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Chapter 1 

Introduction and scope 

1.1 Zeolites 

Zeolites are crystalline inorganic materials whose oxide-based framework is built up with 

corner-sharing TO4 tetrahedrons, where T refers to a tetrahedral atom, most commonly Si 

and Al. Different ways of tetrahedra connection result in different zeolite framework types.1, 

2 The name zeolite was first used by Swedish chemist Axel Cronstedt in 1756. He noted that 

the mineral stilbite appears to boil producing a large amount of steam when heated. Therefore, 

he named these materials zeolites, or boiling stones from Greek ζέω – to boil and λίθoς – 

stone.3 The first laboratory preparation of a zeolite can be traced back to the claim by Saint 

Clair Deville in 1862. Zeolite synthesis became an important research area since the 

pioneering works of artificial zeolite synthesis by Barrer and Milton in the late 1940s. 

Following the foundations laid in the 1950s, many significant developments were achieved 

in the next decade due to the addition of quaternary ammoniums to the initial gel, different 

from the utilization of only inorganic components in earlier synthesis of zeolites.4 In general, 

zeolite synthesis is performed under hydrothermal and solvothermal conditions. The 

synthesis gel medium contains the zeolite framework precursors, solvents, template or 

structure-directing agents (SDAs), and mineralizers. The reaction mixture is subjected to 

hydrothermal treatment at an elevated temperature in the typical range of 30-200 °C for a 

period from minutes to days. To date, more than 250 zeolite frameworks have been 

recognized by the Structure Commission of the International Zeolite Association (IZA-SC).5 

Notably, computer modeling has predicted that millions of zeolite structures can be built from 

the primary building units, indicating the great potential of this research area for developing 

new functional microporous materials.6 

Today, zeolites are widely used in industrial processes, especially in ion-exchange, 

adsorption/separation, and catalysis areas, and they are one of the most widely used classes 

of materials among the heterogeneous catalysts.7 Their successful application in hydrocarbon 

conversion chemistry in petroleum refineries and petrochemical operations and the 

production of fine chemicals are due to their environmentally-benign nature, well-defined 

microporous structure, flexible chemical composition and excellent (hydro)thermal stability.8 

The catalytic performance of zeolites is closely associated with their physicochemical 
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properties, especially well-defined micropores (< 2 nm), crystal morphologies and chemical 

composition.9, 10 The well-defined microporous channels endow zeolites with unique shape 

selectivity. The shape selectivity involving reactants and products is related to a true 

molecular sieve effect.11 Transition-state selectivity occurs when the geometry of the pore 

around the active sites can stabilize one specific transition state among several possible ones, 

while it can also impose steric constraints on the transition state of reaction intermediates 

(Figure 1.1).8 However, despite the extraordinary shape selectivity conferred on zeolites, the 

intrinsic micropores can also impose severe transport limitations on reactants and products 

to and away from the acid sites, respectively, especially when bulky molecules with 

dimensions close to the diameter of the micropores are involved.12 This leads to inefficient 

use of the internal active sites of zeolites, which can substantially reduce the catalytic 

activity.13 Even for small molecules, long residence times favor consecutive decomposition 

(cracking) reactions or oligomerization/polymerization of reaction intermediates, resulting in 

undesired products that cannot leave the pores and induce rapid catalyst deactivation.14, 15 An 

effective strategy to overcome such mass transfer limitation and improve the accessibility of 

active sites is to decrease the diffusion path length in the micropores. This can be achieved 

by introduction of intracrystalline mesopores (2-50 nm) or by preparation of zeolite 

nanocrystals, with a size below 100 nm.16, 17 Moreover, given that most industrial applications 

of zeolitic catalysts are based on their acidic properties,18 large efforts have been devoted to 

characterizing and tuning the acidic properties, e.g. concentration,19 nature,20 location21 and 

distance,22 to optimize the catalytic performance. Therefore, the rational synthesis of zeolitic 

materials with optimum properties based on practical catalytic requirements is an important 

research topic in both academia and industry. 
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Figure 1.1. Examples of classical shape selectivity.8 

