by reacting 1-bromohexadecane with N-

methylpiperidine. The obtained zeolites were characterized by XRD, Ar physisorption, 
electron microscopy, 27Al and 1H MAS NMR spectroscopy, ICP-OES and TGA. FT-IR 
spectroscopy of adsorbed CO and pyridine was used to probe the acidity of these materials. 

Catalytic activity measurements were carried out to compare their performance in the 
MTO reaction. We also explored the use of this surfactant to synthesize hierarchically 
structured ZSM-5 zeolite. 

 

 
4.2 EXPERIMENTAL SECTION 

4.2.1 SYNTHESIS OF AMPHIPHILIC SURFACTANTS 

Synthesis of C16H33-[N+-methylpiperidine]: 0.01 mol of 1-bromohexadecane (TCI Europe 

n.v., > 96 %, 72.15 €/500 g) and 0.012 mol of N-methylpiperidine (Aldrich, 98 %, 333 €/4 
kg) were dissolved in 50 ml of ethanol (Biosolve, 99.9 %). The solution was refluxed in an 

oil bath at 80 °C for 24 h. After evaporation of ethanol, the product was filtered, washed 
with diethyl ether (Biosolve, 99.5 %), and dried in vacuum oven at 50 °C for overnight. The 
product was C16H33-[N+-methylpiperidine] (denoted as C16MP). The product yield was 86 

%. 
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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). 

ESI-MS: Calcd. C22H46N+ ([template C16MP]+) 324.36. Found: 324.60 (100 %). 

Synthesis of C16H33-N+(CH3)2-C4H9: 0.01 mol of N, N-dimethylhexadecylamine (Aldrich, 
≥ 95 %) and 0.012 mol of 1-bromobutane (Aldrich, 99 %) were dissolved in 50 ml of 

acetonitrile (Biosolve, 99.8 %). The solution was refluxed in an oil bath at 80 °C for 12 h. 
After evaporation of acetonitrile, the product was filtered, washed with diethyl ether 

(Biosolve, 99.5 %), and dried in vacuum oven at 50 °C for overnight. The product was 
C16H33-N+(CH3)2-C4H9 (denoted as C16N1). The yield was 81 %. 

1H NMR (400 MHz, CDCl3) δ 3.51 (m, 4H), 3.40 (s, 6H), 1.74 – 1.61 (m, 4H), 1.48 – 1.17 (m, 

28H), 0.99 (t, J = 7.3 Hz, 3H), 0.86 (t, J = 6.9 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 63.89 (s), 63.69 (s), 51.30 (s), 31.89 (s), 29.65 (br), 29.43 (s), 

29.34 (s), 29.19 (s), 26.24 (s), 24.67 (s), 22.78 (s), 22.66 (s), 19.61 (s), 14.10 (s), 13.70 (s). 

ESI-MS: Calcd. C22H48N+ ([template C16N1]+) 326.38. Found: 326.60 (100 %). 

Synthesis of C16H33-N+(CH3)2-C4H8-N+(CH3)2-C4H9: 0.01 mol of 1-bromohexadecane (TCI 

Europe n.v., > 96 %, 72.15 €/500 g) was dissolved in 20 ml toluene (Biosolve, 99.5 %) and 
added dropwise into a 20 ml solution of 0.08 mol of N, N, N’, N’-tetramethyl-1,4-
butanediamine (TCI Europe n.v., 98 %, 62.9 €/25 ml) in acetonitrile (Biosolve, 99.8 %). 

The solution was refluxed in an oil bath at 70 °C for 12 h. After cooling to room 
temperature, the solution was kept at 4 °C for 1 h, and then was filtered and washed with 

diethyl ether (Biosolve, 99.5 %). The resulting solid product C16H33-N+(CH3)2-C4H8-
N(CH3)2 was dried in a vacuum oven at 50 °C, the yield was 53.4 %.  

1H NMR (400 MHz, CDCl3) δ 3.55 – 3.45 (m, 2H), 3.40 (m, 2H), 3.30 (s, 6H), 2.27 (t, J = 

6.7 Hz, 2H), 2.13 (s, 6H), 1.78 – 1.58 (m, 4H), 1.56 – 1.42 (m, 2H), 1.37 – 1.06 (m, 26H), 0.80 
(s, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 63.81 (s), 63.57 (s), 58.21 (s), 51.26 (s), 45.28 (s), 45.24 (s), 

31.83 (s), 29.61 (br), 29.42 (s), 29.34 (s), 29.27 (s), 29.17 (s), 26.20 (s), 23.83 (s), 22.69 (s), 
22.61 (s), 20.38 (s), 14.05 (s). 

ESI-MS: Calcd. C24H53N2+ 369.43. Found: 369.20 (66 %) + 185.20 (33 %, 
[C24H53N2]++H+). 

Secondly, 0.01 mol of C16H33-N+(CH3)2-C4H8-N(CH3)2 and 0.02 mol of 1-bromobutane 

(TCI Europe n.v., > 98 %, 24 €/500 g) were dissolved in 100 ml of acetonitrile and 
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subsequently stirred under reflux at 70 °C for 12 h. The resulting solution was cooled in a 
refrigerator at 4 °C for 1 h, and then filtered, washed with diethyl ether (Biosolve, 99.5 %) 
and dried in a vacuum oven at 50 °C. The product was C16H33-N+(CH3)2-C4H8-N+(CH3)2-

C4H9 (denoted as C16N2), the yield was 69.7 %.  
1H NMR (400 MHz, CDCl3) δ 3.40 – 3.29 (m, 4H), 3.06 – 2.99 (br, 4H, overlap with 

unidentified impurity), 2.87 (s, 6H), 2.86 (s, 6H), 1.63 (br, 4H), 1.35 – 1.23 (m, 4H), 1.02 – 
0.73 (m, 28H), 0.56 (t, J = 6.0 Hz, 3H), 0.43 (t, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 64.98 (s), 64.63 (s), 63.51 (s), 63.34 (s), 51.04 (s), 50.94 (s), 

31.86 (s), 29.66 (br), 29.52 (br), 29.30 (s), 29.26 (s), 26.34 (s), 24.61 (s), 22.85 (s), 22.63 (s), 
19.82 (s), 19.65 (s), 14.07 (s), 13.73 (s). 

ESI-MS: Calcd. C28H62N22
+ 213.25. Found: 213.20 (65 %) + 507.24 (35 %, [C28H62N2Br]+). 

 

4.2.2 COST OF SURFACTANTS 

The raw materials cost of C16MP and C16N2 was estimated. This analysis does not include 
the cost of solvents, which is a reasonable assumption as the major part can be reused. We 

also did not include cost for electricity, labor etc. To facilitate comparison, we assume 100 
% yield for each step in the synthesis. The cost for C16MP and C16N2 are 133 €/kg and 6363 
€/kg, respectively. The price of [3-(trimethoxysilyl)propyl]octadecyl-dimethylammonium 

chloride (TPOAC, Acros, 60 % in methanol, 78.4 €/100 ml) is 1468 €/kg if we only take 
into account the weight of TPOAC. 

 

4.2.3 SAMPLE PREPARATION 

Mesoporous SSZ-13 zeolites were synthesized as follows: aluminium hydroxide (Aldrich, 

reagent grade), sodium hydroxide (EMSURE, 50 wt%), TMAdaOH (SACHEM Inc. 25 
wt%), and C16MP (bromide form) were dissolved in deionized water. Then, Ludox AS 40 

(Aldrich, 40 wt%) was added into the clear solution. The final gel had a molar 
composition of 15 TMAdaOH : 5 C16MP : 7.5 Na2O : 2.5 Al2O3 : 100 SiO2 : 4400 H2O (25 % 
of TMAdaOH was replaced by C16MP). After vigorous stirring at room temperature for 2 h, 

the resulting gel was transferred into a 45 mL Teflon lined steel autoclave and crystallized 
at 160 °C for 8 days. The obtained solid is denoted as SSZ-13-C16MP. The influence of 
lowering the C16MP amount was investigated by replacing 5 % (instead of 25 %) of 

TMAdaOH by C16MP, forming a final gel with the composition 19 TMAdaOH : 1 C16MP : 
7.5 Na2O : 2.5 Al2O3 : 100 SiO2 : 4400 H2O. This zeolite is denoted as SSZ-13-C16MP(5%). 

Using the same approach, zeolites were prepared using C16N1 and C16N2 and the final 
materials are denoted as SSZ-13-C16N1 and SSZ-13-C16N2, respectively. The same molar 



80 
 

amount of the bromide form of these mesoporogens (C16N1 or C16N2) was added into the 
gel, forming a gel with composition 15 TMAdaOH : 5 mesoporogen : 7.5 Na2O : 2.5 Al2O3 : 
100 SiO2 : 4400 H2O. SSZ-13-bulk was synthesized without mesoporogen using a gel with 

the composition 20 TMAdaOH : 7.5 Na2O : 2.5 Al2O3 : 100 SiO2 : 4400 H2O. Furthermore, 
SSZ-13-bulk, SSZ-13-C16N2 and SSZ-13-C16MP were synthesized at an gel Si/Al ratio of 50. 

This was achieved by using less aluminium hydroxide to compose the otherwise similar 
gel.  

Mesoporous ZSM-5 zeolite was synthesized as follows: aluminum sulfate 

octadecahydrate (Aldrich, 98 %), sodi-um hydroxide (EMSURE, 50 wt%), 1,6-
diaminohexane (DAH, Aldrich, 98 %), and C16MP (OH form) were dis-solved in distilled 
water under 70 °C until the solution is clear. Then, the solution was cooled to room 

temperature and Ludox AS 40 (Aldrich, 40 wt%) was added into the solution at once. The 
final gel had a molar composition of 1.5 C16MP : 6 DAH : 4 K2O : 0.3 Al2O3 : 30 SiO2 : 1333 

H2O. After vigorous stirring at room temperature for 2 h, the resulting gel was transferred 
into a 45 mL Teflon lined steel autoclave and crystallized at 160 °C for 4 days with 
tumbling at 50 rpm. The resulting zeolite is denoted as ZSM-5-C16MP-DAH. Two further 

zeolites were synthesized using tetrapropylammonium hydroxide (TPAOH, Merck, 40 
wt%) and diethylamine (DEA, Aldrich, 99.5 %) at similar SDA/C16MP ratios. These 

zeolites are denoted as ZSM-5-C16MP-TPAOH and ZSM-5-C16MP-DEA, respectively. 
Conventional ZSM-5 was prepared with TPAOH as the sole SDA (ZSM-5-bulk).  

After crystallization, the zeolite products were filtered, washed with deionized water and 

dried in air at 110 °C. The zeolites were calcined at 550 °C for 10 h under flowing air and 
subsequently ion-exchanged three times with 1.0 M NH4NO3 solutions followed by 
calcination at 550 °C for 4 h in flowing air in order to obtain their proton forms. 

 

4.2.4 CHARACTERIZATION 

Basic characterization: X-ray diffraction patterns were recorded on a Bruker D4 Endeavor 
diffractometer using Cu Kα radiation in the 2θ range of 5−60°. Elemental analyses were 

carried out by ICP-OES on a Spectro Ciros CCD ICP optical emission spectrometer with 
axial plasma viewing. Surface area and porosity of zeolites were determined by Ar 
physisorption at −186 °C on a Micromeritics ASAP 2020 instrument in static mode. The 

samples were outgassed at 400 °C for 8 h prior to the sorption measurements. The 
Langmuir surface area of SSZ-13 zeolite was from data in the relative pressure range p/p0 = 
0.05–0.20. The BET surface area of ZSM-5 zeolite was obtained using the p/p0 range of 

0.10–0.20. The total pore volume was determined at p/p0 = 0.97. The mesopore volume 
and the micropore volume were determined by BJH and the t-plot methods, respectively. 
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To determine the mechanical stability of SSZ-13-C16MP, the calcined sample was pressed in 
a stainless steel die at 150 or 300 MPa for 2 min prior to the Ar physisorption 
measurement. Thermogravimetric analysis (TGA) of the as-synthesized zeolites was 

performed using a TGA/DSC (Mettler Toledo). The temperature was increased to 850 °C at 
a rate of 5 °C min−1 in air (20 ml min−1). ESI-MS measurements were performed on a 

Thermo Scientific LCQ Fleet apparatus using CH3CN with 0.1 % formic acid as solvent. 

Electron microscopy: Scanning electron microscopy (SEM) images were taken on a FEI 
Quanta 200F scanning electron microscope at an accelerating voltage of 3 kV. The zeolites 

were coated with gold prior to measurement. High-resolution LV-SEM was done with an 
in-column detector on a JEOL JSM-7800F Prime at an electron landing energy of 300 eV 

without conductive coating and the samples were prepared on Carbon stub that was dried 
at 250 °C for 30 min before mounting. 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 carbon coated holey Cu grid with a film prior to measurements.  

FT-IR spectroscopy: FT-IR spectra of samples were recorded on a Bruker Vertex 70v 

instrument. The spectra were acquired at 2 cm−1 resolution and 64 scans. The samples 
were prepared as thin wafers of ~ 10 mg and placed inside a controlled-environment 
infrared transmission cell, capable of heating and cooling, gas dosing and evacuation. For 

CO adsorption, the wafer was heated to 550 °C at a rate of 10 °C min−1 under evacuation. 
Subsequently, the sample was cooled to −196 °C. CO (Praxair, 99.999 %) was introduced 
into the sample cell via a sample loop (5 μL) connected to a six-port valve. For pyridine 

adsorption, pyridine was introduced to the cell from an ampoule kept at room 
temperature. The exposure time was 20 min followed by desorption for 1 h under 

evacuation at temperatures of 150, 300, and 500 °C. Spectra were recorded after cooling the 
sample to 150 °C. IR Spectra were normalized by the weight of catalyst wafer. 

NMR spectroscopy: 1H MAS NMR measurements were recorded on a 11.7 Tesla Bruker 

DMX500 NMR spectrometer. The sample was loaded in a ZrO2 rotor placed in a 4 mm 
MAS probehead. The sample rotation rate was 10 kHz. Prior to NMR measurement, the 

zeolite sample was dehydrated at a temperature of 450 °C at a pressure lower than 10−5 
mbar for 6 h. To quantify the concentration of Brønsted acid sites (BAS), the 1H MAS NMR 
signal intensity was calibrated using adamantane as the reference. 27Al MAS NMR 

spectroscopy was measured on the same spectrometer in a 2.5 mm MAS probe head using 
a spinning rate of 20 kHz. To confirm the composition of the template, liquid state NMR 
spectra were recorded on a Varian Mercury 400 MHz spectrometer. The chemical shifts 

were referenced to residual solvent peaks.  
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4.2.5 MOLECULAR SIMULATIONS 

The classical force-field COMPASS in the forcite+ module in Materials Studio V6.0 

(Accelrys Software inc.) (MSt) was used. Silanol terminated SSZ-13 zeolite slabs with the 
size of abc = 434 unit cells separated by a vacuum layer of 180 Å in the c-direction 
were used using periodic boundary conditions. In this model, we embedded the templates 

of interest. Silanol terminated MFI nanosheets with the size of abc = 31.52 unit 
cells (25 Å thick excluding external silanol groups) separated by a vacuum layer of 180 Å in 
the b-direction were used to model ZSM-5 nanosheets. Two templates were placed on 

opposite side of the sheet at the two channel intersections. Prior to the single-point energy 
calculations, the geometry of the structures were optimized, subjected to a 10 ps dynamics 

run in the NVE-ensemble and followed by another geometry optimization step. 
Interaction energies were obtained by referencing the final geometries to vacuum based 
models of the individual components of the model of interest. C16N2 situation is 

characterized two consecutive cavities below the surface that are both occupied by an 
ammonium group. Balancing the cationic charge was done by deprotonation of an 

external silanol group. Silanol deprotonation was always done at the channel entrance 
next to the template. ZSM-5 containing 1,6-diaminohexane was kept neutral.  

 

4.2.6 CATALYTIC ACTIVITY MEASUREMENTS 

The proton form of the zeolite was pressed into pellets, and then crushed and sieved to 

obtain particles ranging in size from 250 to 500 μm. Catalytic activity measurements were 
carried out in a quartz tubular fixed-bed reactor with 50 mg catalyst loading. The inner 
diameter of the quartz tube reactor was 4 mm. Before reaction, the catalysts were 

activated at 550 °C in synthetic air (30 ml min−1) for 2 h. The methanol-to-olefins reaction 
was performed at 350 °C. Methanol (Merck, 99 %) was introduced to the reactor by 

leading a flow of 30 ml min−1 of He through a saturator kept at −17.2 °C. This resulted in a 
WHSV of 0.8 g g−1 h−1. The product effluent was analysed online by gas chromatography 
(Compact GC Interscience equipped with TCD and FID detectors with RT-Q-Bond and 

Al2O3/KCl columns). The reaction was followed for 24 h. Methanol conversion is based on 
the inlet and outlet concentrations of methanol as determined by GC analysis of the 
reactor feed before and after the reaction and the reactor effluent during reaction. 

Dimethylether was considered as a reactant in these calculations. 
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4.3 RESULTS AND DISCUSSION 

4.3.1 HIERARCHICAL SSZ-13 

Figure 4.1 shows the XRD patterns of the as-synthesized SSZ-13 zeolites. All samples have 

the XRD pattern of CHA zeolite without any impurity phases.  

 

 
Figure 4.1. XRD patterns of as-synthesized (a) SSZ-13-bulk, (b) SSZ-13-C16N1, (c) SSZ-13-C16N2, (d) 

SSZ-13-C16MP, and (e) SSZ-13-C16MP(5%). 

 

Low-voltage scanning electron microscopy (LV-SEM) images show the decreased size of 

the microporous domains in SSZ-13-C16MP (Figures 4.2). The zeolite consists of particles 
with dimensions in the range of 200−500 nm made up from stacked three-dimensional 
intergrowths of cubic crystals with sizes much smaller than 100 nm. These images also 

show mesoporous voids between the primary particles. These mesopores can also been 
seen in the TEM image (Figure 4.2f). On contrary, SSZ-13-bulk consists of micrometer-

sized crystals with very smooth surfaces (Figure 4.2d). 
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Figure 4.2. LV-SEM images of as-synthesized (a, d) SSZ-13-bulk and (b, c, and e) SSZ-13-C16MP. 

The TEM image (f) shows the presence of mesopores in SSZ-13-C16MP.  

 

 
Figure 4.3. Thermogravimetric analysis (TGA) of as-synthesized SSZ-13 zeolites. The weight losses 

for (a) SSZ-13-bulk, (b) SSZ-13-C16N1, (c) SSZ-13-C16N2, and (d) SSZ-13-C16MP are 22 %, 25 %, 33 %, 

and 37 %, respectively. 