1.2 Synthesis of nanosized zeolites 

Nanosized zeolites refer to zeolites in which at least one dimension is reduced below 100 nm 

with the morphology of nanosheets, nanoneedles, nanorods or nanocrystals, which are 

attractive due to reduced diffusion lengths. Although there are difficulties in the separation 

of zeolite nanocrystals from the mother liquor after hydrothermal synthesis, nanosized 

zeolites are promising candidates for fundamental studies, e.g. to study the impact of 

diffusion length on the catalytic performance in a systematic manner.16 In the last two decades, 

many efforts have been devoted to the synthesis of nanosized zeolites. Generally, the 

strategies can be divided into top-down and bottom-up approaches, based on whether 

nanocrystals are obtained after or during zeolite crystallization, respectively.7, 9  

In the first approach, post-synthesis treatment of conventional bulk zeolites using ball-milling 

is effective for reducing the size of zeolite crystals to those of nanoparticles, although 

subsequent recrystallization is needed to restore the usually impeded crystallinity.23 

Delamination as an effective approach to obtain zeolite nanosheets as first reported by 

Corma’s group. The success of this method is due to the relatively weak interactions between 

not full condensed, layered zeolite precursors, rendering the method only effective for 

particular zeolite topologies like FER and MWW.24, 25 

Compared to top-down approaches, bottom-up approaches provide more flexibility when 

aiming at nanosized zeolites. Although zeolite synthesis is a complex process, the general 

assumption is that the process includes two steps, i.e. nucleation and crystal growth.26 It has 
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been demonstrated that the number of nuclei in the system determines the ultimate crystal 

size. Therefore, formation of small zeolite crystals requires conditions that favor nucleation 

over crystal growth. These conditions may include prolonging the aging time,27 utilization of 

easily dissolved aluminum and silica sources,28 addition of seeds,29 use of ultra-dense gels 

crystallized by steaming,30 replacing traditional heating by microwave irradiation31 and 

decoupling nucleation from crystal growth via a staged temperature approach.32 The 

difficulties in controlling zeolite nucleation also resulted in the development of alternative 

methods, e.g. confined space synthesis. A confined space for zeolite synthesis can be 

provided by porous carbon materials and polymer hydrogels.33 In such cases, zeolite growth 

is limited by a physical barrier and the available free space determines the ultimate crystal 

size. 

As a more facile bottom-up approach, soft-templating methods have been used to prepare 

nanocrystalline zeolites. The most commonly used one is the dual-templating method, which 

involves the combined usage of a SDA for the formation of zeolite and a soft template for 

limiting both crystal grain growth and Ostwald ripening by adsorption on the growing crystal 

surfaces, thereby resulting in the formation of nanosized zeolites.34 The soft templates can be 

organosilanes,35 polymers36 and surfactants,37 etc. However, when all the components are 

introduced into the system at the beginning via a one-step synthesis, particularly for 

surfactants as soft template, amorphous materials may form instead of the crystalline zeolites 

due to the typical incompatibility between the self-assembly of surfactants and the growth of 

zeolite frameworks.38 Alternatively, a two-step procedure was proposed, involving initial 

formation of protozeolitic units followed by addition of the soft template.39 Compared to the 

dual-templating strategy, one can make the synthesis of nanocrystalline zeolites easier by 

using a dual-functional template. These “two-in-one” templates usually consist of a 

hydrophilic quaternary ammonium head group and a long hydrophobic tail. The hydrophilic 

group directs the zeolite micropores, while the hydrophobic tail limits the crystal growth. 

There have been many showcases of these bifunctional surfactants for the synthesis of 

nanosized zeolites.40-44 However, a main drawback is that these complex quaternary 

ammonium surfactants are synthesized involving multiple chemical steps, which makes them 

too costly for industrial application. Notably, applying the commercially available and 

inexpensive soft templates, i.e. cetyltrimethylammonium (CTA) and 

polydiallyldimethylammonium (PDADMA), as dual-functional templates for synthesis of 

nanocrystalline zeolites is still limited to ZSM-5 and beta.45, 46 

From the practical and economic perspective, it would be attractive to directly synthesize 

nanosized zeolites by use of relative simple and inexpensive organic molecules as dual-

functional templates. The interest in this approach follows from the larger number of 
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publications concerning simple non-surfactant molecules for obtaining nanocrystalline 

zeolites during the last five years.5 A common feature is that these simple molecules can be 

obtained by one-step synthesis procedure.47-52 Among them, non-surfactant diquaternary 

ammonium compounds have been used for the synthesis of various zeolites in nanocrystalline 

form. These compounds consist of two end groups and a linkage, which render them highly 

flexible. Their end groups and linkage can be tailored in terms of size, rigidity and charge 

density to control the crystal topology and morphology of the zeolites they template.53 It 

should be noted that another important utilization of non-surfactant diquaternary ammonium 

compounds is in the discovery of new zeolite structures during the last three decades.1, 54-58 

Despite the difficulty and complexity in understanding the exact host-guests interaction 

between the OSDAs and zeolites, it has been demonstrated that a flexible OSDA can open 

the possibility for synthesizing different framework structures due to their adaptable 

conformations towards a wide range of zeolite frameworks. In contrast, a rigid OSDA would 

be more selective towards a specific zeolite structure.1, 59 While the OSDA is not strong 

enough itself to determine the phase selectivity, other factors, e.g. framework substituents, 

gel concentrations and crystallization temperature, are also important for the phase 

selectivity.26  

1.3 Catalytic applications of nanosized zeolites 

There are two main differences between nanosized and conventional micron-sized zeolite 

crystals when they are employed as acid catalysts. First, nanosized zeolites exhibit a 

substantially higher external surface area, which is an advantage when bulky reactants that 

cannot penetrate through zeolite domains have to be processed. Second, nanocrystals can 

provide shorter diffusion pathways than their micron-sized counterparts. The faster 

desorption of reaction intermediates and products from the zeolite domains reduces the 

residence time in the crystals and therefore effectively suppresses undesired side reactions, 

e.g. overcracking and coke condensation, thus resulting in an improved product distribution 

and often longer catalyst life.5 

1.3.1 Methanol-to-hydrocarbons 

The methanol-to-hydrocarbons (MTH) process constitutes promising reaction chemistry for 

the production of olefins, aromatics and gasoline from methanol which can be obtained from 

alternative carbon sources, e.g. coal, biomass, natural gas and carbon dioxide, to alleviate the 

global warming and maintain a sustainable economy in a post-oil society.60, 61 Currently, it is 

widely accepted that product formation during steady-state operation of the MTH reaction 

follows an autocatalytic route via a dual-cycle mechanism (Figure 1.2).62 Both the relative 
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propagation of each cycle and the exact intermediates depend on the reaction conditions and 

the properties of the employed catalyst.63 This in turn can explain how the products of the 

MTH process can be tuned towards olefin-rich (methanol to olefins; MTO), propene-rich 

(methanol to propene; MTP) or gasoline-rich (methanol to gasoline; MTG) mixtures.60 For 

instance, an Al-rich ZSM-5 catalyst has high acidity and suitable pore structure, which can 

promote aromatics formation.64 Notably, the autocatalytic feature of the MTH reaction leads 

to confined hydrocarbons in micropores as the active species, on one hand, and deactivating 

precursors, on the other hand.65, 66 Besides optimizing the physicochemical properties of 

zeolites to achieve targeted hydrocarbons production, decreasing coke formation rate and 

improving micropore utilization to solve the rapid catalytic deactivation is an important task. 