 

Thermogravimetric analysis (Figure 4.3) showed higher weight loss due to template 
removal for SSZ-13-C16MP (~ 37 %) than for SSZ-13-bulk (~ 22 %). The difference is due to 

the presence of the C16MP in the mesopores. The weight loss for SSZ-13-C16N2 (~ 33 %) is 
comparable with that of SSZ-13-C16MP.  



85 
 

Ar physisorption isotherms and pore size distribution curves for the calcined SSZ-13 
zeolites are shown in Figure 4.4. The isotherm of SSZ-13-bulk has the usual type I shape of 
microporous materials. The additional presence of mesoporosity in SSZ-13-C16MP and 

SSZ-13-C16N2 is evident from the type IV shape of their isotherms. Contrary to SSZ-13-
C16N2, the mesopore size in SSZ-13-C16MP is well-defined and centers ~ 3.8 nm. Table 4.1 

further shows that this hierarchical zeolite has very favorable textural properties and, most 
notably, a high mesopore volume. The micropore volume of SSZ-13-C16MP (0.18 cm3 g−1) is 
comparable to that of its bulk counterpart (0.22 cm3 g−1), implying that it is highly 

crystalline. The mesoporous SSZ-13 zeolite prepared with C16N2 also has a high Langmuir 
surface area, but its mesopore volume is two times lower than that of SSZ-13-C16MP. As the 
molar mesoporogen to silicon ratio was similar in both starting gels, we conclude that 

C16MP is more effective in generating mesoporosity than the diquarternary ammonium 
surfactant C16N2. The use of C16N1 with an ordinary single-quaternary ammonium group 

led to bulk SSZ-13. 

 

 
Figure 4.4. (Left) Ar physisorption isotherms and (right) pore size distributions of calcined (a) 

SSZ-13-bulk, (b) SSZ-13-C16N2, (c) SSZ-13-C16MP(5%), and (d) SSZ-13-C16MP. The isotherms were 

vertically offset by equal intervals of 100 cm3 g−1. The pore size distributions were vertically offset 

by equal intervals of 0.01 cm3 g−1 nm−1. 
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Table 4.1. Textural properties of calcined SSZ-13 zeolites. 

Zeolite 
SL

a
  

(m2 g−1) 
Vtot

b  
(cm3 g−1) 

Vmeso
c  

(cm3 g−1) 
Vmicro

d  
(cm3 g−1) 

SSZ-13-bulk 723 0.25 0.01 0.22 
SSZ-13-C16N2 778 0.37 0.12 0.22 

SSZ-13-C16MP(5%) 792 0.33 0.11 0.19 
SSZ-13-C16MP-0 MPa 777 0.47 0.25 0.18 
                  - 150 MPa 745 0.44 0.23 0.17 
                 - 300 MPa 737 0.43 0.22 0.17 

aSL is the Langmuir surface area obtained in the relative pressure range (p/p0) of 0.05–0.20;  
bVtot is the total pore volume at p/p0= 0.97; 
cVmeso is the mesopore volume calculated by the BJH method; 
dVmicro is the micropore volume calculated by the t-plot method. 

 

The mechanical stability (Figure 4.5) of SSZ-13-C16MP was judged from the loss in 

surface area and mesopore volume due to pressing (150 MPa or 300 MPa, 2 min) of the 
calcined zeolite. The resulting textural properties are also given in Table 4.1 and show that 
the mesopores of SSZ-13-C16MP were slightly damaged with the application of increasing 

pressure. Nevertheless, the loss in mesopore volume (12 %) and Langmuir surface area 
(5 %) was very small, showing the excellent mechanical stability of this material. 

 

 
Figure 4.5. (Left) Ar physisorption isotherms and (right) mesopore size distributions of SSZ-13-

C16MP compressed at increasing external pressure: 0 MPa (●), 150 MPa (▲), and 300 MPa (■). 

The isotherms were vertically offset by equal intervals of 50 cm3 g−1. 

 



87 
 

27Al MAS NMR spectroscopy (Figure 4.6a) shows that the zeolites mainly contain 
aluminum in tetrahedral coordination. The spectra contain a main feature at ~ 59 ppm. 
The other broadened peaks at ~ 0 ppm stand for extraframework aluminum.46 

Deconvolution of these spectra confirms that the majority of Al atoms reside in the 
framework of SSZ-13-C16MP and SSZ-13-bulk (Table 4.2). By ICP-OES elemental analysis it 

was found that both samples have similar Si/Al ratio. 

 

 
Figure 4.6. (a) 27Al MAS and (b) 1H MAS NMR spectra of the proton forms of SSZ-13-bulk and 

SSZ-13-C16MP. 

 

The nature of hydroxyl groups of SSZ-13 zeolites was investigated by 1H MAS NMR and 

FT-IR spectroscopy (Figures 4.6b). In 1H MAS NMR spectra, the signal at ~ 1.8 ppm is 
attributed to the silanol groups and the band at ~ 4 ppm to bridging hydroxyl groups 

(BAS). The bands in the region 2.5-3.0 ppm are due to extraframework AlOH species.47 
The intensity of the silanol groups is much higher for SSZ-13-C16MP than for SSZ-13-bulk, 
which correlates to the higher external surface area of the zeolite crystals of SSZ-13-C16MP. 

Quantification of the BAS by 1H NMR spectroscopy (Table 4.2) shows that the acid site 
densities of these materials are in the same range. 

FT-IR spectroscopy of adsorbed CO (Figure 4.7a, b, c, d) was carried out to determine 

the strength of the BAS. The hydroxyl stretching band at ~ 3612 cm−1 relates to the BAS in 
SSZ-13 zeolite.48 After CO adsorption, this band shifts to 3303 cm−1 for all samples, 

indicating that the acid sites in SSZ-13-C16MP and SSZ-13-bulk are of similar strength. In 
the CO stretching region, an intense feature at 2174 cm−1 is observed, which is related to 
CO adsorbed on these BAS. A notable difference is the slightly lower intensity of the bands 
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relating to the CO…BAS interaction for SSZ-13-C16MP, in line with the 1H MAS NMR data. 
The concentration of BAS  

 

 
Figure 4.7. (a-d) Infrared spectra of OH and CO stretching regions with increasing CO coverage 

(arrow indicates increasing CO coverage) at −196 °C of the proton forms of (a, b) SSZ-13-bulk and 

(c, d) SSZ-13-C16MP. (e, f ) Infrared spectra of pyridine adsorbed on the proton forms of (e) SSZ-13-

bulk and (f) SSZ-13-C16MP after evacuation at 150, 300 and 500 °C (arrow indicates increasing 
evacuation temperature), IR spectra were recorded at 150 °C. 

  

at the external SSZ-13 zeolite surface was probed by IR of adsorbed pyridine (Figure 4.7e, f, 
Table 4.2). The size of pyridine is too large to enter the pores of CHA zeolite. The bands in 

the spectra at ~ 1455 cm−1, 1490 cm−1, and 1545 cm−1 arise from pyridine interacting with 
Lewis acid sites (LAS), LAS and BAS sites, and BAS, respectively.49 Expectedly, the 
concentration of BAS at the external crystal surface of bulk SSZ-13 is negligible. Such sites 

can be probed by pyridine for SSZ-13-C16MP because of its much higher surface area and in 
this way it is estimated that about 14 % of the acid site reside at the external crystal surface 
in SSZ-13-C16MP. 
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Table 4.2. Si/Al ratio and acidity properties of the proton forms of SSZ-13-bulk and SSZ-13-C16MP. 

Zeolite Si/Al 
Al IV  

(%) 
Al VI  
(%) 

BASa  
(mmol g−1) 

extBASb  
(mmol g−1) 

SSZ-13-bulk 21 89 11 0.65 0.00 
SSZ-13-C16MP 23 88 12 0.50 0.07 

adensity of Brønsted acid sites calculated from 1H MAS NMR spectra;  
bdensity of BAS at external crystal surface determined by IR spectroscopy of adsorbed pyridine 

after evacuation at 150 °C. 

 

To better understand the way these surfactants interact with the zeolite and compete 

with the zeolite-forming SDA, we performed molecular simulations using well-established 
force fields (Table 4.3). The interaction energy of the N-methylpiperidine head group in 
C16MP with the CHA cage (–496 kJ mol−1) is comparable with the interaction energy 

between TMAda+ and the CHA cage (–373 kJ mol−1). In comparison, the interaction energy 
of C16N2 with its two quaternary ammonium groups placed in two adjacent cages is much 

higher (–1015 kJ mol−1). C16N1 has comparable interaction energy with the zeolite (–478 kJ 
mol−1) as C16MP and TMAda+. The reason that the use of C16N1 only results in bulk zeolite 
is that it can easily leave the cavities of SSZ-13. This implies that an important feature of 

C16MP is its bulky N-methylpiperidine head group, which is too large to traverse the pore 
openings of CHA zeolite. As a consequence, C16MP remains entrapped in the zeolite 

structure. While C16N2 can in principle also leave the micropores, this is prevented by its 
much stronger interaction with the zeolite. 

 

Table 4.3. Interaction energies of structure directing agents and mesoporogens with a SSZ-13 

zeolite slab. Templates are given in their cationic form. The cationic charge of template is balanced 

by deprotonation of an external silanol group. 

Template TMAda+ C16N1
+ C16N2

2+ C16MP+ 
Interaction energy 

(kJ mol−1) -373 -478 -1015a -496 
a Two ammonium groups of C16N2 placed in two adjacent zeolite cages.  

 

Given our finding that C16MP is more effective in imparting mesoporosity than C16N2, 
we compared synthesis of SSZ-13-C16N2 and SSZ-13-C16MP from gels with a higher Si/Al 

ratio of 50. Crystallization at lower Al content in the synthesis gel is more difficult and 
usually results in formation of competing zeolite phases such as ZSM-5. This problem is 
augmented in the presence of mesoporogens.50 With C16N2 as the mesoporogen ZSM-5 

zeolite was formed as the main product (Figure 4.8). On contrary, the use of the weaker 
interacting C16MP exclusively results in mesoporous SSZ-13 zeolite at a Si/Al ratio of 50 
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without any impurities. The same result was obtained when SSZ-13-bulk was prepared 
with Si/Al = 50.  

 

 
Figure  4.8. (Left) XRD patterns and (right) SEM images of as-synthesized SSZ-13-bulk (SEM 

image not shown), (a) SSZ-13-C16MP, and (b) SSZ-13-C16N2 synthesized at initial gel Si/Al ratio of 

50. The XRD pattern of SSZ-13-C16N2 shows that predominantly MFI formed. 

 

Ar physisorption (Figure 4.9) further confirmed that the mesoporosity was introduced 
in the high Si/Al ratio SSZ-13 zeolite by using mesoporogen C16MP, the mesopore size 
centered at ~ 3 nm. 

 

 
Figure 4.9. (Left) Ar physisorption isotherm and (right) mesopore size distribution of SSZ-13-

C16MP synthesized at a Si/Al ratio of 50. 
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4.3.2 HIERARCHICAL ZSM-5 

To explore the generality of our approach, we employed C16MP as an additive to a 

synthesis gel containing tetrapropylammonium hydroxide (TPAOH), 1,6-diaminohexane 
(DAH) or diethylamine (DEA), which are known SDAs for formation of the important 
medium-pore zeolite ZSM-5 (MFI topology).51,52 When the SDA DAH was combined with 

C16MP in the synthesis gel, a highly mesoporous zeolite with broad XRD reflections of 
MFI zeolite (Figure 4.10c) was obtained. The combination of TPAOH with C16MP afforded 
only bulk ZSM-5 (Figure 4.10a, Figure 4.11a). Although more detailed investigations are 

needed, the EM image in Figure 4.11h show that the C16MP mesoporogen preferentially 
aligns in the straight channels of ZSM-5, resulting in formation of the sheet-like 

morphology of ZSM-5 that was also observed using diquaternary ammonium SDAs 
developed by Ryoo and co-workers.10 Furthermore, in combination with DEA the use of 
C16MP resulted in formation of ZSM-5 with the less structured, yet highly mesoporous 

nanosponge morphology (Figure 4.11e, f, g). Evidence for formation of mesoporous ZSM-5 
follows from the type IV Ar physisorption isotherm shown in Figure 4.12. ZSM-5-C16MP-

DAH has a mesopore volume of 0.22 cm3 g−1 (Table 4.4). The micropore volumes of 
mesoporous ZSM-5 zeolites are close to that of their bulk counterpart, indicating that they 
are highly crystalline. 

 

 
Figure 4.10. XRD patterns of as-synthesized zeolites (a) ZSM-5-bulk, (b) ZSM-5-C16MP-TPAOH, 

(c) ZSM-5-C16MP-DAH, and (d) ZSM-5-C16MP-DEA. 
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Figure 4.11. EM images of as-synthesized (a, b, and c) ZSM-5-C16MP-TPAOH, (e, f, and g) ZSM-5-

C16MP-DEA, and (d, h) ZSM-5-C16MP-DAH. 

 

 
Figure 4.12. (Left) Ar physisorption isotherms and (right) pore size distributions of calcined (■) 

ZSM-5-bulk, (●) ZSM-5-C16MP-DAH, and (▲) ZSM-5-C16MP-DEA. The isotherms were vertically 

offset by equal intervals of 50 cm3 g−1. 
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Table 4.4. Textural properties of calcined ZSM-5 zeolites. 

Zeolite 
SBET

a
  

(m2 g−1) 
Vtotal

b 
(cm3 g−1) 

Vmeso
c 

(cm3 g−1) 
Vmicro

d 
(cm3 g−1) 

ZSM-5-bulk 377 0.21 0.06 0.12 
ZSM-5-C16MP-DAH 418 0.37 0.22 0.11 
ZSM-5-C16MP-DEA 395 0.37 0.24 0.09 

aSBET is obtained in the relative pressure range (p/p0) of 0.10–0.20;  
bVtot is the total pore volume at p/p0= 0.97; 
cVmeso is the mesopore volume calculated by the BJH method; 
dVmicro is the micropore volume calculated by the t-plot method. 

 

Molecular modeling results show that the interaction energies of C16MP and TPA+ with 
the zeolite framework are comparable (–1095 kJ mol−1 and –1047 kJ mol−1 respectively, 

Table 4.5). The N-methylpiperidine head group is located at the intersections of the 
straight and zig-zag channels of MFI. This is also the preferred location of TPA+. The 
interaction energies are dominated by electrostratic interactions of the positive charge of 

the quaternary ammonium group with the zeolite framework. On the contrary, the 
interaction of the non-charged DAH with the zeolite framework is much weaker because 
of the absence of quaternary ammonium ions. Whilst TPA+ gets entrapped at the 

intersections during zeolite synthesis, C16MP can freely move through the channels of MFI 
zeolite. We speculate that the repulsive electrostatic interactions between C16MP and 

TPA+ will lead to preferential occlusion of TPA+ driven by the lower surface energy of the 
growing zeolite. These repulsive interactions are weaker when C16MP is combined with 
DAH, so that the mesoporogen effectively competes with DAH and limits zeolite growth. 

 

Table 4.5. Interaction energies of several templates in the MFI zeolite. Templates are given in their 

cationic form (except DAH). The cationic charge of template is balanced by deprotonation of an 

external silanol group. 

Template 2TPA+ 2C16MP+ DAH 

Interaction energy 
(kJ mol−1) -1047 -1095 -120 
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4.3.3 CATALYTIC ACTIVITY MEASUREMENTS 

 

 
Figure 4.13. Methanol conversion as function of time-on-stream for the MTO reaction for (▲) 

SSZ-13-bulk, (● ) SSZ-13-C16MP, (■ ) SSZ-13-C16N2, and (▲ ) SSZ-13-C16MP(5%). (reaction 

conditions: WHSV = 0.8 h−1, T = 350 °C).  

 

The potential of mesoporous SSZ-13-C16MP in acid catalysis was evaluated by 
determining its catalytic performance in the MTO reaction. The versatility of the MTO 
process to produce light olefins derives from the feedstock flexibility to obtain the syngas 

platform which is used to synthesize the methanol intermediate.53–56 The reaction tests 
were carried out at a temperature of 350 °C and a WHSV of 0.8 h−1. Figure 4.13 shows 

methanol conversion as function of time on stream. The catalyst lifetime is defined as the 
time to reach 50 % of methanol conversion. Initially, all catalysts convert the methanol 
feed completely. Deactivation of bulk SSZ-13 was rapid and its lifetime was only 5 h. For 

SSZ-13-C16MP methanol conversion only started decreasing after 9 h. The rate of 
deactivation was much slower and the lifetime of SSZ-13-C16MP was 17 h. The greatly 
improved performance is attributed to the smaller microporous domains in the 

hierarchical zeolite, effectively reducing molecular trafficking distances. Catalyst lifetime 
of SSZ-13-C16MP was also substantially better than that of SSZ-13-C16N2. The total 

methanol conversion capacity as defined by Bjørgen et al.57 improved from 6 to 24 
gmethanol/gcatalyst for SSZ-13-bulk and SSZ-13-C16MP (Figure 4.14). This improvement is 
ascribed to effective utilization of the zeolite micropores in hierarchical SSZ-13. Figure 4.13 

also shows that almost similar catalytic performance was obtained when a much smaller 
amount of TMAdaOH (5 %) was replaced by C16MP.  
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Figure 4.14. Methanol conversion versus cumulative amount of methanol that has been converted 

to hydrocarbons. Extrapolation to zero methanol conversion gives the total methanol conversion 

capacity for (▲) SSZ-13-bulk and (●) SSZ-13-C16MP.  

 
In industrial practice, MTO catalysts will be regenerated by combustion of the carbon 

deposits in a process layout that is similar to the FCC units. Therefore, it is important to 
evaluate the regeneration stability of this improved catalyst. For this purpose, spent SSZ-

13-C16MP zeolite was regenerated by in-situ calcination at 550 °C for 4 h followed by 
evaluation of its catalytic activity under the same conditions as the first measurement. 

This reaction-regeneration cycle was repeated for five times. Figure 4.15 clearly showed 
that the catalytic performance of SSZ-13-C16MP was quite stable within the accuracy of our 
measurements. 

 

 
 

Figure 4.15. Catalytic performance of SSZ-13-C16MP for four regeneration cycles under in-situ 

calcination conditions. (reaction conditions: WHSV = 0.8 g g−1 h−1, T = 350 °C). 
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In this work, a successful and scalable generic dual-templating strategy has been 

presented. It is based on the use of a very cheap (C16MP: 133 €/kg; C16N2: 6363 €/kg; NDC 

monoliths58: 748 €/kg; TPOAC34: 1468 €/kg) and simple-to-prepare amphiphilic surfactant 
containing a single N-methylpiperidine head group as quaternary ammonium center. It 
can be used in concert with conventional zeolite structure-directing agents to efficiently 

downsize microporous domains in ZSM-5 and SSZ-13 zeolites. This approach is not only 
very effective as only small amounts of the template need to be added to the synthesis gel, 
but it also leads to materials with excellent catalytic performance.  