This can be achieved by the introduction of  a hierarchically porous network in zeolite crystals 

or by reducing the crystal size to nanosized dimensions.67, 68 Compared to zeolites in which 

pores run in more than one dimension, e.g. ZSM-5 (MFI) and SAPO-34 (CHA), tuning 

crystal size has a more significant impact on the catalytic lifetime of one-dimensional zeolites, 

e.g. ZSM-22 (TON) and ZSM-23 (MTT), because acid sites in each micropore are only 

accessible by the two ends of the crystals.69, 70 For instance, Olsbye and co-workers showed 

that decreasing the average length of ZSM-23 channels from 160 nm to 50 nm led to an 

increased methanol conversion capacity by one order of magnitude.71 Notably, these one-

dimensional zeolites with medium-size channels are suitable catalysts for the production of 

aromatics-free gasoline, because the formation of aromatics is strongly suppressed due to the 

absence of channel intersections and large-size cavities.23, 72  

 

Figure 1. 2. Dual-cycle mechanism of MTH reaction.62 
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1.3.2 Hydroconversion of n-paraffins 

Hydroconversion processes constitute one of the most important reaction units in petroleum 

refineries for the production of high-quality fuels.73 Hydroconversion comprises two main 

reactions, i.e. hydrocracking and hydroisomerization. Hydrocracking involves the conversion 

of heavy hydrocarbon fractions into high-value hydrocarbons for use as transportation fuels.74 

Due to its versality and flexibility, jet fuel, diesel and in some cases also gasoline can be 

obtained.75 Hydroisomerization involves isomerization of paraffins to their branched isomers 

with limited cracking. It is used to increase the octane number of gasoline and improve the 

cold-flow properties of diesel, jet fuel and lubricants.76 Besides processing conventional 

feedstocks derived from crude oil, e.g. vacuum gas oil, hydroconversion is also employed to 

upgrade non-petroleum hydrocarbons produced from Fischer-Tropsch synthesis and fast 

pyrolysis of biomass, both of which are effective routes to realize the utilization of renewable 

sources.77, 78 Hydroconversion is performed using bifunctional catalysts containing a metal 

component supported on an acidic support. The metal sites, typically noble metal Pt or Pd or 

mixed sulfides of non-noble transition metal Ni or Co with Mo, catalyze 

hydrogenation/dehydrogenation reactions, while the acid sites, often zeolites or amorphous 

aluminosilicas, catalyze isomerization and cracking reactions.73 The general mechanism of 

hydroconversion reactions over bifunctional catalysts involves several consecutive steps: (i) 

dehydrogenation of alkanes on the metal sites with the formation of olefins; (ii) diffusion of 

these olefins to the acid sites; (iii) protonation of the olefins on the acid sites with the 

formation of alkylcarbenium ions; (iv) skeletal isomerization or β-scission cracking; (v) 

desorption from the acid sites and diffusion of olefins to the metal sites; (vi) hydrogenation 

of the olefins to alkanes and (vii) desorption of alkanes from the bifunctional catalysts (Figure 

1.3).79 The catalytic performance, in terms of activity and selectivity, over bifunctional 

catalysts depends on various properties of the catalysts, such as metal dispersion,80 metal-to-

acid site ratio,81 proximity of metal and acid sites,82 and the porosity and acidity of the 

support.83-85 For instance, nanosized SAPO-11 exhibited both a higher catalytic activity and 

isomer yield than its micron-sized counterpart in the hydroconversion of long n-paraffins due 

to the improved accessibility of acid sites and decreased residence time of reaction 

intermediates within zeolite domains.86 
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Figure 1.3. The general mechanism of hydroconversion reactions over bifunctional 

catalysts.82 

1.3.3 Methane dehydroaromatization 

Non-oxidative dehydroaromatization of methane (MDA) over Mo-containing zeolite 

catalysts is a promising process for the direct conversion of methane to high-valuable 

aromatics (mainly benzene) and hydrogen.87 Since Xu et al. first reported the utility of a 