Molecular simulations show why our approach is so effective: the novel template 
combines proper interaction with the zeolite and competition with the conventional 

zeolite template. A mesoporous SSZ-13 template prepared in this way shows the highest 
catalytic performance and regeneration stablility in the increasingly important and 
recently commercialized methanol-to-olefins reaction.  

The simplicity of this synthetic approach, the cost benefit, the excellent catalytic 
performance of the obtained zeolite catalyst and the generality of our approach render our 

new mesoporogen promising for the practical use of mesoporous zeolites. 
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4.4 CONCLUSION 

Hierarchically structured SSZ-13 and ZSM-5 zeolites have been successfully synthesized 
using the novel mono-quaternary ammonium surfactant as mesoporogen, which 

combines proper interaction with the zeolite and competition with the conventional 
SDAs. The resulting zeolite is highly mesoporous and its acid sites are comparable in 
number and density to those in a reference bulk SSZ-13 zeolite. The main advantage over 

previous approaches is that this mesoporogen is cheap and is already effective when it 
replaces a small amount of the conventional zeolite-forming SDA. Thus synthesized 
mesoporous SSZ-13 exhibits the highest catalytic performance in the MTO reaction 

reported so far. Our approach should be generally applicable to other zeolite topologies, as 
shown in this study for the synthesis of hierarchical ZSM-5. 
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Chapter  5 
 

Early Structure Direction Through Molecular 
Recognition During Silicalite-1 Nanosheet 
Growth  

 
 
ABSTRACT: Zeolites are microporous solid acids critical to many industrial catalytic 

processes. The problem of long intracrystalline diffusion pathways limiting catalytic 
performance can be overcome by nanostructuring zeolites into hierarchical porous solids. 

Identifying structure-directing agents for optimum pore hierarchization depends on 
serendipitous discoveries, because the growth mechanism of zeolites remains poorly 
understood. We found that crystallization of silicalite-1 nanosheets is preceded by 

formation of a self-assembled precursor comprised of diquaternary ammonium surfactant 
(DQAS) templates embedded in the silica. Using X-ray scattering, Raman and NMR 

spectroscopy and electron microscopy, we show that this amorphous precursor is already 
comprised of sheets containing zeolitic features after room temperature ageing. The 
zeolite crystallizes from this precursor with limited silica rearrangement. Molecular 

simulations demonstrate how the precursor sheets assemble through molecular 
recognition of silicate species by specific structure-directing functionalities of the DQAS. 
This fundamental knowledge opens possibilities to design templates to obtain tailored 

nanostructured zeolites. 
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5.1 INTRODUCTION 

Zeolites are crystalline porous aluminosilicate solids owing their popularity to distinct 
pore dimensions, high surface area, outstanding chemical and thermal stability, and 

important applications in sorption and catalysis.1,2 Acidic hydroxyl groups located in 
intersecting channels and cavities of micropore dimensions render zeolites efficient solid 
acids for shape-selective hydrocarbon conversion.3,4 The catalytic potential of zeolites is 

often seriously hampered by diffusion limitations. As the crystal dimensions are much 
larger than the size of the micropores,5 some of the internal acid sites remain unused in 
catalytic reactions.6 The adsorption and conversion of bulky reactants may also be 

seriously hampered.2 Various approaches such as synthesizing large-pore zeolites, 
nanosizing zeolite crystals and introducing additional (meso)porosity in native zeolite 

crystals by post-synthesis metal leaching have been explored to overcome this 
shortcoming.7–10 The most appealing approach is to directly craft zeolites that contain 
intracrystalline mesopores.11–13 A prominent example of the latter hierarchization 

approach developed by Ryoo and co-workers involves the use of surfactants containing 
more than one quaternary ammonium ion to assemble silica into nanocrystalline forms 

of zeolite such as sheets, sponges and other mesoscale structures.13–15 The potential of 
such hierarchical zeolites to overcome diffusion limitation in catalytic conversion 
reactions has been convincingly demonstrated.16,17  

These and other important advances in the field of synthesis of hierarchical zeolites 
bring significant benefits, yet rational design of zeolite catalysts with improved 
micropore accessibility remains a challenge. A major obstacle is that the nucleation and 

growth mechanism of zeolites is still not well understood. Zeolites are typically 
crystallized in the presence of small, usually organic structure directing agents (SDAs). 

Replacing these small SDAs with larger organic macromolecules that contain 
hydrophobic and hydrophilic parts allow synthesizing hierarchical zeolites via likely 
similar mechanisms. Broadly speaking, there are two opposing views about the role of 

the SDA. In the classical view, the lattice grows by addition of silicate monomers from 
the gel or the solution, driven by the organic SDA that in this way becomes involved in 

the growing zeolite crystals. With the advent of advanced in-situ characterization 
techniques, the role of the SDA could be investigated in more detail. The synthesis of 
ZSM-5 zeolite (MFI framework topology) in the tetrapropylammonium (TPA)-water-

silica system has been the topic of most of such investigations.18–20 These have led to the 
non-classical view that a pre-organized inorganic-organic precursor phase forms by self-
assembly of the silicate units with the SDA. De Moor et al. employed small-angle X-ray 

scattering (SAXS) to identify primary particles with a size of about 2.8 nm and 



103 
 

aggregated forms of about 10 nm in clear solutions of the TPA-silica system.19 Kirschhock, 
Martens and co-workers investigated these primary particles in more detail and proposed 
that Si33-TPA complexes are the primary units that assemble into larger structures and, 

eventually, connect through silanol condensation reactions to form the crystalline 
zeolite.20 Atomistic simulations have been used to explore the role of organic SDA such 

as TPA in directing the formation of these putative building units.21,22 On the other hand, 
Mihailova et al. showed that crystallization is preceded by the formation of incipient 
ordered regions in a disordered porous Si-O network,23 whilst Tsapatsis and co-workers 

demonstrated that zeolite crystallization can start within amorphous aggregates.24 
Recently, Lupulescu and Rimer contended that silicate-1 grows by addition of both 
silicate species and the SDA, in this way bridging the classical and non-classical 

proposals for the zeolite growth mechanism.25 The different views and the various sorts 
of experimental and theoretical results to support or counter them have been properly 

discussed in several reviews.26–28 So far, there have been no detailed investigations of the 
growth mechanism of crystalline hierarchical zeolites. Chmelka, Ryoo, and co-workers 
have recently stated that formation of silicalite-1 (the all-silica version of ZSM-5) 

nanosheets involves layered silicates as intermediate structures that transform within the 
solid state.29 We oppose this view and contend that layered silicates may be a by-product 

of the synthesis, but are by no means required intermediates. Herein, we show that the 
zeolitic sheets crystallize from a hybrid inorganic-organic precursor phase that is rapidly 
formed early during synthesis and which contains already some of the structural features 

of the final zeolite. 

 

 
5.2 EXPERIMENTAL SECTION 

5.2.1 SYNTHESIS OF SURFACTANTS 

Synthesis of C22H45-N+(CH3)2-C6H12-N+(CH3)2-C3H7 (C22-6-3): 3.9 g (0.01 mol) of 1-
bromodocosane (TCI, 98 %) was dissolved in 50 ml toluene (Biosolve, 99.5 %) and added 

dropwise into a mixture of 50 ml acetonitrile (Biosolve, 99.8 %) and 21.4 ml (0.1 mol) 
N,N,N',N'-Tetramethyl-1,6-hexanediamine (Aldrich, 99 %). The reaction was refluxed in 
an oil bath at 70 °C for 12 h. The solution was cooled to room temperature, which led to 

the precipitation of a white solid. The suspension was further cooled at 5 °C for 1 h. The 
white solid (N-(6-(dimethylamino)hexyl)-N,N-dimethyldocosan-1-ammonium bromide; 
C22-6·Br) was filtered and washed with diethyl ether (Biosolve, 99.5 %). 
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Then, 5.6 g of C22-6·Br and 2.5 g of 1-bromopropane (Aldrich, 99 %) were dissolved in 
100 ml acetonitrile and 10 ml ethanol (Biosolve, 99.9 %). The solution was refluxed in an 
oil bath at 70 °C for 12 h. After cooling to room temperature, the white solid (C22-6-3·Br2) 

was filtered and washed with diethyl ether. The product was dried overnight at 50 °C 
under vacuum. 

Synthesis of C22H45-N+(CH3)2-C6H12-N+(CH3)2-C3H7 (C22-6(3)-3(3)): 30 g of 1,6-dibromohexane 
(Aldrich, 96 %) was mixed with 200 ml of dipropylamine (Aldrich, 99 %). The solution 
was refluxed at 75 °C for 48 h. After cooling, during which a white solid precipitated, the 

solution was neutralized with 0.5 l diluted sodium hydroxide solution (0.5 M). The 
organic products were three times extracted with 150 ml diethyl ether and the combined 

organic extracts were dried over MgSO4. The volatile organics were removed on a rotary 
evaporator, yielding a slightly yellow oil (N,N,N',N'-tetrapropyl-1,6-hexanediamine). 

12 g of N,N,N',N'-tetrapropyl-1,6-hexanediamine and 1.8 g of bromodocosane (TCI, 98 

%) were dissolved in 100 ml acetonitrile/toluene (1:1) and the solution was refluxed for 12 
h at 70 °C. The volatile compounds of the synthesis mixture were removed on a rotary 
evaporator under reduced pressure. The remaining products were dispersed in diethyl 

ether and the solid white product was recovered by filtration and washed with copious 
amounts of diethyl ether yielding N-(6-(dipropylamino)hexyl)-N,N-dipropyldocosan-1-

ammonium bromide (C22-6(3)·Br) as a white solid product. 

10 g of C22-6(3)·Br and 3.6 g of 1-bromopropane (Aldrich, 99 %) were dissolved in 100 ml 
acetonitrile and 10 ml ethanol. The solution was refluxed in an oil bath at 70 °C for 12 h. 

After cooling to room temperature, the white solid (C22-6(3)-3(3)·Br2) was filtered and 
washed with copious amounts of diethyl ether. The product was dried overnight at 50 °C 

under vacuum. 

 

5.2.2 SAMPLE PREPARATION  

Synthesis of silicalite-1 nanosheets: The synthesis of zeolite silicalite-1 nanosheets starts 
with the dissolution of the bromide form of the diquaternary ammonium surfactant 
(DQAS), C22H45-N+(CH3)2-C6H12-N+(CH3)2-C3H7 (C22-6-3), and NaOH (EMSURE, 50 

wt%) in water, followed by stirring at 60 °C for 1 h to obtain a clear solution. We have 
recently shown that replacing the hexyl end group of the original DQAS surfactant used 

by Ryoo and co-workers13 by a propyl end group increases the rate of nanosheet zeolite 
crystallization.48 After cooling to room temperature, TEOS (tetraethyl orthosilicate, 
Merck, 99 %) was quickly added. The resulting suspension with a gel composition of 9 

C22-6-3 : 100 SiO2 : 11 Na2O : 4000 H2O was stirred for 1 h at 40 °C. The reference zeolite 
was synthesized by placing this suspension in a Teflon-lined autoclave and heating the 
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closed autoclave to 150 °C for 7 days. In further synthesis experiments, similar 
suspensions were placed in a similar autoclave at 135 °C rotated at 50 rpm for varying 
times to obtain solids for further characterization. These solids were obtained by freeze-

drying for 24 h. Template was removed by calcination in air with a heating ramp of 1 °C 
min−1 to 550 °C and kept at that temperature for 8 h.  

Synthesis of CTAB-silica precursor: For comparison, a mesostructured silica was 
prepared according to established procedures. Cetyltrimethylammonium bromide 
(CTAB, Aldrich 95 %) and NaOH (EMSURE, 50 wt%) were dissolved in water, followed 

by stirring at 60 °C for 1 h to obtain a clear solution. After cooling to room temperature, 
TEOS (Merck, 99 %) was quickly added. The resulting suspension was stirred for 1 h at 40 

°C. The final gel with a gel composition of 9 CTAB : 100 SiO2 : 11 Na2O : 4000 H2O was 
freeze-dried for 24 h. 

Synthesis of MEL Zeolite: C22-6(3)-3(3) template (bromide form) and NaOH (EMSURE, 50 

wt%) were dissolved in water at 60 °C. The template solution was cooled to RT. Then 
TEOS (Merck, 99 %) was quickly added. The suspension was vigorously stirred for 1 h in 

an open vessel at RT and subsequently transferred to a Teflon-lined stainless steel 
autoclave. The autoclave was heated under rotation at 150 °C for 7 days. The white 
product was recovered by filtration and washed with copious amounts of water and 

ethanol. The product was dried at 110 °C. 

 

5.2.3 CATALYST CHARACTERIZATION 

Small-angle X-ray scattering (SAXS): In-situ SAXS analysis was carried out at the 
DUBBLE beamline at the European Synchrotron Radiation Facility (ESRF) in Grenoble 

(beamline BM26B). The solutions described above are loaded into a homemade cell,49 
which is heated up to 135oC under rotation to prevent sedimentation. Small-angle (SAXS) 

and wide-angle (WAXS) patterns were acquired simultaneously. Two Pilatus photon 
counting detectors are used to collect the 2D-images. SAXS images were collected using a 
Pilatus 1M (169 mm x 179 mm active area). WAXS patterns were collected using a 300K 

linear Pilatus detector (254 mm x 33.5 mm active area), to monitor the eventual 
appearance of ‘real’ crystallinity, which was in no case found. In both cases, spectra were 
taken at scan times of 100 seconds, with 200 seconds ‘rest’, effectively taking a spectrum 

every 5 minutes. 

XRD: X-ray diffraction patterns were recorded on a Bruker D2 PHASER using Cu Kα 

radiation in the 2θ range of 5−60 ° with a step size of 0.02 ° and a time per step of 0.4 s. 

Electron microscopy: Scanning electron microscopy (SEM) images were taken on a FEI 
Quanta 200F scanning electron microscope at an accelerating voltage of 3 kV using the 

http://www.esrf.eu/UsersAndScience/Experiments/CRG/BM26/SaxsWaxs/detectors/technical-pilatus
http://www.esrf.eu/UsersAndScience/Experiments/CRG/BM26/SaxsWaxs/detectors/technical-pilatus
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secondary electron detector. The zeolite samples which were deposited onto SEM stubs 
were sputter-coated with gold (thickness about 2 nm) prior to the measurements. 
Transmission electron microscopy of dry samples was performed on a Tecnai 20 (FEI 

company). The microscope which has a LaB6 electron gun and a TWIN objective lens 
was operated at and acceleration voltage of 200 kV and images were recorded on a Gatan 

model 794 1k×1k slow scan CCD camera. TEM samples were prepared from suspension in 
ethanol of which a few drops were placed onto a standard 200 mesh copper TEM grid 
coated with a holey Carbon film. The samples were dried at room temperature prior to 

insertion in the TEM holder and microscope. 

Vibrational spectroscopy: UV Raman spectra were recorded with a Jobin-Yvon T64000 

triple stage spectrometer with spectral resolution of 2 cm−1 operating in double 
subtractive mode. The laser line at 325 nm of a Kimmon He-Cd laser was used as to 
excite the sample. The power of the laser at the sample position was 4 mW. FT-IR spectra 

of samples were recorded on a Bruker Vertex 70v instrument. The spectra were acquired 
at 2 cm−1 resolution and 64 scans. IR Spectra were normalized by the weight of catalyst 
wafer.  

NMR spectroscopy: One dimensional 1H, 29Si{1H} cross polarization (CP) and two-
dimensional 29Si{1H} heteronuclear correlation (HETCOR) Nuclear Magnetic Resonance 

(NMR) spectra were recorded on an 11.7 Tesla Bruker DMX500 NMR spectrometer, 
operating at 500 MHz for 1H and 99 MHz for 29Si measurements. Quantitative Direct-
Excitation (DE) 29Si NMR spectra were recorded on an 4.7 Tesla Bruker DRX200 NMR 

spectrometer, operating at 200 MHz for 1H and 39.7 MHz for 29Si measurements. The 
measurements were carried out using 4 mm magic-angle-spinning (MAS) probeheads, on 

both magnets, with sample rotation rate of 10 kHz. 1H NMR spectra were recorded with a 
Hahn-echo pulse sequence p1-τ1-p2-τ2-aq with a 90° pulse p1 = 5 μs and a 180° p2 = 10 μs, 
and an interscan delay of 5 s. 1D 29Si{1H} CPMAS and 2D 29Si{1H} HETCOR NMR spectra 

were recorded with a rectangular contact pulse of 3 ms, with carefully matched 
amplitudes on both channels, and an interscan delay of 3 s. 1H NMR 29Si shifts were both 
calibrated using tetramethylsilane (TMS). For DE 29Si NMR spectra, 128 aquisitions were 

accumulated with an interscan delay of 720 seconds. The spectra were deconvoluted 
using Gaussian line shapes in DMfit2011 program.50  

 

5.2.4 MOLECULAR MODELLING 

Biovia Material Studio 6.0 was used for theoretical modeling. The interaction energy of 
the DQAS with MFI and MEL was determined by embedding the DQAS into the surfaces 
with the long hydrocarbon tail pointing outwards and one quaternary ammonium ion 
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fully embedded in the zeolite framework and the other at the surface. Periodic boundary 
conditions (PBC) were applied. The COMPASS force field was used to optimize the 
geometry.  

To study the interaction energies of Si33 building units with the DQAS and the stability 
of the precursor-DQAS complexes in solution, large cubic boxes of 50 Å dimensions 

(PBC) with explicit modelling of 4000 water molecules were constructed. For all 
molecular dynamics runs, the Forceite+ module was used in combination with the 
COMPASS force field. The models were optimized using the NPT ensemble simulating 

65 ps at 1 bar and 298 K using the Berendsen and Nosé baro- and thermostats, 
respectively. A typical production run was performed using the NVT ensemble for 600 ps 
at 298 K using the Nosé thermostat. All runs were performed with 1 fs time steps and a 

12.5 Å cut-off distance for both the Van der Waals non-bonded and the electrostatic 
interactions using atom-based summation methods. The trajectories were analysed with 

the help of an inhouse written PERL script. The script was used to calculate the potential 
and interaction energies of the system after removal of the water molecules, because the 
presence of water significantly increased the standard deviation of the energy values. The 

charge of the SDA cations was balanced by deprotonating the Si33-precursors. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 X-RAY SCATTERING 

Small-Angle X-ray Scattering (SAXS) has been extensively used to study formation of 

mesostructured silicas, because it is sensitive to relatively large structural features and, 
therefore, to the morphology of such materials.30–36 In carrying out time-resolved SAXS 
on the synthesis of silicalite-1 nanosheets, it was possible to capture the formation of 

mesoscale structures at early stages of synthesis. Figure 5.1a displays the SAXS patterns 
obtained in-situ during synthesis with time intervals of 20 minutes. 