Mo/HZSM-5 catalyst for this reaction in 1993,88 much work has been aimed at understanding 

the reaction mechanism and improving the catalytic performance.89 Despite the fact that the 

reaction mechanism of MDA is still not fully understood, the general assumption is that the 

reaction proceeds via a bifunctional pathway. Most widely accepted, methane is activated 

and then coupled to ethylene over Mo-carbide species, followed by aromatization of ethylene 

over Brønsted acid sites in the shape-selective micropores. Among investigated catalysts, 

Mo/ZSM-5 is the most promising one for MDA reaction.90-92 Although significant progress 

has been achieved in the past three decades, rapid catalyst deactivation due to coke deposition 

is still unsolved, which is a major obstacle to the industrial application of MDA process.93 

The important role of coke in MDA has been revealed in previous studies, in which at least 

three kinds of carbon deposits were recognized, i.e. carbidic carbon in molybdenum carbide, 

molybdenum-associated coke and aromatic-type coke on acid sites.94-96 The study of coke 

evolution with time on stream suggests that the polyaromatic-type coke is the main reason 

for the catalyst deactivation.97 Previous studies reported that hierarchical, nanosized and 

hollow zeolites displayed higher methane conversion and benzene yield than micro-sized 

counterparts due to a more rapid diffusion of aromatics out of zeolites to suppress the coke 
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formation.98-100 Besides the textural properties, the acidity of zeolite is another important 

factor that can impact the catalytic performance.101 It is generally accepted that the Brønsted 

acid sites have two functions, i.e. proving anchoring sites for the metal species and catalyzing 

the formation of aromatics, as well as coke.89 Khatib et al. showed that a higher micropore 

occupation of highly dispersed Mo species, resulting from a higher Mo loading over ZSM-5 

with a lower Si/Al ratio, was directly correlated with higher benzene selectivity and yield, as 

well as a higher methane conversion.102 Overall, using a highly acidic ZSM-5 in the 

nanosized form or with hierarchically porous network can be an effective strategy to improve 

the catalytic performance of MDA reaction. 

1.3.4 Friedel-Crafts reactions 

The liquid-phase Friedel-Crafts alkylation/acylation is one of the important acid-catalyzed 

reactions for the production of various compounds used as pharmaceutical intermediates and 

fine chemicals.103 These reactions are generally carried out in liquid phase by use of 

homogeneous acid catalysts, e.g. FeCl3, BF3 and H2SO4. However, these homogeneous 

catalysts have several problems, such as the challenge in separation and recovery, corrosion 

and toxicity.104 These inevitable drawbacks make it desirable to develop alternative solid acid 

catalysts, which should be more environmental and easy to reuse. Among the candidates, 

zeolites, as solid acid catalysts, have been widely studied in Friedel-Crafts reactions, due to 

their excellent (hydro)thermal stability, strong acidity and shape selectivity.105 However, 

conventional zeolites show poor reactivity and rapid deactivation due to strong diffusion 

limitation of bulky aromatic substrates and corresponding products in micropores.106, 107 

Therefore, many efforts have been made to improve the mass transfer and accessibility of 

acid sites by decreasing the crystal size or introducing hierarchically porous network. 

Consequently, these nanosized and hierarchical zeolites exhibited remarkably enhanced 

activity and better product selectivity as compared to their conventional counterparts, which 

paves the way for their potential application in Friedel-Crafts reactions.108 

Although it is clear that nanocrystalline zeolites outperform their micron-sized counterparts, 

revealing the different reaction behaviors in space and time based on a specific acidity for 

many zeolitic catalysts are still unsolved due to the difficulty in synthesis of well-defined 

materials.109 Indeed, this remains one of the most challenging incentives for chemists, i.e. to 

obtain zeolite materials with well-defined properties, which is essential to pave the way for 

the understanding for designing and the designing for achieving the desired reaction route in 

heterogeneous catalysis.110 
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1.4 Scope of thesis 