The most apparent feature is the presence and development of first and second 
order quasi-Bragg peaks (q = ~1 nm−1

 and ~2 nm−1, respectively), typically observed for 
stacked materials and corresponding to translational symmetry of sheets in one 

dimension.37–39 Indeed, TEM (vide infra) confirms the presence of early sheet-like 
structures, and the earliest graphs in Figure 5.1a also show q−2 dependence of 

scattering intensity at the smallest angles which is expected for primarily 2D objects. 
With time, this q−2 dependence shifts out of the range of the detector, which means 
that the lateral size of the sheets is larger than the upper detection limit in our 

measurements (2π/qmin ≈ 50 nm). Clearly, the C22-6-3-silica system already forms 
stacked 2D sheets during room temperature aging (see Figure 5.2), with mesoscale 
order steadily developing during heating at 135 °C as the initial broad peak is seen to 

sharpen in time, accompanied by the appearance of a second order peak.  

 

 
Figure 5.1. Synchrotron Small-Angle X-ray Scattering study. In-situ SAXS patterns of silicalite-1 

nanosheets synthesis at 135 oC using C22-6-3, with time intervals of 20 minutes and corresponding 

fittings using the Paracrystalline Structure Factor, which are displayed in pink (a). Simulations of 

the scattering intensity predicted by the model showing dependence on stacking distance d and 

disorder δ (b). Calculated temporal patterns for sheet stacking distance, d, and order, ω (c). 
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Figure 5.2. SAXS pattern after ageing procedure at room temperature, with the quasi-Bragg 

peaks typical for silica sheets already present. 

 
Table 5.1 | Fitting values for the SAXS data; Dcore is the thickness of the sheet, N the number of 

sheets, d the inter-sheet distance, δ the stacking disorder, ν diffuse (additional) scattering and 

the calculated goodness of fit (GOF). 

Time (min) Dcore (nm) N d (nm) δ (nm) ν GOF (%) 

263 1.5 14.2 4.43 0.42 0 99.51 

243 1.5 13.5 4.42 0.42 0 99.52 

223 1.48 12.5 4.41 0.43 0 99.56 

203 1.49 11.9 4.41 0.43 0 98.71 

183 1.49 11.5 4.40 0.44 0 99.57 

163 1.48 9.7 4.39 0.44 0 98.60 

143 1.48 10.2 4.39 0.44 0 99.57 

123 1.48 9.4 4.39 0.45 0 99.61 

103 1.48 9.0 4.38 0.45 0 99.58 

83 1.48 8.4 4.37 0.47 0 99.64 

63 1.46 8.3 4.37 0.47 0 99.63 

43 1.46 6.9 4.37 0.48 0 99.60 

23 1.46 6.0 4.37 0.48 0 99.57 

3 0.7 5.0 4.37 0.47 0 99.74 
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Structural information was extracted from the scattering data by fitting with the 
characteristic representation I(q) = P(q)S(q), where P(q), the form factor, is 
responsible for single-entity intraparticular scattering, and S(q), the structure factor, 

describes interference caused by interparticular scattering. For P(q), a function 
derived for micellar, sheet-like scatterers is employed.40 To describe how layered 

structures, possibly containing stacking disorder, scatter X-rays, we use for S(q) 
Paracrystalline Theory (PT) as developed by Hosemann.41 The quasi-Bragg peak line-
shape is highly sensitive towards the distance between sheets (d) and the stacking 

disorder (δ), which allows for accurate estimation of these parameters by fitting. 

Simulations with our model are shown in Figure 5.1b and emphasize how d affects 
peak position and δ the peak line-shape.  

Our model was able to accurately fit the position and line-shape of the quasi-Bragg 
peaks with a goodness of fit exceeding 90 % for all cases (Table 5.1). To describe the 

degree of stacking order, a dimensionless parameter 𝜔 is introduced as 𝜔 = 1 − 𝛿
𝑑
, where 

ω = 1 represents perfect meso-order and ω = 0 total absence of meso-order. In Figure 5.1a, 
the model fits to the data are displayed by pink lines. The calculated values for 𝑑 and ω 
as function of synthesis are shown in Figure 5.1c. The model clearly points out the rapid 

arrangement of sheets into an ordered structure during the first hours of the synthesis, 
whilst the interlayer distance increases only subtly. 

 

5.3.2 ELECTRON MICROSCOPY 

The early presence of stacked sheets is confirmed by the SEM image of a freeze-dried 

sample obtained after aging the C22-6-3-silica gel at room temperature (Figure 5.3a). This 
morphology, which is preserved at 135 °C (Figure 5.3b), strongly resembles the globular 
zeolite particles comprised of stacked sheets seen in the fully crystallized zeolite14 (Figure 

5.4a). 
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Figure 5.3. Morphology of silicalite-1 nanosheets synthesized with DQAS C22-6-3. SEM images of 

freeze-dried samples obtained after aging the C22-6-3-silica gel at room temperature (a) and then 

hydrothermal synthesis for 72 h (b), a TEM image of room temperature aged C22-6-3-silica gel is 

given in the insert of (a). (c) XRD patterns and (d) Raman spectra of calcined reference and 
freeze-dried silicalite-1 nanosheets as a function of synthesis.  

 

 

Figure 5.4. (a) SEM image and (b, c) TEM images of fully crystalline silicalite-1 nanosheets 

obtained after hydrothermal synthesis at 150 °C for 7 days. 

 

5.3.3 LONG-RANGE ORDER 

It is important to underline that, despite the rapid development of mesoscale structure, 
no crystalline order was observed in the tandemly recorded Wide-Angle X-ray Scattering 

(WAXS) profiles during the initial stages of nanosheet synthesis. Consistent with these 
observations, ex-situ XRD patterns of the freeze-dried samples after room temperature 
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aging and 12 h hydrothermal synthesis at 135 °C did not contain any indication for long-
range atomic ordering of the MFI framework (Figure 5.3c). The earliest onset of 
crystalline order appears after 24 h, which then develops into a typical silicalite-1 

nanosheet pattern in the following 48 hours (t = 24 h – 72 h). 

 

5.3.4 RAMAN SPECTROSCOPY 

To distinguish structural zeolitic features in materials that do not contain long-range 
crystallinity, Raman spectroscopy was employed on the freeze-dried samples.42,43 The 
Raman spectra in Figure 5.3d belong to the DQAS C22-6-3 and the C22-6-3-silica solid 

samples as function of synthesis time. The majority of bands can be attributed to the 
organic DQAS, which is a much stronger scatterer than silicates. The presence of zeolitic 

features is, however, clear from the characteristic band at 380 cm−1 attributed to 5-
membered rings in pentasil zeolites such as MFI.44 In particular, this band is already 
weakly visible in the room temperature aged sample. The band at 380 cm−1

 intensifies 

over the course of the synthesis, while the band at 516 cm−1 characteristic of 4-membered 
rings is already prominent early in the synthesis.45 These changes point to some 
evolution of the silicate arrangement towards the final structure of the crystalline 

framework. The absence of strong Raman bands at 495 cm−1
 and 606 cm−1

 shows that 
these samples do not contain large amounts of amorphous silica.23 The other 

characteristic feature of MFI zeolites at 800 cm−1
 is obscured by signals originating from 

the template. The spectrum of the calcined fully crystallized zeolite nanosheet contains 
the expected bands at 290 cm−1 (10-membered rings), 380 cm−1, 470 cm−1, and 800 cm−1. 

Infrared spectroscopy confirms the early appearance of zeolitic features by the presence 
of the 550 cm−1

 which is due to the double-5-membered (D5R) ring of the MFI framework 

(Figure 5.5).51 

 

 

Figure 5.5. FTIR spectra of silicalite-1 nanosheets as function of synthesis. The band at 550 cm−1 is 

related to the presence of D5R rings, characteristic for MFI zeolite. 
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5.3.5 NMR SPECTROSCOPY 

 

 

Figure 5.6. Evolution of mesostructure during the synthesis with surfactants. 29Si {1H} HETCOR 
NMR spectra of freeze-dried samples: (a) room temperature aged C22-6-3-silica gel, (b) aged CTAB-

silica gel and hydrothermally treated silicalite-1 nanosheets for (c) 12 h, (d) 24 h, and (e) 72 h. The 

independently measured one dimensional 1H and 29Si{1H} CPMAS spectra are plotted on top of 

the projections. 

 

In further probing the molecular surfactant-silica interactions, 29Si {1H} HETeronuclear 
chemical shift CORrelation (HETCOR) NMR spectroscopy was employed. The 29Si {1H} 
NMR spectra of the freeze-dried room-temperature precursor was compared with an 

MCM-41 silica precursor containing cetyltrimethylammonium bromide (CTAB, 
C16H33N+(CH3)3Br). Figure 5.6a clearly show that, after aging the gel at room 

temperature, the head groups of the DQAS C22-6-3 reside within the silica matrix, in 
contrast to the head group of the monoquaternary ammonium surfactant CTAB. This is 
witnessed by the fact that only in the case of C22-6-3 methylene protons in the β-position 

with respect to the quaternary ammonium render cross-peaks with 29Si. Broad cross-

peaks at δ (1H) > 10 ppm are due to SiO-H-OSi bridges. These cross-peaks are more 

diffuse in the case of CTAB-Si interaction, pointing to larger disorder compared with the 

C22-6-3 containing sample. The evolution of 29Si {1H} HETCOR NMR spectra with 
synthesis time (Figure 5.6c, d, and e) shows that these defects disappear, concomitantly 
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with an increase of the Q4 : Q3 ratio due to silica condensation. Deconvolution of direct-
excitation 29Si MAS NMR spectra (Figure 5.7) allows quantifying the Q2 : Q3 : Q4 ratio. 
Silica condensation is confirmed in this way by observing the Q2 : Q3 : Q4 ratio change 

from a 26 : 34 : 40 ratio in the room temperature aged sample to a 9 : 29 : 62 ratio in the 
sample after 72 h of hydrothermal synthesis (Table 5.2). Calcination results in sharpening 

of the peaks and a further increase of the amount of Q4 (Q2 : Q3 : Q4 = 7 : 9 : 84 ratio). 
The differences in the degree of condensation of the sheet materials can also be 
appreciated from Figure 5.8. The sample aged at room temperature swiftly broke down 

into spherical silica particles upon exposure to the electron beam, whilst sheets obtained 
after hydrothermal treatment turned out to be much more stable during EM imaging. All 
these findings suggest that the growth mechanism of silicalite-1 nanosheets involves an 

early meso-structured precursor that is the result of rapid organization of the silicate 
species directed by the DQAS before the onset of crystallization. Crystallization occurs 

through silica condensation with comparatively limited reorganization of the silica at the 
molecular level. 

 

 

Figure 5.7. Direct-excitation 29Si MAS NMR spectra of freeze-dried samples (a) aged C22-6-3-silica 

gel, and after hydrothermal synthesis for (b) 12 h, (c) 24 h, and (d) 72 h and (e) 72 h sample after 

template removal by calcination. 
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Figure 5.8. The degree of condensation of the sheet materials. (a) room temperature aged 

C22-6-3-silica gel, (b) hydrothermally treated silicalite-1 nanosheets for 12 h. 

 

Table 5.2. Deconvolution of direct-excitation 29Si MAS NMR spectra shown in Figure 5.7. 

Sample Q2
 (%) Q3

  (%) Q4
  (%) 

aged C22-6-3-silica gel 26 34 40 

135 °C; 12 h 8 37 55 

135 °C; 24 h 6 26 68 

135 °C; 72 h 9 29 62 

135 °C; 72 h; calcined 7 9 84 

 

5.3.6 MOLECULAR SIMULATIONS 

In attempting to take our understanding of zeolite growth to the supramolecular level, 

we used force-field based static and molecular dynamics simulations to study the 
interaction of the C22-6-3 surfactant with silicalite-1 nanosheet models as well as putative 
zeolitic building blocks. We first compared the interaction of the surfactant placed in 

two different silicalite-1 nanosheet models, one terminated by {010} planes as observed 
experimentally and the other terminated by {100} planes. Both interaction energies were 

very comparable (Table 5.3), showing that the head groups of C22-6-3 are not preferentially 
located along the straight channels in the crystalline MFI framework. This result implies 
that the alignment of the C22-6-3 along the straight channels already occurs at early stages 

of the synthesis, which is in agreement with the observed early meso-structuring of silica 
into sheets in the presence of this DQAS. To understand structure direction at early 
stages, we investigated the interaction of C22-6-3 with Si33 building units of the MFI 

structure. Our earlier retro-analysis of MFI zeolite synthesis has demonstrated how the 
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MFI-TPA composite can be assembled by particular interactions of these Si33 units with 
the SDA.46 For MFI zeolite, these Si33 contain 5- and 10-membered rings. Table 5.4 shows 
that the Si33 preferably interacts with the alkyl chains in C22-6-3 along the surfactant long 

axis, but not with the much shorter methyl side-groups attached to the quaternary 
ammonium groups. This is in agreement with earlier simulations of the interaction of Si33 

with TPA.21 When initially placed close to one of the methyl groups of C22-6-3, the Si33 unit 
separates from the template during the molecular dynamics simulation run and the ring 
structure collapses. It is also seen that the most stable configuration occurs when the Si33 

unit is placed between the two quaternary ammonium ions on the C6 alkyl linker, whilst 
other positions along the template axis are slightly less favourable. Figure 5.9c shows 
how placement of the Si33 units with its 10-membered rings placed perpendicular to the 

DQAS long axis result in nanosheets with a very short b-axis. The important corollary of 
these simulations is that silicalite-1 nanosheet formation is driven by the preferential 

interaction of silicate building units with the hydrophobic axial alkyl chains in C22-6-3. 
These findings are consistent with the stabilization of {010} surface, despite it is not fully 
formed yet at this stage. 

 

Table 5.3. Interaction energies of different SDA with MFI and MEL surfaces.  

Model 

(side-chain) 

C22-6-3 

methyl 

C22-6(3)-3(3) 

propyl 

C22-6-6 

methyl 
MFI[010]a -569 -519 -602 

MFI[100]b -586 -661 -611 

MEL[100] -548 -531 -602 

a Configuration C22-6-3 in MFI[010]  b Configuration C22-6-3 in MFI[100] 
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Table 5.4. Computer simulations showing the interaction between the DQAS and Si33 building 

units. Energies of stable configurations in kJ mol−1 are given for the interaction of MFI and MEL 

Si33 building units with DQAS C22-6-3 and C22-6(3)-3(3). 

Positiona MFI 
methylb 

MFI 
propylb 

MEL 
methylb 

MEL 
propylb 

 
-186 -126 -155 -155 

 
-478 -521 -476 -519 

 
-213 -215 -178 -191 

 
n/ac -247 n/ac -246 

a  represents the Si33 unit; the brown lines the alkyl chains and the blue dots the quaternary 
ammonium centers in the DQAS; b side chain of the quaternary ammonium groups; c

 no stable 

configuration identified. 

 

 
Figure 5.9. Molecular recognition of silicate species by the SDAs and MEL needles prepared on 

the base of insight into the growth mechanism. (a) (left) MFI Si33 unit on the alkyl linker between 

the two quaternary ammonium groups of C22-6-3 and (right) the optimized structure of Si33 with 

the SDA removed. (b) Initial configuration of Si33 coordinating to the methyl group of C22-6-3. This 

configuration is not stable and Si33 segregates from the SDA. As a consequence, the open 

structure of the Si33 collapses  shown on the right. (c) Configurations of (left) MFI Si33 units 

stabilized by C22-6-3 giving rise to silicalite-1 nanosheet  and (right) MEL units stabilized by C22-6(3)-

3(3) leading to MEL needles (colors used to distinguish different Si33 units). (d) SEM image of MEL 

needles obtained in the silica: C22-6(3)-3(3) system. 
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Table 5.5. Stabilization of different (SiO)n rings by TPA with TPA inside and outside the ring 

structure (energies in kJ mol−1) 

 

TPA (inside) TPA (outside) 

4-ring -771 -349 

5-ring -670 -378 

6-ring -763 -360 

 

 
Figure 5.10. XRD patterns of silicalite-1 nanosheets (a) and MEL zeolite (b). (c) SEM images of 

MEL zeolite synthesized with DQAS surfactant C22-6(3)-3(3). 

 

In order to confirm that molecular recognition takes already place at the early stages of 
synthesis, we synthesized a modified version of the C22-6-3 DQAS in which the methyl 

side-groups are replaced by propyl side-groups (C22-6(3)-3(3)). Use of this DQAS in an 
otherwise similar synthesis mixture resulted in formation of thin needle-like MEL 
crystals as follows from XRD and SEM (Figure 5.9d and Figure 5.10). MEL (ZSM-11) can be 

decomposed into slightly different Si33 building units, which contain 4- and 6-membered 
rings along large 10-memberend rings. They interact with similar strength to the alkyl 

chains of C22-6(3)-3(3) as the MFI Si33 building units (Table 5.4). As the presumed Si33 
building units do not show a preference for alignment parallel or perpendicular to the 
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SDA long axis, the system crystallized in the form of MEL zeolite, whose framework is 
more symmetric than that of MFI. We attribute the needle shape of the MEL zeolite 
obtained using C22-6(3)-3(3) to growth inhibition in [100] and [010] directions, yet not in the 

[001] direction where no pores are present. The EM images suggest that the growth 
inhibition in this case is less pronounced as compared with silicalite-1 nanosheets. This is 

likely because MEL zeolite can grow into larger crystals without all intersections being 
occupied. Full occupancy of the intersection is not even required when MEL is grown 
with the larger tetrabutylammonium as the SDA.47 
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5.4 CONCLUSION 

In summary, the use of in-situ SAXS to probe formation of meso-scale structures 
supported by electron microscopy, Raman scattering (sensitive to atomic arrangements 

in non-periodic systems), 29Si HETCOR NMR (to determine SDA-silicate interactions) 
and molecular simulations gives insight into the nucleation and growth of silicalite-1 
nanosheets. This work shows that nanosheets crystallize from an X-ray amorphous 

precursor that assembles in the very early stages of synthesis towards stacked sheets and 
in which the constituent silicate species already have some of the structural features of 
the final zeolite framework. Structure direction into stacked sheets is the consequence of 

molecular recognition of specific silicate species by the anisotropically distributed 
hydrophobic functionalities of the DQAS template. This growth mechanism of 

nanosheets is very different from the proposed involvement of crystalline layered 
silicates recently discussed by Messinger et al.29 Although our molecular simulations can 
very well explain the formation of the zeolitic precursor in terms of interactions of the 

SDA with Si33 units, the Raman measurements indicate that 5-membered rings are 
formed during the later occurring crystallization process. A preliminary analysis of the 

interaction of Si22 units with TPA shows preference for stabilization of 4-membered over 
5-membered rings when the quaternary ammonium head group is closely associated with 
the 10-membered ring46 (see Table 5.5). At later stages of synthesis when the 

condensation degree increases, the head group will be pushed out of the 10-membered 
ring and, in such configurations, 5-membered rings appear to be better stabilized. We 
also demonstrate how an understanding about molecular recognition of particular 

silicate structures by the SDA can be utilized to obtain additional nanostructured forms 
of zeolite MFI. We expect that such fundamental insights will expedite the rational 

design of novel SDAs to obtain nanostructured MFI and other zeolites with tunable 
accessibility for e.g. catalytic applications. 
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Chapter  6 
 

On the Synthesis of Highly Acidic ZSM-5 
Nanosheets   

 
 
ABSTRACT: ZSM-5 zeolite nanosheets were synthesized at high framework Al content. 
Crystallization of ZSM-5 zeolite synthesis gel at Si/Al ratio of 20 at 150 °C using C22H45–
N+(CH3)2–C6H12–N+(CH3)2–R (R = hexyl or propyl) as structure-directing agents resulted 

in amorphous product. When the hydrothermal synthesis was carried out at 170 °C instead 
of 150 °C, crystalline ZSM-5 zeolite nanosheets were obtained. By replacing the hexyl end 

group by propyl, the crystallization rate increased due to increased occupancy of the 
intersections of the MFI framework by quaternary ammonium centers. Optimized 
hydrothermal synthesis at Si/Al = 20 (170 °C, NaF addition) with this surfactant resulted in 

highly crystalline ZSM-5 nanosheets. Not all Al atoms are built into the zeolite framework, 
which limits the overall Brønsted acidity. The catalytic performance in n-heptane 

hydroisomerization of the various zeolites trends well with the Brønsted acid site density. 
The product distribution during n-heptane hydroisomerization points to an increased rate 
of product desorption (higher isomers’ selectivities and increased selectivity of 

dibranched isomers). The ZSM-5 nanosheets outperform bulk ZSM-5 zeolite in the 
methanol-to-hydrocarbons reaction in terms of the methanol conversion capacity.  

 

 
 
This Chapter has been published in J. Catal. 2015, 327, 10  
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6.1 INTRODUCTION 

Zeolites are crystalline microporous aluminosilicates which have been widely used as 
acidic catalysts for hydrocarbon conversion reactions.1–3 Their usefulness as catalysts for 

size- and shape-selective hydrocarbon conversion stems from the strong Brønsted acid 
sites that are mainly located in the micropores.4 The Brønsted acid sites of zeolites arise 
from the Al3+ substitutions for tetrahedral Si4+ in the crystalline silica framework. For 

high-silica zeolites, the total Brønsted acidity can be directly related to the framework 
Si/Al ratio.5 Despite these favorable properties, the location of the acid sites in pores 
typically smaller than 1 nm embedded in zeolite crystals with dimensions of several 

microns may result in mass transport limitations during catalytic reactions.6 Various 
strategies can be applied to overcome these limitations; they include reducing the size of 

the zeolite crystals,7 delaminating zeolite frameworks,8 synthesizing zeolites with extra-
large pores,9–11 and introducing additional mesoporosity in zeolite crystals.12–16 
Considerable attention has been given to the latter approach; such zeolites are generally 

known as hierarchical zeolites, emphasizing the presence of interconnected micro- and 
mesopore systems. The approach of Ryoo and co-workers to use diquaternary ammonium-

type surfactants to synthesize ZSM-5 zeolite nanosheets was a breakthrough.17 The 
thickness of these ZSM-5 sheets can be controlled by varying the number of ammonium 
groups in the hydrophilic head group of the multiquaternary ammonium-type 

surfactants.17–19 Several recent studies highlight the promise of such nanostructured 
zeolites in catalysis.20–23 

The synthesis of ZSM-5 nanosheets with diquaternary ammonium surfactants (e.g., 

C22H45–N+(CH3)2–C6H12–N+(CH3)2–C6H13Br2, abbreviated to C22-6-6·Br2) requires longer 
crystallization times than synthesis of bulk ZSM-5 with tetrapropylammonium as the 

structure-directing agent. The crystallization time increases when the Si/Al ratio of the 
synthesis gel is decreased. The initial work of the Ryoo group reported ZSM-5 zeolite 
nanosheets synthesized at Si/Al ratios around 50. We found that decreasing the Si/Al 

below 40 predominantly resulted in amorphous aluminosilicates product.25 Ryoo and co-
workers mentioned that the synthesis of ZSM-5 nanosheets at low Si/Al ratio did not 

result in a fully crystalline product, even not if the synthesis was prolonged to two weeks.18 
It has been speculated that the structure-directing agent decomposes during such 
prolonged hydrothermal treatment. One solution to overcome slow nucleation is to use 

bulk ZSM-5 seeds.24 In this way, hierarchical ZSM-5 zeolite with a sponge-like 
mesostructure can be obtained, even at relatively high Al content. 

In the present work, we explored the synthesis of ZSM-5 zeolite nanosheets by use of 

diquaternary ammonium surfactants of the Ryoo type17 with the aim to obtain crystalline 
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acidic zeolites at a target Si/Al ratio of 20. The starting point of this study was the 
realization that the hexyl end group of the diquaternary C22-6-6·Br2 surfactant is too bulky 
to allow for complete filling of all intersections of ZSM-5 nanosheets (Figure 6.1a). This 

limits the charge compensation of the negative framework by the surfactant and helps to 
explain why crystallization of ZSM-5 nanosheets at low Si/Al ratio is very slow. When the 

hexyl end group is replaced by a propyl end group, complete filling of intersections of the 
final zeolites is in principle possible as shown in Figure 6.1b. In addition to varying the 
structure of the diquaternary ammonium surfactant, we used NaF as an additive to the 

synthesis gel to accelerate crystallization. The resulting zeolite nanosheets were 
characterized by XRD, SEM, TEM, Ar physisorption, and UV-Raman and 27Al and 29Si 
NMR spectroscopy. The acidic properties of the zeolites were determined by IR 

spectroscopy using carbon monoxide, pyridine, and 2,4,6-collidine as probe molecules. 
The catalytic performance of the ZSM-5 zeolite nanosheets was compared with a bulk 

ZSM-5 zeolite in n-heptane hydroisomerization and methanol conversion reactions. 

 

 
Figure 6.1. Minimum-energy configuration of (a) C16H33N+(CH3)2–C6H12–N+(CH3)2–C6H13 and (b) 

C16H33N+(CH3)2–C6H12–N+(CH3)2–C3H7 in a silicalite–1 nanosheet framework (the dimension in 

the b-direction is approximately 2.4 nm; only diquaternary surfactants in which at least one 

quaternary ammonium is embedded in the zeolite are shown; simulations done with the CVFF 

forcefield in Materials Studio).47 

 

 
6.2 EXPERIMENTAL SECTION 

6.2.1 SYNTHESIS OF AMPHIPHILIC SURFACTANTS 

Synthesis of C22-6-6·Br2: The procedure has been outlined before.17,26 3.9 g (0.01 mol) of 1-

bromodocosane (TCI, 98 %) was dissolved in 50 ml toluene (Biosolve, 99.5 %) and added 
dropwise into a mixture of 50 ml acetonitrile (Biosolve, 99.8 %) and 21.4 ml (0.1 mol) 
N,N,N’,N’-Tetramethyl-1,6-hexanediamine (Aldrich, 99 %). The reaction was refluxed in 
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an oil bath at 70 °C for 12 h. The solution was cooled to room temperature, which led to 
the precipitation of a white solid. The suspension was further cooled at 4 °C for 1 h. The 
white solid (N-(6-(dimethylamino)hexyl)-N,N-dimethyldocosan-1-ammonium bromide; 

C22-6·Br) was filtered and washed with diethyl ether (Biosolve, 99.5 %).  

5.6 g of C22-6·Br and 3.4 g of 1-bromohexane (Aldrich, 98 %) were dissolved in 100 ml 

acetonitrile and 10 ml ethanol (Biosolve, 99.8 %). The resulting solution was refluxed at 70 
°C for 12 h. After cooling to room temperature, the white solid (C22-6-6·Br2) was filtered and 
washed with diethyl ether. The product was dried overnight at 50 °C under vacuum. 

Synthesis of C22-6-3·Br2: We first prepared C22-6·Br as outlined above. Then, 5.6 g of C22-

6·Br and 2.5 g of 1-bromopropane (Aldrich, 99 %) were dissolved in 100 ml acetonitrile and 

10 ml ethanol. The solution was refluxed in an oil bath at 70 °C for 12 h. After cooling to 
room temperature, the white solid (C22-6-3·Br2) was filtered and washed with diethyl ether. 
The product was dried overnight at 50 °C under  vacuum. 

 

6.2.2 SAMPLE PREPARATION 

Synthesis of ZSM-5 zeolite nanosheets: 1.4 g of C22-6-6·Br2 was dissolved in 7.8 ml 
deionized water at 70 °C. 0.21 g of NaOH (Merck, 99 %) was added to the clear template 
solution, followed by stirring at 50 °C for 4 h. A second solution was made by mixing 0.1 g 

Al(OH)3 (Aldrich, reagent grade), 10 ml deionized water, and 5.54 ml TEOS (Merck, 99 %) 
for 1 h. After cooling the solution with the surfactant to room temperature, the silica 

solution was added dropwise under vigorous stirring. This resulted in a white suspension. 
The suspension was stirred for 1 h in an open vessel at room temperature. The resulting gel 
was transferred to a Teflon-lined stainless steel autoclave. The autoclave was heated under 

rotation (60 rpm) at 150 or 170 °C for 5 days. In some cases, 0.1 g NaF (Merck, 99.5 %) was 
added along with Al(OH)3 to the starting gel. The synthesis of ZSM-5 nanosheets with a 
Si/Al ratio of 50 was done in a similar manner as described above. Bulk ZSM-5 (ZSM-5-

bulk) was synthesized with tetrapropylammonium hydroxide (Merck, 40 %) as the 
structure-directing agent. The details of the zeolite syntheses are collected in Table 1. In all 

cases, a white solid was recovered from the autoclave by filtration. The solid was washed 
with copious amounts of deionized water, followed by drying overnight at 110 °C. The 
yields of the syntheses that yielded predominantly ZSM-5 zeolites are listed in Table 6.2. 

 Post-treatment of zeolites: The organics were removed from the as-synthesized zeolites 
by calcination in flowing air. The zeolite sample was placed in an oven. The temperature 

was increased at a heating rate of 1 °C min−1 to 550 °C followed by an isothermal period of 
8 h. The proton forms of the zeolites were obtained by triple ion-exchange of the calcined 
zeolite with a 1 M NH4NO3 solution at 70 °C for 2 h and intermediate calcination in air at 
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550 °C for 4 h. The zeolites are denoted as follows: ZSM-5(x, y, T) with x representing the 
terminated group of surfactants, y the Si/Al ratio in the starting gel, and T the 
temperature of hydrothermal synthesis step. The zeolites synthesized with promoter NaF 

are denoted by ZSM-5-F(x, y, T). 

 

6.2.3 CATALYST CHARACTERIZATION 

Basic characterization: X-ray diffraction patterns were recorded on a Bruker D4 Endeavor 

diffractometer using Cu Kα radiation in the 2θ range 5–60°. Elemental analyses were 
carried out by ICP-OES, and samples were digested in a mixture of HF/HNO3/H2O. Argon 
physisorption experiments were carried out at −186 °C in a Micromeritics ASAP 2020 

instrument in static mode. The samples were outgassed at 400 °C for 8 h prior to the 
sorption measurements. The Brunauer–Emmett–Teller adsorption isotherm model was 
used to determine the total surface area (SBET) in the p/p0 range between 0.1 and 0.25. The 

mesopore volume (Vmeso) and mesopore size distribution were calculated from the 
adsorption branch of the isotherm by the Barrett–Joyner–Halenda (BJH) method. The 

micropore volume was determined by the NLDFT method (Ar at −186 °C on oxides as the 
model, assuming cylindrical pores, without regularization). 

Electron microscopy: Scanning electron microscopy (SEM) pictures were taken on a FEI 

Quanta 200F scanning electron microscope at an accelerating voltage of 3–5 kV. The 
catalysts were coated with gold prior to measurements. Transmission electron microscopy 

(TEM) pictures were taken on a FEI Tecnai 20 at 200 kV. The zeolites were suspended in 
ethanol and dispersed over a carbon-coated holey Cu grid with a film. 

Vibrational spectroscopy: UV-Raman spectra were recorded with a Jobin-Yvon T64000 

triple-stage spectrometer with spectral resolution of 2 cm−1 operating in double 
subtractive mode. The laser line at 325 nm of a Kimmon He–Cd laser was used as to excite 

the sample. The power of the laser on the sample was 4 mW. 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 10 mg 

of zeolite was pressed into thin self-supporting wafers with a diameter of 13 mm and 
placed inside a controlled-environment infrared transmission cell, capable of heating and 
cooling, gas dosing, and evacuation. For pretreatment, the zeolite wafer was first heated to 

550 °C at a rate of 10 °C min−1 in an oxygen atmosphere. Then, the cell was outgassed at the 
final temperature until the residual pressure was below 5 × 10−5 mbar. For CO adsorption, 

the sample was cooled to −196 °C, and CO was introduced into the cell via a sample loop 
connected to a Valco six-port valve. To determine the acidic properties of zeolites, pyridine 
and 2,4,6-collidine were introduced from an ampoule at their vapor pressure at room 
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temperature. The exposure time was 20 min. Thereafter, the cell was evacuated to a 
pressure better than 5 × 10−6 mbar. A background IR spectrum was recorded. Then, 
pyridine was removed by evacuation for 1 h at 150, 300, and 500 °C. After each step, a 

spectrum was recorded at 150 °C. To quantify the total amount of Brønsted and Lewis acid 
sites, molar extinction coefficient values of 0.73 and 1.11 cm μmol−1, respectively, were 

employed for the relevant pyridine bands.27 To quantify Brønsted acid sites (BAS) on the 
external surface using 2,4,6-collidine, the molar extinction coefficient of 10.1 cm μmol−1 
reported by Nesterenko et al.28 was employed. 

NMR spectroscopy: Nuclear magnetic resonance (NMR) spectra were recorded on a 
Bruker DMX500 NMR spectrometer. For the 27Al magic angle spinning (MAS) NMR, a 

standard Bruker MAS probe head was used with rotor diameter of 2.5 mm, operated at a 
spinning rate of 20 kHz. Quantitative 27Al NMR spectra were recorded using a single 
excitation pulse of 1 μs and an interscan delay of 1 s. The tetrahedral and octahedral Al 

content in the various catalysts was estimated from spectral deconvolution and peak areas 
of the respective signal components using a commercial ZSM-5 sample with a known Al 
content as the external reference. Quantitative direct-excitation 29Si NMR spectra were 

measured at 10 kHz rotation speed with an interscan delay of 360 s. A total of 192 scans 
were accumulated. The 27Al chemical shift was referenced to a saturated Al(NO3)3 

solution. 27Al NMR spectra were also recorded for samples dried at 120 °C and then treated 
in a flow of 10 vol% ammonia in He. The ammonia-treated samples are denoted by use of 
the suffix ‘‘–NH3’’. A ZSM-5 reference zeolite (Süd-Chemie, SM-55, Si/Al = 27) was used to 

determine the absolute amount of Al.29 
1H and 29Si MAS NMR spectra of as-synthesized zeolites were recorded at 60 °C and a 

sample rotation rate of 10 kHz using a double-channel 4 mm MAS probe head. These 
experimental NMR conditions represent a compromise between the 1H NMR resolution 
required, on the one hand, and effective 1H–29Si cross-polarization to record 29Si NMR 

spectra, on the other hand. Two-dimensional 29Si{1H} cross-polarization-based 
HETeronuclear CORrelation (HETCOR) NMR spectra were recorded with a rectangular 
contact pulse of 3 ms with carefully matched amplitudes on both channels. 

Tetramethylsilane (TMS) was employed as an external reference for the chemical shift 
for 1H and 29Si NMR. 

 

6.2.4 CATALYTIC ACTIVITY MEASUREMENTS 

n-Heptane hydroisomerization: The acid activity of the zeolite samples was determined 

by measuring their catalytic performance in the hydroisomerization of n-heptane. To this 
end, a sieve fraction (177–420 μm) of the dried support was loaded with 0.4 wt% Pd by 
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incipient wetness impregnation with an aqueous Pd(NH3)4(NO3)2 (Aldrich, 10 wt%) 
solution. The resulting catalysts were calcined at 300 °C. Prior to testing, the catalysts were 
reduced at 440 °C at 30 bar in flowing hydrogen. Hydroisomerization of n-heptane was 

carried out at 30 bar at a molar H2/n-heptane ratio of 24. The initial reaction temperature 
was 440 °C; the reaction temperature was lowered until 200 °C at a rate of 0.2 °C min−1. 

Hydroisomerization of n-alkanes is a bifunctional reaction, which is first order in the 
reactant.30,31 The reaction involves the dehydrogenation of n-heptane by the metal 
function, isomerization by the strong Brønsted acid sites of the zeolite, and hydrogenation 

of the i-olefins to i-paraffins on the metal. Cracking of the isomerized olefins via β-
scission is an undesired side reaction. In the presence of sufficient metal, the reaction rate 
is controlled by acid-catalyzed conversion step of the intermediate olefins via carbenium 

ion chemistry.32 From the temperature required to obtain 40 % conversion, relative values 
for the rate constant k for two catalysts at a reference temperature Tref can be determined 

using the following expression: 

ln(k1/k2) = Eact,1/R(1/T40,1 – 1/Tref) – Eact,2/R(1/T40,2 – 1/Tref)      (1a) 

or, if we choose the second catalyst as the reference Tref = T40,2: 

ln(k/kref) = Eact/R(1/T40 – 1/T40,ref)       (1b) 

in which Eact is the activation energy (kJ mol−1) and R (kJ mol−1 K−1). If we assume the 

intrinsic acidity to be a constant, Eact/R(1/T40 – 1/T40,ref) scales with the ratio of the acid 
site densities between the two catalysts.33 The ZSM-5-bulk was chosen as the reference 
catalyst. 