The goal of this PhD thesis is to synthesize nanosized zeolites with targeted physicochemical 

properties for improved or tailored catalytic performance in zeolite-catalyzed hydrocarbon 

conversion reactions. The focus is on the direct synthesis of zeolite nanocrystals by use of 

simple and inexpensive organic molecules, particularly non-surfactant diquaternary 

ammonium compounds, as the sole organic template. We speculate that such kind of bulky 

organic molecules not only have strong pore-filling ability to stabilize zeolite frameworks 

but can also be effective capping agents that allow obtaining zeolites in nanocrystalline form 

due to their divalent feature. Besides, the inorganic component of the synthesis gel is also 

optimized to ensure the success of such molecule as OSDA. 

Chapter 2 investigates the use of cetyltrimethylammonium (CTA) hydroxide as growth 

modifier for the direct synthesis of nanosized MOR zeolites, with different aluminum sources. 

CTA is a commercially available surfactant, which has been used as a growth modifier for 

obtaining various zeolites in nanocrystalline form. Nanosized MOR zeolites perform better 

than their bulk counterparts prepared without CTA in benzene alkylation and n-hexadecane 

(n-C16) hydroconversion. 

Chapter 3 explores the direct synthesis of nanosized MOR and BEA zeolites by use of non-

surfactant diquaternary ammonium compounds as the sole organic template. One important 

consideration was that the employed organic molecule should fit in the micropore channels 

of MOR and BEA. These compounds are hexane- and p-xylene- bridged bis-

methylpyrrolidinium, -methylpiperidinium and -DABCO diquats, which were synthesized in 

a single step from common chemicals. For selected samples, the crystallization mechanism 

was investigated by investigating the solid intermediates. The benefits of these nanosized 

zeolites over bulk reference samples were evaluated for Friedel-Crafts and n-C16 

hydroconversion reactions. 

Chapter 4 presents the direct synthesis of nanosized ZSM-5 with high acidity (Si/Al = 11) 

and excellent solid yield (99%), denoted as ZSM-5-11, using p-phenylenedimethylene-

bis(tripropylammonium) dichloride as the OSDA. The crystallization process of ZSM-5-11 

was investigated in detail. ZSM-5-11 shows significantly improved aromatics productivity 

in MTH and MDA reactions as compared to a commercial ZSM-5 (Si/Al = 12.9). 

Chapter 5 explores the direct synthesis of nanosized ZSM-12 zeolites with a wide range of 

Si/Al ratios, especially at the Al-rich compositions, by use of rigid organic molecules as the 

OSDA. Three rationally designed diquaternay ammonium compounds (p-xylene- bridged 

bis-methylpyrrolidinium, -methylpiperidinium and -1,2-dimethylimidazolium) are employed 
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in the zeolite synthesis. Nanosized ZSM-12 with different acidity (Si/Al = 18.3, 40.1 and 

68.8) were evaluated in n-C16 hydroconversion and MTH reactions. 

Chapter 6 presents how to employ versatility of a simple OSDA, i.e. (p-

phenylenedimethylene-bis(trimethylammonium) dichloride (Me3N-benzyl-NMe3), in the 

synthesis of nanosized zeolites. By modifying the synthesis, including gel composition (Si/Al 

and NaOH/Si ratios) and crystallization time, direct synthesis of nanosized zeolites (MOR, 

EU-1 and ZSM-12) were achieved by use of Me3N-benzyl-NMe3 as the sole organic template. 