Methanol-to-hydrocarbons reaction: The zeolite catalysts were also evaluated for their 
ability to convert methanol in a quartz tubular fixed-bed reactor with 4 mm inner 

diameter. Typically, an amount of 50 mg of shaped catalyst (sieve fraction 250–500 µm) 
was placed in the reactor between two quartz wool plugs. Prior to the reaction, the catalyst 
was activated at 550 °C in artificial air (30 ml min−1) for 2 h. The methanol conversion 

reaction was performed at 400 °C. Methanol (Merck, 99 %) was introduced to the reactor 
by flowing He through a saturator kept at 19 °C at a weight hourly space velocity (WHSV) 
of 6 g g−1 h−1. The effluent was analyzed by an online gas chromatograph (Compact GC 

Interscience 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 48 h was measured by thermogravimetric analysis (TGA) on TGA/DSC 1 STAR 
system of Mettler Toledo. The temperature was increased from room temperature to 850 
°C at a rate of 5 °C min−1 under flowing air (50 ml min−1). 
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6.3 RESULTS AND DISCUSSION 

6.3.1 STRUCTURAL CHARACTERIZATION 

The gel composition and the synthesis conditions for ZSM-5 zeolites are shown in Table 

6.1. Figure 6.2 shows the XRD patterns of the as-synthesized ZSM-5 zeolites. The XRD 
patterns of the ZSM-5 zeolite nanosheets synthesized at a Si/Al gel ratio of 50 using C22-6-

6·Br2 and C22-6-3·Br2 at 150 °C (Figure 6.2d, e) are comparable to diffractograms of 

crystalline ZSM-5 nanosheets.17,25 When the same syntheses were carried out at a Si/Al gel 
ratio of 20, the resulting materials were dominantly amorphous, irrespective of whether 

C22-6-6·Br2 or C22-6-3·Br2 was used as the structure-directing agent (Figure 6.2a, b). It is seen 
from Figure 6.2c that the addition of NaF to the synthesis gel at 150 °C increased the 
zeolite crystallization rate. When we carried out the hydrothermal synthesis at 170 °C 

instead of 150 °C, we obtained crystalline ZSM-5 nanosheets in all cases. The XRD patterns 
of the zeolites obtained using C22-6-3·Br2 contain sharper reflections than those of the 

zeolites prepared with C22-6-6·Br2. The XRD pattern of ZSM-5-bulk contains much sharper 
reflections in line with the much larger crystalline zeolite domain size. 

 
Table 6.1. Gel composition and hydrothermal conditions for the synthesis of ZSM-5 zeolites. 

Zeolite Template 
  Gel composition T Time 

SDA SiO2 Al2O3 Na2O F− H2O (°C) (days) 

ZSM-5-bulk TPAOH 3 100 2.5 11 0 4050 150 3 

ZSM-5(3, 50, 150) C22-6-3·Br2 8 100 1 11 0 4050 150 5 

ZSM-5(6, 50, 150) C22-6-6·Br2 8 100 1 11 0 4050 150 5 

ZSM-5(3, 20, 150) C22-6-3·Br2 8 100 2.5 11 0 4050 150 5 

ZSM-5(6, 20, 150) C22-6-6·Br2 8 100 2.5 11 0 4050 150 5 

ZSM-5-F(3, 20, 150) C22-6-3·Br2 8 100 2.5 11 10 4050 150 5 

ZSM-5(6, 20, 170) C22-6-6·Br2 8 100 2.5 11 0 4050 170 5 

ZSM-5(3, 20, 170) C22-6-3·Br2 8 100 2.5 11 0 4050 170 5 

ZSM-5-F(3, 20, 170) C22-6-3·Br2 8 100 2.5 11 10 4050 170 5 
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Figure 6.2. XRD patterns of as-synthesized ZSM-5 zeolites: (a) ZSM-5(6, 20, 150), (b) ZSM-5(3, 20, 

150), (c) ZSM-5-F(3, 20, 150), (d) ZSM-5(6, 50, 150), (e) ZSM-5(3, 50, 150), (f) ZSM-5(6, 20, 170), (g) 

ZSM-5(3, 20, 170), (h) ZSM-5-F(3, 20, 170), and (i) ZSM-5-bulk. 

 

Table 6.2. Yields of ZSM-5 zeolite nanosheets. 

Zeolite 
Weight 

(g)a 
Weight 

(g)b 
Yield 
(%)c 

ZSM-5(6, 20, 170) 2.38 1.47 94.5 

ZSM-5(3, 20, 170) 2.54 1.52 97.2 

ZSM-5-F(3, 20, 170) 2.60 1.53 98.1 
a The weight of as-synthesized zeolite collected after drying in the oven;  
b The weight of sodium form zeolite collected after template removal;  
c Yield (%) = Wsample/(WAl2O3+WSiO2)gel, where Wsample stands for the weight of calcined zeolite. 

 

UV-Raman spectra of the calcined zeolites synthesized at a Si/Al ratio of 20 are shown in 
Figure 6.3. The spectrum of the bulk ZSM-5 reference zeolite contains bands at 291, 380, 

461, and 800 cm−1, which can be assigned to the MFI framework.34,35 The most intense 
band at 380 cm−1 is due to a vibration of the double five-ring in MFI zeolite, and the 

weaker band at 800 cm−1 is related to a symmetric stretching mode of the silicate 
framework.34,36 The intensity of these two bands is sensitive to the MFI crystallinity.37 
While the zeolites synthesized at 170 °C contain a clear band at 380 cm−1, this band is weak 

or absent in the spectra of the zeolites crystallized at 150 °C. This supports the conclusion 
from XRD that hydrothermal synthesis at 150 °C predominantly results in amorphous 
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products. Among the samples crystallized at 170 °C, the higher intensity of the 380 cm−1 
band for ZSM-5(3, 20, 170) and ZSM-5-F(3, 20, 170) as compared with ZSM-5(6, 20, 170) 
stands out. 

 

 
Figure 6.3. UV Raman spectra of the calcined zeolites: (a) ZSM-5(6, 20, 150), (b) ZSM-5(3, 20, 150), 

(c) ZSM-5(6, 20, 170), (d) ZSM-5(3, 20, 170), (e) ZSM-5-F(3, 20, 170), and (f) ZSM-5-bulk. 

 

In Figure 6.4 the electron microscopy images show substantial differences in the 

morphology among the various samples. The two Si/Al = 20 materials synthesized at 150 
°C (Figure 6.4a, b) have a wormhole-type mesostructure, which is the result of the 
amphiphilic properties of the surfactants. It suggests that zeolite crystallization did not 

start yet, and only silica condensation on micelles formed by the amphiphilic surfactant 
occurred. It is instructive to compare the ZSM-5(6, y, 150) samples prepared at Si/Al ratios 

of 20 and 50. The high-silica material is crystalline, whereas the solid obtained at Si/Al = 
20 is amorphous. The formation of a meso-ordered amorphous silica phase prior to the 
start of crystallization has also been observed by Koekkoek et al. during organosilane-

modified synthesis of Fe/ZSM-5.35 When the crystallization temperature was increased to 
170 °C, the morphology of the materials was predominantly that of nanosheets of ZSM-5 
zeolite. The TEM images suggest that the crystallinity decreases in the order ZSM-5-F(3, 

20, 170) > ZSM-5(3, 20, 170) > ZSM-5(6, 20, 170). It was verified that ZSM-5-F(3, 20, 150) is a 
crystalline zeolite nanosheets (Figure 6.4h, k). 
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Figure 6.4. SEM and TEM images of (a, d) ZSM-5(6, 20, 150), (b, e) ZSM-5(3, 20, 150), (c, f) ZSM-

5(6, 20, 170), (g, j) ZSM-5(3, 20, 170), (h, k) ZSM-5-F(3, 20, 150), and (i, l) ZSM-5-F(3, 20, 170). 

 

The Ar physisorption isotherms and pore size distributions (PSDs) of all materials are 

shown in Figure 6.5. The corresponding textural properties are collected in Table 6.3. The 
isotherms of the zeolites synthesized at a Si/Al ratio of 50 are not shown. ZSM-5-bulk has 

the usual type I shape isotherm, consistent with its predominantly microporous nature. 
The isotherms of ZSM-5(6, 20, 150) and ZSM-5(3, 20, 150) are of type IV, in line with the 
predominance of mesopores. The order of the amorphous silica with mesopores is evident 

from the PSDs; uniformly sized mesopores of 3 nm are present. Application of the NLDFT 
method showed that neither ZSM-5(6, 20, 150) nor ZSM-5(3, 20, 150) contain micropores. 
In contrast, the ZSM-5 nanosheets synthesized at 170 °C contain a significant amount of 

micropores, consistent with their zeolitic nature. The micropore volume of ZSM-5(6, 20, 
170) is substantially lower (0.05 cm3 g−1) than the micropore volumes of ZSM-5(3, 20, 170) 

and ZSM-5-F(3, 20, 170). 
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Figure 6.5. (Left) Ar physisorption isotherms and (right) pore size distributions of calcined ZSM-5 

zeolites: (a) ZSM-5-bulk, (b) ZSM-5(3, 20, 170), (c) ZSM-5(6, 20, 170), (d) ZSM-5(3, 20, 150), (e) 

ZSM-5(6, 20, 150), and (f) ZSM-5-F(3, 20, 170). The isotherms were vertically offset by equal 

intervals of 250 cm3 g−1. The pore size distributions were calculated via BJH algorithm using the 

adsorption branch and vertically offset by equal intervals of 0.07 cm3 g−1 nm−1. 
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Table 6.3. Textural properties of the calcined samples determined by Ar porosimetry. 

Zeolite 
SBET

a
 

(m
2
 g−1)

 
 

Vtot 

b
 

(cm
3
 g−1) 

Vmeso 

c
 

(cm
3
 g−1) 

Vmicro

d
 

(cm
3
 g−1) 

Vsuper

e
 

(cm
3
 g−1) 

Smicro

f
 

(m
2
 g−1) 

Sext 

g
 

(m
2
 g−1) 

ZSM-5-bulk 373 0.21 0.06 0.17 0.01 281 91 

ZSM-5(3, 20, 150) 342 0.72 0.67 0.01 0 0 429 

ZSM-5(6, 20, 150) 685 0.75 0.66 0.05 0.02 0 826 

ZSM-5(6, 20, 170) 370 0.56 0.48 0.06 0 57 313 

ZSM-5(3, 20, 170) 415 0.48 0.37 0.16 0 177 261 

ZSM-5-F(3, 20, 170) 421 0.76 0.63 0.13 0 212 209 
a Brunauer–Emmett–Teller surface area (p/p0 = 0.1–0.25);  
b total pore volume at p/p0 = 0.97;  
c mesopore volume calculated by the BJH method;  
d Vmicro and e Vsuper are the micropore and supermicropore volumes corresponding to pore size ranges of 0–1.0 nm and 1.0–2.0 nm, respectively, 

calculated by the NLDFT method (Ar at −186 °C on oxides as the model, assuming cylindrical pores without regularization);  
f micropore surface area determined by the t-plot method;  
g external surface area determined by the t-plot method.  
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One-dimensional 1H MAS NMR spectra of as-synthesized ZSM-5(3, 20, 170) and ZSM-5(6, 
20, 170) shown in Figure 6.6 are dominated by the narrow signal of CH2 moieties in the C22 
tails of the surfactant molecules (Figure 6.6a, e). In addition, a small narrow signal from the 

C22 methyl groups is visible at 0.9 ppm, as well as a broader minor signal at 2.2 ppm, 
assigned to the CH2 moiety at the b position with respect to the nearest N atom. The 

relatively narrow shape of these peaks is consistent with the high mobility of the C22 tails at 
the NMR measurement temperature of 60 °C. At large magnification, the broad signal of 
the N-CH2,3 protons shows up at 3.2 ppm (Figure 6.6b, f). Its linewidth indicates that the N 

centers of the template molecules are strongly immobilized. To probe which parts of the 
template molecules are embedded within the MFI nanosheets, two-dimensional 29Si{1H} 
HETCOR NMR measurements were carried out (Figure 6.6d, h). This dipolecoupling-based 

NMR technique shows the correlations of 29Si and 1H spins that are close together in space 
(< 5 Å). In comparison with the 1D 1H MAS NMR spectra (Figure 6.6a), the N-CH2,3 signal at 

3.2 ppm contributes relatively strongly to the 1H NMR projections of the 2D HETCOR 
spectra (Figure 6.6c). Another broad signal at 1 ppm in the 1H NMR projection refers to the 
immobilized CH2 moieties in the C6 and C3 fragments of the surfactant molecules. Both 

observations confirm that the ammonium centers are located inside the aluminosilicate 
structures. Closer inspection of the 2D spectra allows rough differentiation between Si 

atoms with different coordination along the (direct) 29Si NMR frequency axis (drawn 
vertically in Figure 6.6d, h): Q4(0Al) = Si(OSi)4 at –112 ppm, Q4(1Al) = Si(OSi)3(OAl) at –107 
ppm, and Q3(0Al) = Si(OSi)3OH at –102 ppm. 

The detailed 2D NMR line shapes in Figure 6.6d and h suggest that the N centers of the 
surfactant molecules tend to be located close to the Q4(1Al) silicon positions in the 
aluminosilicate lattice. This makes sense because of the negative charge associated with 

local Al substitutions into the silicate framework. There are only two minor differences in 
the corresponding 1D 1H NMR and 2D HETCOR spectra of ZSM-5(3, 20, 170) and ZSM-5(6, 

20, 170). For ZSM-5(3, 20, 170), the Q4(1Al) signal appears to be slightly more emphasized 
both in the 2D HETCOR spectrum and in its 1H NMR projection. A possible explanation is 
that the N centers of the C3-terminated template are less hindered to be localized close to 

the Al positions in the aluminosilicate structures than C6-terminated template. On the 
other hand, the linewidth of the 3.2 ppm signal of the N-CH2,3 moieties in ZSM-5(3, 20, 170) 

(Figure 6.6b) is similar to that in the 1H NMR projection of the HETCOR spectrum (Figure 
6.6c). The resonance of the corresponding 1H NMR signal of ZSM-5(6, 20, 170) (Figure 6.6f) 
is narrower than in the 1H NMR projection (Figure 6.6g). This suggests that the N centers of 

the surfactant molecules in ZSM-5(3, 20, 170) are completely and rigidly encapsulated 
within the aluminosilicate nanosheets, whereas the N centers of the surfactant molecules in 
ZSM-5(6, 20, 170) appear to be less perfectly embedded, at least at the relatively high Al 
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content employed here. It may be suggested that these differences are the cause of the lower 
crystallinity of ZSM-5(6, 20, 170) reflected in the XRD pattern. 

 

 
Figure 6.6. 1H MAS NMR and 29Si-{1H} HETCOR  of (left) ZSM-5(3, 20, 170) and (right) ZSM-5(6, 20, 

170). (a, e) 1H NMR spectra, (b, f) magnified 1H NMR spectra; (c, g) 1H NMR projection spectra of (d, 

h) the 2D HETCOR spectra. 29Si NMR projection spectra are plotted along the direct frequency axis, 

plotted here in vertical direction. Positions of the overlapping signals of differently coordinated Si 

atoms are indicated along the 29Si NMR projection spectrum. (10 kHz MAS; 60 °C NMR measuring 

temperature).47 

 

6.3.2 ACIDITY CHARACTERIZATION 

Figure 6.7 displays the FTIR spectra of dehydrated zeolites recorded at −196 °C after CO 

adsorption. Spectra of the hydroxyl stretch and the carbonyl stretch regions are shown. All 
zeolites show an OH stretching band around approximately 3305 cm−1, characteristic for the 
strongly acidic bridging hydroxyl groups that are perturbed by CO. This band is associated 

with the negative feature of the unperturbed bridging OH groups around 3610 cm−1. The 
equal red shift of ~ 305 cm−1 for the various zeolites indicates that the acid sites are similar in 
strength. The density of Brønsted acid sites in the ZSM-5 zeolite nanosheets is clearly much 

lower than in ZSM-5-bulk. In the carbonyl stretching region, bands at 2174 cm−1 and 2138 
cm−1 belong to CO adsorption on strong Brønsted acid sites and physisorbed CO, 

respectively. Compared with ZSM-5-bulk, the concentration of Brønsted acid sites of ZSM-
5(6, 20, 170) and ZSM-5(3, 20, 170) is lower. In addition, the spectra of ZSM-5(6, 20, 170) and 
ZSM-5(3, 20, 170) also contain a band around 2155–2160 cm−1 due to the adsorption of CO on 
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silanol groups. It points to the partially amorphous nature of the materials, resulting in a 
much higher density of silanol groups as compared with ZSM-5-F(3, 20, 170). The silanol 
group density of ZSM-5-F(3, 20, 170) is the lowest among the samples investigated. This 

sample contains a weak band at 2167 cm−1, which becomes more clearly visible at high CO 
coverage. It is due to CO adsorbed to the weakly acidic Al-OH groups. The band at 3305 cm−1 

trends with the one at 2174 cm−1. By comparison of the IR spectra, we conclude that the 
concentration of Brønsted acid sites decreases in the order ZSM-5-bulk > ZSM-5-F(3, 20, 
170) > ZSM-5(3, 20, 170) > ZSM-5(6, 20, 170). 

 

 
Figure 6.7. (Left) Hydroxyl and (right) CO stretch regions in the FTIR spectra of (a) ZSM-5-bulk, (b) 

ZSM-5-F(3, 20, 170), (c) ZSM-5(3, 20, 170), and (d) ZSM-5(6, 20, 170) recorded at −196 °C as a 

function of the CO coverage. The spectra are normalized by weight and referenced to the spectrum 

of the dehydrated zeolite. 
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It is important to note that all of the ZSM-5 nanosheets crystallized at 170 °C contain a 
band at 2230 cm−1. It is due to CO adsorbed to strong Lewis acid sites. This band is absent in 
the spectra of ZSM-5-bulk. This difference shows that not all Al atoms have been built into 

the framework in the ZSM-5 nanosheets. A portion of these extra framework Al species is 
located at cation-exchange positions. 

Figure 6.8 shows the FTIR spectra of adsorbed pyridine after evacuation at 150, 300, and 
500 °C. Table 6.4 lists the concentration of Brønsted and Lewis acid sites as a function of the 
evacuation temperature. Pyridine adsorption on ZSM-5 nanosheets has been discussed in 

detail before.25 The IR bands at 1545 and 1455 cm−1 after pyridine adsorption are related to 
pyridine associated with Brønsted and Lewis acid sites, respectively. All ZSM-5 zeolite 
nanosheets have a significantly lower density of Brønsted acid sites than their bulk 

counterpart, and the Brønsted acid site density trends well with the COads IR results. For the 
more crystalline ZSM-5 nanosheets, the density of Brønsted acid sites is also higher. It is 

also seen from Table 6.4 that the ZSM-5 zeolite nanosheets contain more Lewis acid sites 
than ZSM-5-bulk, which should be due to extra framework Al species. 

 

 
Figure 6.8. IR spectra of (top) pyridine and (bottom) 2,4,6-collidine adsorbed on (a, e) ZSM-5-bulk, 

(b, f) ZSM-5-F(3, 20, 170), (c, g) ZSM-5(3, 20, 170), and (d, h) ZSM-5(6, 20, 170) after evacuation at 

150, 300, and 500 °C (arrow indicates increasing temperature). 
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IR spectroscopy of adsorbed 2,4,6-collidine was applied to probe the presence of Brønsted 
acid sites on the external zeolite surface including the mesopore surface. The resulting IR 
spectra are shown in Figure 6.8, and the corresponding quantitative results are listed in 

Table 6.4. The band at 1637 cm−1 refers to the coordination of 2,4,6-collidine to Brønsted 
acid sites. Clearly, the concentration of Brønsted acid sites on the external surface of the 

bulk zeolite is very low. In stark contrast with that, all the ZSM-5 zeolite nanosheet samples 
contain a more significant concentration of external Brønsted acid sites, which is due to the 
much higher external surface area. 