The results of this thesis are summarized in Chapter 7 including an outlook on further 

challenges in the thriving field of zeolite synthesis. 
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Chapter 2 

Synthesis of nanocrystalline mordenite zeolite with 

improved performance in benzene alkylation and n-

paraffins hydroconversion 

Abstract 

Nanocrystalline mordenite (MOR) zeolites were hydrothermally synthesized in a single step 

with commercial cetyltrimethylammonium (CTA) hydroxide as the sole organic template, 

while the aluminum source was varied in a typical synthesis gel. CTA can effectively reduce 

the crystal growth of MOR zeolites, in some cases selectively in the a- and b-directions of 

the unit cell. These nanocrystalline MOR zeolites do not only have a larger external surface 

area than their bulk counterparts prepared without CTA, but the Brønsted acid sites in the 

side-pockets are also more accessible. The combination of the use of CTA and AlCl3∙6H2O 

afforded the best-performing catalyst with much improved activity in benzene alkylation and 

hydroconversion of n-hexadecane (n-C16). Modifying MOR synthesis with CTA hydroxide 

is a cheap and effective method to open up the one-dimensional micropore system of 

mordenite, increasing the catalytic performance in hydrocarbon reactions. 

 

 

 

 

 

 

 

 

This chapter has been published as: S. Li, H. Wu, R.C.J. van de Poll, R.R.M. Joosten, N. 

Kosinov and E.J.M. Hensen, ChemCatChem, 2022, 14, e202101852.  
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2.1 Introduction 

Zeolites are microporous crystalline materials possessing well-defined channels and cavities 

in the molecular range, which can be synthesized with various chemical compositions, pore 

topologies and crystal sizes.1, 2 This versatility allows zeolites to be used in numerous 

applications spanning from adsorption and gas separation to catalysis.3 Even though more 

than 200 types of zeolite framework structures have been synthesized and identified, only a 

limited number of them have found practical applications.4 Among them, mordenite (MOR) 

is one of the most important industrial catalysts, because of its high thermal stability, 

appropriate acidity and unique pore system. MOR is used in commercial processes such as 

the isomerization and dewaxing of alkanes, the alkylation of aromatics and the production of 

dimethylamines.5 

MOR zeolite consists of 12-membered ring (12MR) channels (0.67 × 0.70 nm) and 8-

membered ring (8MR) channels (0.26 × 0.57 nm), both of which run along the c-axis and are 

interconnected with 8MR side pocket (0.34 × 0.48 nm) parallel to the b-axis.6 Effectively, 

MOR exhibits a two-dimensional topology. As the 8MR channels along the c-axis are too 

narrow for most molecules, MOR typically behaves as a one-dimensional zeolite  in catalytic 

reactions.7 Like most zeolites, MOR can suffer from transport limitations of reactants and 

products to and from the acid sites, thereby limiting the overall performance.8 A specific 

issue with zeolites with a one-dimensional pore channel system is the propensity to fast 

deactivation due to pore blocking.9 

The most common approach to enhance the catalytic performance of zeolites is to decrease 

the diffusion length in the zeolite  micropores. Many efforts have been devoted to decreasing 

the crystal size or introducing secondary porosity in MOR crystals via top-down or bottom-

up methods.4 Top-down methods include dealumination in steam or by treatment with acid 

solutions, desilication in alkaline or sequential dealumination-desilication. However, it is 

hard to control the mesoporosity by this methods and typically the zeolite framework is 

damaged, often decreasing the acidity.10 As the Si/Al of directly prepared MOR zeolite is 

normally lower than 15, desilication is difficult to achieve.11 To deal with this, MOR can be 

first dealuminated.12 Bottom-up methods modify the zeolite in the synthesis stage by 

involving a template that gives rise to additional porosity. One can distinguish hard-

templating and soft-templating approaches.11 It is worth noting that soft templating is 

beneficial for obtaining mesoporosity of controlled size inside zeolite crystals.13 Among soft 

templates, the cationic surfactant cetyltrimethylammonium (CTA) is popular because it is 

commercially available and inexpensive. CTABr and the slightly more expensive CTAOH 

have been widely used for preparing hierarchical zeolites.14-20 Even though CTA has also 
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been used as an effective growth modifier to obtain hierarchical MOR zeolites, all the 

strategies reported so far involve the addition of a seed gel containing amorphous 

aluminosilicate intermediates, time-consuming synthesis protocols (7 days or longer) or 

complicated steam-assisted synthesis approaches.21-26 Therefore, for practical application, it 

is still challenging to develop approaches to prepare hierarchical MOR zeolites in a more 

facile and economical strategy. 