27Al NMR spectra of ZSM-5(6, 20, 170), ZSM-5(3, 20, 170), and ZSM-5-F(3, 20, 170) 
recorded before and after ammonia adsorption are shown in Figure 6.9. The spectra contain 
two bands. The intense band at 55 ppm relates to tetrahedrally coordinated framework Al 

(AlIV). A weaker band at 0 ppm stands for octahedral coordination extraframework Al (AlVI). 
The relative distribution of these two Al species as obtained by deconvolution of the 27Al 

NMR spectra is given in Table 6.5. Ammonia treatment for all samples resulted in an 
increase of AlIV signal in the spectra at the expense of AlVI signal. In contrast to ZSM-5(6, 20, 
170), the AlVI signals in the spectra of ZSM-5-F(3, 20, 170) and ZSM-5(3, 20, 170) completely 

disappeared, indicating that the octahedral Al atoms of these two samples are closely 
associated with the zeolite framework.32,44 The observation that the AlVI signal in the 

spectrum ZSM-5(6, 20, 170) did not show this flexibility in the Al coordination indicates 
that part of the Al is present in a separate aluminum-rich phase. It can also be seen that the 
total resonant area following ammonia treatment increased (Table 6.5). This implies that a 

portion of the tetrahedral Al species is NMR-invisible due to their asymmetric coordination 
environment. The flexibility of the Al coordination is typically observed for Al species that 
are not bound into a segregated alumina or amorphous silica–alumina phase.32,38–40 The 

amount of NMR-visible Al nuclei trends well with the zeolite crystallinity. 

 

 
Figure 6.9. 27Al MAS NMR spectra before (solid line) and after ammonia exposure (dashed line) of 

(a) ZSM-5-F(3, 20, 170), (b) ZSM-5(3, 20, 170), and (c) ZSM-5(6, 20, 170).  
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Table 6.4. Acidic properties of zeolites determined by IR spectroscopy of adsorbed pyridine (total acidity) and 2,4,6-collidine (acidity at the external 

surface). 

Zeolite 
[BAS]

a
 (mmol g−1)  [LAS]

a
 (mmol g−1)  [BASext]

b
 (mmol g−1) 

150 °C 300 °C 500 °C  150 °C 300 °C 500 °C  150 °C 300 °C 500 °C 
ZSM-5-bulk 0.81 0.78 0.46  0.05 0.03 0.02  0.01 0.01 0 

   ZSM-5(6, 20, 170) 0.15 0.11 0.06  0.12 0.09 0.08  0.10 0.05 0.01 

ZSM-5(3, 20, 170)  0.28 0.23 0.13  0.16 0.11 0.07  0.05 0.03 0.01 

   ZSM-5-F(3, 20, 170)  0.35 0.26 0.15  0.22 0.15 0.09  0.06 0.04 0.01 
a determined by IR spectra of adsorbed pyridine;  
b determined by IR spectra of adsorbed 2,4,6-collidine. 
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As the CO IR spectra point out the presence of Al in charge-compensating positions, we 
used direct-excitation 29Si MAS NMR spectroscopy to determine the framework Si/Al ratios 
of ZSM-5(3, 20, 170), ZSM-5-F(3, 20, 170), and ZSM-5-bulk. The corresponding spectra for 

the two ZSM-5 zeolite nanosheets are shown in Figure 6.10, the deconvolution of the direct-
excitation 29Si MAS NMR spectra was included. All spectra show similar features and could 

be described by five resonances at around –102, –106, –109, –112, and –115 ppm. The peak at 
around –102 ppm corresponds to Q3(0Al) at the external surface of the zeolites. The peaks 
between –106 and –109 ppm are attributed to Q4(1Al), that is, sites with one neighboring 

aluminum atom in the second coordination sphere. Framework Q4(0Al) gives rise to two 
intense peaks at –112 and –115 ppm.45 Framework Si/Al ratios (Table 6.5) were estimated 
from the peak areas of the different sites using the equation Si/Alframework = Itot/(0.25I1), 

where Itot denotes the intensity of the entire 29Si NMR signal and I1 indicates the sum of the 
intensities of the Q4(1Al) sites.46 The simulation of the spectra gave Si/Al ratios of 21, 23, and 

29 for ZSM-5-bulk, ZSM-5-F(3, 20, 170), and ZSM-5(3, 20, 170), respectively; the trend of 
these values is similar to the bulk Al content. 

 

 
Figure 6.10. Direct-excitation 29Si MAS NMR spectra of ZSM-5 zeolites: (a) ZSM-5-bulk, (b) ZSM-5-

F(3, 20, 170), and (c) ZSM-5(3, 20, 170). 
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Table 6.5. Properties of synthesized samples determined by ICP-OES analysis and 27Al and 29Si MAS 

NMR spectroscopy. 

Zeolite Si/Al 
(ICP) 

Si/Alframework
 

(29Si NMR) 
Al distribution (%)a 

Al
IV

 Al
VI 

 Al
visible

 
ZSM-5-bulk 19 21 89 11 75 

ZSM-5(6, 20, 170) 23 n.d.b 43 57 54 

ZSM-5(6, 20, 170)-NH3
c 23 n.d. 73 27 62 

ZSM-5(3, 20, 170) 27 29 67 33 60 

ZSM-5(3, 20, 170)-NH3
c 27 n.d. 100 0 71 

ZSM-5-F(3, 20, 170) 21 23 79 21 68 

ZSM-5-F(3, 20, 170)-NH3
c 21 n.d. 100 0 82 

a AlIV determined by integration of NMR signal between 30 and 100 ppm; AlVI determined by 

integration of NMR signal between 30 and –50 ppm; Alvisible determined by against reference ZSM-5 

zeolite (SM-55, Süd-Chemie);  
b not determined;  
c sample dried and treated in ammonia at 120 °C. 

 

6.3.3 CATALYTIC ACTIVITY MEASUREMENTS 

The ZSM-5 zeolites were evaluated as catalysts for hydroisomerization of n-heptane (n-C7) 

after loading 0.4 wt% Pd via incipient wetness impregnation. The product mixture is made 
up from C7 isomers (i-C7) as well as cracked products (C1–C6). Figure 6.11 shows the i-C7 

(isomers) selectivity of Pd-loaded ZSM-5 zeolites as a function of the n-C7 conversion. The 
isomers’ selectivity decreased significantly as the n-C7 conversion exceeded 80 %. This is the 
result of the high reactivity of the highly branched isomerization products toward β-

scission reactions in combination with high reaction temperature. The ZSM-5 zeolite 
nanosheets exhibit similar selectivity (~ 90 %) at the same n-C7 conversion of 40 % used to 
compare activities (Table 6.6). ZSM-5-bulk shows lower i-C7 selectivity at this conversion. 

The higher isomers’ selectivity of ZSM-5 nanosheets can be explained by the much shorter 
diffusion length of the olefins in the micropore space as compared with bulk ZSM-5 

zeolite.41 This increases the rate of product desorption and, in this way, limits the rate of 
secondary reactions of the olefins. A closer look at the isomers’ distribution as a function of 
n-C7 conversion for ZSM-5-bulk and ZSM-5-F(3, 20, 170) zeolite is shown in Figure 6.12. For 

both catalysts, the major products are 2-methyl-C6 and 3-methyl-C6. The selectivity to the 
less bulkier 2-methyl-C6 is higher. At higher conversion, the selectivity to the more reactive 

dibranched isomers such as 2,3-dimethyl-C5 and 2,4-dimethyl-C5 is much higher for the 
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ZSM-5 zeolite nanosheets, which we speculate to be a direct consequence of the reduced 
residence time of these molecules in the thin zeolite sheets as compared with bulk ZSM-5. 
The dibranched isomer selectivity strongly decreased when the reactant conversion 

approached 100 %. Thus, the nanostructuring of ZSM-5 has a profound influence on the 
product distribution. 

 

 
Figure 6.11. Isomers’ selectivity as a function of the n-C7 conversion during n-heptane 

hydroisomerization over Pd-loaded ZSM-5 zeolite catalysts: (■) Pd/ZSM-5-bulk, (▲) Pd/ZSM-5(6, 

20, 170), (◄) Pd/ZSM-5(3, 20, 170), and (●) Pd/ZSM-5-F(3, 20, 170) (reaction conditions: Ptotal = 35 

bar; H2/alkane ratio = 24). 

 

Under the chosen reaction conditions, Brønsted acid-catalyzed reactions are controlling 
the overall reaction rate.32 Assuming that all Brønsted acid sites are of the same strength, 

the acidity of the zeolites can be expressed by relative values of the first-order reaction rate 
constant k determined on the basis of the temperature to reach a reactant conversion of 
40 %. The catalytic activities of Pd-loaded ZSM-5 zeolites are collected in Table 6.6. The 

activity of the Pd-loaded bulk HZSM-5 catalyst is used as the reference (kref). The k/kref 
values decrease in the order ZSM-5-bulk > ZSM-5-F(3, 20, 170) > ZSM-5(3, 20, 170) > ZSM-
5(6, 20, 170). The catalytic performance of ZSM-5-F(3, 20, 170) is substantially higher than 

those of ZSM-5(3, 20, 170) and ZSM-5(6, 20, 170). The acidity of the three ZSM-5 nanosheets 
synthesized at 170 °C trends well with the acidity characterization data. Specifically, the acid 

activity trends very well with the number of Brønsted acid sites determined by pyridine IR. 
The 29Si NMR spectra pointed out that slightly less Al atoms are built into the framework in 
the ZSM-5 nanosheets than in bulk ZSM-5. In addition to the slightly lower Al content, part 

of the cation-exchange positions is occupied by Al cations instead of protons as shown by IR 
spectroscopy of adsorbed CO. This explains the lower acidity of the ZSM-5 nanosheets. For 
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completeness, we mention that the 27Al NMR results, viz. the amount of AlIV, do not 
correlate with the catalytic performance data. The most likely reason is the presence of more 
substantial amounts of distorted tetrahedral Al in the present ZSM-5 samples as compared 

with the reference ZSM-5 zeolite. 

 

 
Figure 6.12. The selectivities of C7 isomers of (a, c) Pd/ZSM-5-bulk and (b, d) Pd/ZSM-5-F(3, 20, 

170). (▼ 2-methyl-C6; ◄ 3-methyl-C6; ● 2,4-dimethyl-C5; ◆ 2,3-dimethyl-C5; ► 3-ethyl-C5; ■ 2,2-

dimethyl-C5; ► 2,2,4-trimethyl-C4). 

 

Table 6.6. Catalytic performance data of n-heptane hydroconversion of Pd-loaded samples. 

Zeolite 
T40 
(K) 

Eact 
(kJ mol−1) 

i-C7 selectivity 
(%)a k/kref 

ZSM-5-bulk 488 164 56.4 1 

ZSM-5(6, 20, 170) 536 174 94.3 0.02 

ZSM-5(3, 20, 170) 508 163 91.4 0.21 

ZSM-5-F(3, 20, 170) 502 158 90.9 0.34 
a Selectivity of i-heptanes at n-heptane conversion of 40 %. 

 

Figure 6.13 shows the methanol-to-hydrocarbons reaction (MTH) as a function of time on 

stream for bulk and ZSM-5 zeolite nanosheets. Catalytic lifetime is defined as the time to 
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reach 50 % of methanol conversion. Dimethyl ether (DME) was considered as a reactant. 
Further details including the product distribution after 1 h time on stream are listed in Table 
6.7. Methanol conversion was complete for all samples at the start of the reaction, except for 

ZSM-5(6, 20, 170). The main products were ethylene, propylene, butenes, and butanes as 
well as C5+ products, as typically observed for methanol conversion over ZSM-5 zeolite.29 

The ZSM-5-bulk zeolite started to deactivate abruptly after ~ 9 h time on stream, and its 
lifetime was ~ 11 h. Deactivation of ZSM-5-F(3, 20, 170) was less pronounced, and its lifetime 
was ~ 21 h, much higher than the lifetime of all other samples. Although the lower 

concentration of Brønsted acid sites compared to bulk ZSM-5 also influences the lifetime, 
increased catalyst longevity is mainly due to the nanocrystalline structure of the zeolite in 
line with earlier findings for ZSM-5 nanosheets with lower Al content.17  

 

 
Figure 6.13. Catalytic performance of (a) ZSM-5(6, 20, 170), (b) ZSM-5(3, 20, 170), (c) ZSM-5-bulk,  

and (d) ZSM-5-F(3, 20, 170) in the MTH reaction (reaction conditions: WHSV = 6 h−1, T = 400 °C). 

 

A salient detail noted from the data in Table 6.7 is that the propylene-to-ethylene ratio of 

the ZSM-5 nanosheets is higher than that of ZSM-5-bulk. This is consistent with the results 
reported by the Olsbye group.42,43 After 48 h time on stream, the reaction was stopped and 
the coke content of the spent catalysts was determined by TGA. The coke content in ZSM-5-

bulk, ZSM-5-F(3, 20, 170), and ZSM-5(3, 20, 170) was very similar at ~ 11 %; this value is 
comparable to data reported before for ZSM-5 nanosheets.25 The coke content in ZSM-5(6, 

20, 170) was much lower than that of these samples, which can be ascribed to the much less 
Brønsted acid sites and methanol conversion rate. We define the turnover number as the 
total amount of methanol converted into products (without dimethyl ether) per BAS.25,29 

The value for ZSM-5-bulk was much lower than the TON values for the ZSM-5 nanosheets. 
This is because of the severe coke deposition caused by the higher concentration of 
Brønsted acid sites in the bulk ZSM-5 zeolite.29 The decreased diffusion lengths in the ZSM-
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5 nanosheets ensure that all acid sites participate in the MTH reaction. The TON values did 
not vary substantially among the ZSM-5 nanosheet samples, indicating that all Brønsted 
acid sites were accessible and converted a similar amount of methanol molecules before 

becoming deactivated due to coke deposition. Irrespective of the acid site concentration 
that is predominantly related to the zeolite crystallinity of the zeolites, all ZSM-5 nanosheet 

samples perform optimally in the methanol conversion reaction. 
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Table 6.7. Lifetime, selectivity, and coke content of ZSM-5 zeolite catalysts for the MTH reaction (WHSV = 6 h−1; T = 400 °C) after 1 h time on stream. 

a lifetime taken as time to reach methanol conversion of 50 %;  
b turnover number: number of moles of methanol converted into products other than dimethyl ether in 48 h normalized to the number of BAS 

(pyridine value after evacuation at 150 °C);  
c determined by TGA analysis after a reaction time of 48 h;  
d sum of butanes and butenes selectivity.  

Zeolite t
a 

(h) TON
b
 Coke

c
 (%) 

 Selectivity (%)  

C1 C2

=
 C2 C3

=
 C3 C4

d
 C5+ 

ZSM-5-bulk 11 3.0 × 103 10 0.7 14.8 0.2 26.7 7.2 40.1 15.6 

ZSM-5(6, 20, 170) 1 7.5 × 103 5 1.4 2.8 0.1 38.8 0.6 39.6 18.4 

ZSM-5(3, 20, 170)  11 9.0 × 103 11 1.6 7.7 0.1 33.6 2.6 42.3 13.5 

ZSM-5-F(3, 20, 170)  21 1.0 × 104 11 0.6 8.2 0.1 30.0 3.9 44.7 12.5 
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6.4 CONCLUSION 

The synthesis of ZSM-5 zeolite nanosheets with high Al content (Si/Al = 20) was 
investigated. Compared with the conventional Ryoo synthesis, three parameters were 

changed: (i) the hexyl end group in the diquaternary surfactant C22H45–N+(CH3)2–C6H12– 
N+(CH3)2–R was replaced by a propyl group to allow a higher degree of pore filling with the 
charged quaternary ammonium centers, (ii) the crystallization temperature was increased 

from 150 °C to 170 °C, and (iii) NaF was added to the synthesis gel to accelerate 
crystallization. While variation of the individual parameters at 170 °C to optimized values 
improved the crystallization of ZSM-5 zeolite nanosheets at Si/Al = 20, the material with 

the highest crystallinity was obtained by their combination. Acidity characterization 
showed that the density of acid sites correlated well with the zeolite crystallinity. All the 

Brønsted acid sites were of comparable strength to that of bulk ZSM-5. Despite high 
crystallinity, not all the Al atoms were built into the MFI framework. This led to lower 
Brønsted acid site concentration as compared with a bulk ZSM-5 reference prepared at 

similar Si/Al ratio. The concentration of Brønsted acid sites is also lower because of the 
charge compensation of the negative framework charge by Al cations. The catalytic 

performance in n-heptane isomerization trended well with the results from acidity 
characterization probed by IR spectroscopy of adsorbed CO and pyridine. Despite the lower 
Brønsted acid site density of the optimized ZSM-5 zeolite nanosheets, its performance is 

close to that of the bulk ZSM-5 reference. The nanostructured zeolites show higher isomers’ 
selectivity than the bulk ZSM-5 zeolite, which is attributed to the decreased diffusion 
lengths in the ZSM-5 nanosheets. Catalytic data show that the Brønsted acid sites in all 

ZSM-5 nanosheet samples are effectively used in the methanol-to-hydrocarbons reaction; 
this contrasts the much lower efficiency of bulk ZSM-5 that suffers from a low effectiveness 

factor due to coking. 

  



150 
 

6.5 REFERENCES 

(1) Corma, A. Chem. Rev. 1995, 95, 559. 
(2) Busca, G. Chem. Rev. 2007, 107, 5366. 
(3) Farneth, W. E.; Gorte, R. J. Chem. Rev. 1995, 95, 615. 
(4) Corma, A. Curr. Opin. Solid State Mater. Sci. 1997, 2, 63. 
(5) Haag, W. O.; Lago, R. M.; Weisz, P. B. Nature 1984, 309, 589. 
(6) Kärger, J.; Valiullin, R. Chem. Soc. Rev. 2013, 42, 4172. 
(7) Tosheva, L.; Valtchev, V. P. Chem. Mater. 2005, 17, 2494. 
(8) Chica, A.; Diaz, U.; Fornes, V.; Corma, A. Catal. Today 2009, 147, 179. 
(9) Corma, A.; Diaz-Cabanas, M. J.; Rey, F.; Nicolooulas, S.; Boulahya, K. Chem. Commun. 2004, 1356. 
(10) Jiang, J. X.; Yu, J. H.; Corma, A. Angew. Chem. Int. Ed. 2010, 49, 3120. 
(11) Paillaud, J. L.; Harbuzaru, B.; Patarin, J.; Bats, N. Science 2004, 304, 990. 
(12) Egeblad, K.; Christensen, C. H.; Kustova, M.; Christensen, C. H. Chem. Mater. 2008, 20, 946. 
(13) Pérez-Ramírez, J.; Christensen, C. H.; Egeblad, K.; Groen, J. C. Chem. Soc. Rev. 2008, 37, 2530. 
(14) Chal, R.; Gérardin, C.; Bulut, M.; van Donk, S. ChemCatChem 2011, 3, 67. 
(15) Chen, L. H.; Li, X. Y.; Rooke, J. C.; Zhang, Y. H.; Yang, X. Y.; Tang, Y.; Xiao, F. S.; Su, B. L. J. Mater. Chem. 

2012, 22, 17381. 
(16) Moller, K.; Bein, T. Chem. Soc. Rev. 2013, 42, 3689. 
(17) Choi, M.; Na, K.; Kim, J.; Sakamoto, Y.; Terasaki, O.; Ryoo, R. Nature 2009, 461, 246. 
(18) Na, K.; Choi, M.; Park, W.; Sakamoto, Y.; Terasaki, O.; Ryoo, R. J. Am. Chem. Soc. 2010, 132, 4169. 
(19) Park, W.; Yu, D.; Na, K.; Jelfs, K. E.; Slater, B.; Sakamoto, Y.; Ryoo, R. Chem. Mater. 2011, 23, 5131. 
(20) Na, K.; Jo, C.; Kim, J.; Cho, K.; Jung, J.; Seo, Y.; Messinger, R. J.; Chmelka, B. F.; Ryoo, R. Science 2011, 333, 

328. 
(21) Koekkoek, A. J. J.; Kim, W.; Degirmenci, V.; Xin, H.; Ryoo, R.; Hensen, E. J. M. J. Catal. 2013, 299, 81. 
(22) Wu, L.; Degirmenci, V.; Magusin, P. C. M. M.; Lousberg, N. J. H. G. M.; Hensen, E. J. M. J. Catal. 2013, 

298, 27. 
(23) Zhu, X.; Rohling, R.; Filonenko, G.; Mezari, B.; Hofmann, J. P.; Asahina, S.; Hensen, E. J. M. Chem. 

Commun. 2014, 50, 14658. 
(24) Jo, C.; Cho, K.; Kim, J.; Ryoo, R. Chem. Commun. 2014, 50, 4175. 
(25) Wu, L.; Magusin, P. C. M. M.; Degirmenci, V.; Li, M.; Almutairi, S. M. T.; Zhu, X.; Mezari, B.; Hensen, E. J. 

M. Microporous Mesoporous Mater. 2014, 189, 144. 
(26) Wu, L.; Degirmenci, V.; Magusin, P. C. M. M.; Szyja, B. M.; Hensen, E. J. M. Chem. Commun. 2012, 48, 

9492. 
(27) Datka, J.; Turek, A. M.; Jehng, J. M.; Wachs, I. E. J. Catal. 1992, 135, 186. 
(28) Nesterenko, N. S.; Thibault-Starzyk, F.; Montouilliout, V.; Yushchenko, V. V.; Fernandez, C.; Gilson, J. P.; 

Fajula, F.; Ivanova, I. I. Kinet. Catal. 2006, 47, 40. 
(29) Almutairi, S. M. T.; Mezari, B.; Pidko, E. A.; Magusin, P. C. M. M.; Hensen, E. J. M. J. Catal. 2013, 307, 194. 
(30) Giannetto, G. E.; Perot, G. R.; Guisnet, M. R. Ind. Eng. Chem. Prod. Res. Dev. 1986, 25, 481. 
(31) Thybaut, J. W.; Narasimhan, C. S. L.; Denayer, J. F.; Baron, G. V.; Jacobs, P. A.; Martens, J. A.; Marin, G. B. 

Ind. Eng. Chem. Res. 2005, 44, 5159. 
(32) Hensen, E. J. M.; Poduval, D. G.; Magusin, P. C. M. M.; Coumans, A. E.; van Veen, J. A. R. J. Catal. 2010, 

269, 201. 
(33) Yue, C.; Zhu, X.; Rigutt, M.; Hensen, E. J. M. Appl. Catal. B – Environ. 2015, 163, 370. 
(34) Dutta, P. K.; Puri, M. J. Phys. Chem. 1987, 91, 4329. 
(35) Koekkoek, A. J. J.; Tempelman, C. H. L.; Degirmenci, V.; Guo, M. L.; Feng, Z. C.; Li, C.; Hensen, E. J. M. 

Catal. Today 2011, 168, 96. 
(36) Dutta, P. K.; Rao, K. M.; Park, J. Y.; J. Phys. Chem. 1991, 95, 6654. 



151 
 

(37) Mintova, S.; Mihailova, B.; Valtchev, V.; Konstantinov, L. J. Chem. Soc. – Chem. Commun. 1994, 1791. 
(38) Bourgeat-Lami, E.; Massiani, P.; Direnzo, F.; Espiau, P.; Fajula, F.; Courieres, T. D. Appl. Catal. 1991, 72, 

139. 
(39) Omegna, A.; van Bokhoven, J. A.; Prins, R. J. Phys. Chem. B 2003, 107, 8854. 
(40) Williams, M. F.; Fonfe, B.; Sievers, C.; Abraham, A.; van Bokhoven, J. A.; Jentys, A.; van Veen, J. A. R.; 

Lercher, J. A. J. Catal. 2007, 251, 485. 
(41) Kim, J.; Kim, W.; Seo, Y.; Kim, J. C.; Ryoo, R. J. Catal. 2013, 301, 187. 
(42) Svelle, S.; Joensen, F.; Nerlov, J.; Olsbye, U.; Lillerud, K. P.; Kolboe, S.; Bjørgen, M. J. Am. Chem. Soc. 

2006, 128, 14770. 
(43) Bjørgen, M.; Svelle, S.; Joensen, F.; Nerlov, J.; Kolboe, S.; Bonino, F.; Palumbo, L.; Bordiga, S.; Olsbye, U. J. 

Catal. 2007, 249, 195. 
(44) van Bokhoven, J. A.; van der Eerden, A. M. J.; Koningsberger, D. C. Stud. Surf. Sci. Catal. 2002, 142, 1885. 
(45) Reddy, J. K.; Motokura, K.; Koyama, T.; Miyaji, A.; Baba, T. J. Catal. 2012, 289, 53. 
(46) Engelhardt, G.; Lohse, U.; Lippmaa, E.; Tarmak, M.; Magi, M.; Z. Anorg. Allg. Chem. 1981, 482, 49. 
(47) Wu, L. Mesoporous CHA and MFI zeolite catalysts for methanol conversion reactions. Dissertation, 2014. 

 
  

http://venus.tue.nl/ep-cgi/ep_groepspubl_detail.opl?taal=NL&rn=&volgnr=289749&code_output=20


152 
 

 



153 
 

Chapter  7 
 
Summary 
 
Hierarchical Zeolites as Catalysts for 
Methanol Conversion Reactions  
 

Zeolites are widely employed as catalysts in many industrial applications owing to their 

extraordinary properties such as tunable surface acidity and physicochemical stability. 
Although their microporous texture is advantageous in terms of shape selectivity in catalysis, 
diffusion of molecules and especially of bulky reactant and product molecules may be 

hindered in the subnanometer micropores. As a result of increased residence time, the rate 
of secondary reactions such as oligomerization and coking reactions may increase, resulting 

in premature catalyst deactivation and under-utilization of the micropore space in the 
zeolite crystals. This negatively affects the economics of industrial catalytic processes. 
Accordingly, the development of hierarchical zeolites with improved accessibility of their 

internal volume has become an important research topic of the zeolite catalysis community.  

In the toolbox of the zeolite scientist, one-pot approaches to obtained hierarchical zeolites 
by using inorganic / organic additives has several advantages compared with top-down 

approaches. The most elegantly designed organic additives, e.g., the diquarternary 
ammonium surfactants, provides a much higher level of control in the zeolite 

hierarchization process. A drawback is, however, that this approach relies on the use of 
expensive organic templates, so that scale up to the industrial scale is too costly. In this 
thesis, we explored several approaches which can substantially lower the cost for the 

synthesis of hierarchical zeolites. The work is based on increased understanding of the 
zeolite growth process through model studies and insights into texture, acidity and 

deactivation processes during methanol conversion reactions.  

The small-pore zeolite SSZ-13 with the chabazite (CHA) topology is promising as catalyst 
for the Methanol-to-Olefins (MTO) reaction which is at the heart of a rapidly expanding 

industrial process that converts carbonaceous feedstock (mainly coal at this moment) via 
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methanol into building blocks for polyolefines. The higher acidity compared with its 
aluminophosphate SAPO-34 counterpart causes rapid coke formation leading to premature 
catalyst deactivation and underutilization of its micropore volume. Herein, a novel 

approach is reported in Chapter 2 to synthesize in a very cheap manner hierarchical SSZ-13 
zeolite that combines the intrinsic microporosity of zeolites for shape-selective catalysis 

with additional porosity that helps to reduce mass transfer limitations. Our method 
involves the addition of a small amount of fluoride to an alkaline synthesis gel which 
contains the structure-directing agent TMAdaOH; in this way, the growth of the zeolites is 

altered in a way that a fine grained zeolite is obtained that contains additional 
microporosity between the zeolite grains. We have shown that this additional micropore 
system increases the diffusion rate of small molecules inside the zeolite crystals. As a result, 

the negative effect of oligomerization/coking reactions that block the crystals during 
catalytic reactions is substantially decreased. The obtained hierarchical zeolite displays 

significantly improved catalytic performance in the MTO reaction and the methanol 
conversion capacity increased as the amount of fluoride additive increased in the gel. The 
current approach is a low-cost and scalable approach to completely utilize the micropore 

space of SSZ-13 zeolite during the MTO reaction. 

In Chapter 3, a set of highly crystalline mesoporous SSZ-13 zeolites were synthesized by 

adding a diquaternary ammonium surfactant C22-4-4·Br2 (originating from C22-6-6·Br2 
reported by Ryoo) in the fluoride-contained synthesis gel described above. This surfactant 
acted as mesopore-filler and can be effectively combined with F− modification of the gel to 

generate a substantial amount of intracrystalline mesoporous voids in the zeolite crystals. In 
this way, we obtained trimodal porosity (micropore/micropore/mesopore) in these crystals. 
The mesopore volume varies with the amount of C22-4-4·Br2 used in the gel and all the 

zeolite samples display similar acidity. SSZ-13 synthesized in the presence of NaF and C22-4-

4·Br2 showed strongly improved catalytic performance and high regeneration stability in the 

MTO reaction. Interestingly, catalytic tests showed that the lifetime of the obtained 
hierarchical zeolites was independent of the mesopore volume, implying that the optimum 
catalytic performance is already obtained when only a small amount of C22-4-4·Br2 is used in 

the synthesis. The catalytic performance of hierarchical SSZ-13 zeolites at different weight 
hourly space velocities was also investigated. The results show that higher WHSV led to a 

lower C2
=/C3

= ratio; it also increased the total methanol conversion capacity and decreased 
the alkanes formation for the hierarchical zeolite in contrast to its bulk counterpart. 
Confocal fluorescence microscopy images reveal a more homogeneous distribution of 

carbonaceous deposits for the hierarchical SSZ-13 zeolites, indicating that the micropore 
space was completely utilized in the MTO reaction. The hierarchical structure in SSZ-13 
zeolites facilitates the formation of bulkier carbonaceous deposit species in the crystals, 
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which were most likely located within the larger microporous or mesoporous voids. 
According to in-situ visible light microspectroscopy, hierarchical SSZ-13 zeolites contain 
more heavier condensed polyaromatic species than a reference SSZ-13 zeolite, in keeping 

with the difference in coke as measured by TGA. All the observations demonstrate the 
importance of an accessible pore structure in improving the catalytic performance in the 

MTO reaction.  

The above dual-templating strategy establishes a more economically viable way to 
synthesize hierarchical SSZ-13 zeolite by using normal SDA TMAdaOH and the expensive 

mesoporogen C22-4-4·Br2 in relatively small amounts. Molecular simulations reveal that the 
diquarternary ammonium centers of C22-4-4·Br2 have strong interaction with the growing 
SSZ-13 zeolite framework. In contrast with that, a single ammonium surfactant such as 

CTAB tends to leave the zeolite surface due to the weak interaction of its single ammonium 
head group with the zeolite framework. Essential in this respect is that the head group can 

travel through the pore openings of the CHA structure. In Chapter 4, we show a simple and 
low cost mesoporogen based on the consideration that a weakly interacting mesoporogen 
could impart mesoporosity if it would be entrapped in the CHA cages, that is, if its head 

group would be too large to leave the micropores. This rational design approach brought us 
to use a single ammonium surfactant C16MP containing N-methylpiperidine as head group - 

effective in imparting substantial mesoporosity during synthesis of SSZ-13 – in combination 
with TMAdaOH. The kinetic diameter of the head group of C16MP is larger than the pore 
opening of CHA zeolite, so that the molecule will get entrapped in the structure. The 

hydrophobic tail will limit the zeolite growth in the direction perpendicular to the growing 
surface. Highly mesoporous SSZ-13 prepared in this manner shows greatly improved 
catalytic performance and regeneration stability in the MTO reaction compared to a bulk 

SSZ-13 zeolite. The benefit of this approach is that it is extremely cheap as compared with 
other diquaternary ammonium based surfactants. Initial results show that also nanosheets 

and nanosponges of H-ZSM-5 zeolite can be grown using this surfactant.   

In Chapter 5, the growth mechanism of MFI zeolite nanosheets using diquaternary 
ammonium surfactant (DQAS) as template is investigated by X-ray scattering, Raman and 

NMR spectroscopy as well as electron microscopy. The results are interpreted using 
computational force-field modeling. It was found that nanosheets crystallize from a hybrid 

inorganic-organic precursor phase which assembles in the very early stages of synthesis 
towards stacked sheets and in which the constituent silicate species already have some of 
the structural features of the final zeolite framework. Structure direction into stacked sheets 

is the consequence of molecular recognition of specific silicate species by the anisotropically 
distributed hydrophobic functionalities of the DQAS template. This growth mechanism of 
nanosheets is very different from the proposed involvement of crystalline layered silicates 



156 
 

recently discussed by Chmelka and co-workers.1 We contend that layered silicates may be a 
by-product of the synthesis, but are by no means required intermediates. 

In Chapter 6, the synthesis of highly acidic ZSM-5 nanosheets with high Al content (Si/Al 

= 20) was investigated. The starting point of this study was the realization that the hexyl 
end group of the diquaternary C22-6-6·Br2 surfactant is too bulky to allow for complete filling 

of all intersections of ZSM-5 nanosheets. This helps to explain why crystallization of ZSM-5 
nanosheets at low Si/Al ratio is very slow. In this chapter, three parameters of the synthesis 
were optimized: (i) the hexyl end group in the diquaternary surfactant C22H45–N+(CH3)2–

C6H12– N+(CH3)2–R was replaced by a propyl group to allow a higher degree of pore filling, 
(ii) the crystallization temperature was increased from 150 °C to 170 °C, and (iii) NaF was 
added to the synthesis gel to accelerate crystallization. While variation of the individual 

parameters at 170 °C to optimized values improved the crystallization of ZSM-5 zeolite 
nanosheets at Si/Al = 20, the material with the highest crystallinity was obtained by their 

combination. The addition of NaF leads to better dissolution of Al in the gel. Acidity 
characterization showed that the density of acid sites correlated well with the zeolite 
crystallinity. All the Brønsted acid sites were of comparable strength to that of bulk ZSM-5. 

Despite high crystallinity, not all the Al atoms were built into the MFI framework. This led 
to lower Brønsted acid site density as compared with a bulk ZSM-5 reference prepared at 

similar Si/Al ratio. The catalytic performance in n-heptane isomerization trended well with 
the results from acidity characterization probed by IR spectroscopy of adsorbed CO and 
pyridine. Despite the lower Brønsted acid site density of the optimized ZSM-5 zeolite 

nanosheets, its performance is close to that of the bulk ZSM-5 reference. The 
nanostructured zeolites show higher isomers’ selectivity than the bulk ZSM-5 zeolite, which 
is attributed to the decreased diffusion lengths thus faster desorption of isomers in the 

ZSM-5 nanosheets. Catalytic data show that the Brønsted acid sites in all ZSM-5 nanosheet 
samples are effectively used in the methanol-to-hydrocarbons reaction; this contrasts the 

much lower efficiency of bulk ZSM-5 that suffers from a low effectiveness factor due to 
coking. 

In this thesis the focus is on the synthesis of stable and cost-efficient MTH catalysts by 

bottom-up approaches, as well as the development of understanding about hierarchical 
zeolites formation. Overview of different strategies to introduce extra porosity in 

microporous zeolites and the main findings in this work are shown in Figure 7.1. The idea of 
a hierarchical zeolite is that it contains two or more types of pores of different size; the 
essence is that these additional larger pores (usually the mesopores) can overcome possible 

transport limitations of the smaller pores. The extra microporosity in hierarchically 
structured SSZ-13 zeolite prepared by F− modification can substantially improve the 
catalytic performance in the MTO reaction. Other approaches for the synthesis of 
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hierarchical SSZ-13 zeolite involve either the use of an expensive diquarternary ammonium 
surfactant in relatively small amount or the use of a low-cost mesoporogen C16MP. The 
textural and acidic properties as well as deactivation processes of these new materials were 

investigated in detail. It should be noted that the solubility and the amount of the 
mesoporogens used in the synthesis gel are quite important for the crystallization process. 

On the other hand, the key factor to the success of C16MP relies on the ring size of 
piperidine; by attaching a ring of larger size to the hydrophobic tail one expects to be able to 
impart the mesopore generation in zeolites containing larger pores than SSZ-13 zeolite. The 

fundamental work on the growth mechanism of zeolite nanosheets opens possibilities to 
design templates for the synthesis of tailored nanostructured zeolites. As an example of how 
understanding zeolite growth can improve zeolite synthesis, we showed how highly acidic 

ZSM-5 zeolite nanosheets can be obtained by using a combination of a modified 
diquaternary ammonium template, higher crystallization temperature, and F− additive in 

the synthesis gel. 

 

 
 
Figure 7.1. Overview of different strategies to introduce extra porosity in microporous zeolites and 

the main approaches explored in this work: (a) (top-down) steam calcination and acid or base 

leaching, (b) (bottom-up) secondary hard templates as mesoporogens, (c) (bottom-up) nanoparticle 

aggregates in the absence of secondary templates, (d) (bottom-up) secondary soft templates through 

self-assembly approaches.     
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