Moreover, studies have shown that physicochemical properties of the MOR zeolite, such as 

morphology, composition, acidity and crystal purity, are closely related to the synthesis 

conditions.27-34 Hamid et al. found that the size of MOR crystals can be modified by a factor 

of 10 by appropriate aging of the silica source.35 Zhang et al. reported that MOR zeolites with 

various morphologies were synthesized via a facile inorganic hydrothermal route, mainly 

including adding seeds, adjusting gel composition and silicon source.29 Li et al. discovered 

that the distribution of Brønsted acid sites (BAS) in MOR zeolite can be adjusted by using 

different cyclic amine structure-directing templates.9 Given that the aluminum source is an 

indispensable part of the MOR zeolite synthesis, its influence has also been extensively 

investigated. Lu et al. successfully synthesized highly crystalline MOR zeolite with a Si/Al 

ratio of approximately 30 when Al(NO3)3 was employed as an aluminum source instead of 

AlCl3 or Al2(SO4)3.33 Previous studies have discovered that the proportion of framework Al 

atoms in the main channels of MOR zeolite decreased with decreasing the relative amount of 

aluminum in the synthesis.34, 36 It has been reported that the crystal size of MOR zeolite 

prepared with alumina as aluminum source increased with crystallization time, due to the 

slow release of aluminate ions from undissolved aluminum into the synthesis solution, which 

is opposite to the trend of crystallization process with sodium aluminate as aluminum 

source.31 Hence, it could be anticipated that the choice of aluminum sources can strongly 

impact the properties of the obtained samples during the synthesis of MOR zeolite with CTA. 

In the present study, nanocrystalline MOR zeolites were prepared in a single step via 

hydrothermal synthesis method with CTAOH as the sole organic structure directing agent. 

Al(NO3)3, AlCl3 and Al(OH)3 were chosen as three different aluminum sources in this work. 

The physicochemical properties of obtained MOR zeolites were extensively characterized. 

The catalytic performance of these nanocrystalline MOR zeolites in comparison to their bulk 

counterparts in the benzylation of benzene with benzyl alcohol and in the bifunctional 

hydroconversion of n-hexadecane (n-C16) was evaluated.  

2.2 Experimental Section 

2.2.1 Chemicals 
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The following commercial chemicals were used in this work without further purification: 

sodium silicate solution (Merck, SiO2 27.0 wt%, Na2O 8.0 wt%), Al(NO3)3∙9H2O (Sigmal 

Aldrich, reagent grade), AlCl3∙6H2O (Sigmal Aldrich, 99%), Al(OH)3 (Sigmal Aldrich, 

reagent grade), NH4NO3 (Sigmal Aldrich, ≥99.5%), hexadecyltrimethylammonium 

hydroxide (CTAOH, TCI, 10 wt%), Pt(NH3)4(NO3)2 (Alfa Aesar, 99.99% purity).   

2.2.2 Synthesis MOR zeolite 

 A typical synthesis procedure to obtain nanocrystalline MOR zeolite was as follows. 1.885 

g CTAOH solution and 0.781 g Al(NO3)3∙9H2O were added to 13.26 g demi-water at room 

temperature. Afterwards, 5.55 g water glass was added to the mixture under vigorous stirring. 

The molar composition of the resulting synthesis gel was 1 SiO2 : 0.042 Al2O3 : 0.025 

CTAOH : 0.287 Na2O : 42 H2O. After vigorous stirring for 3 h at room temperature, the gel 

was transferred into a 45 mL Teflon-lined stainless-steel autoclave and heated at 150 °C for 

5 days under rotation at 50 rpm. Then, the autoclave was quenched and cooled to room 

temperature. The solid product was filtered, washed with demi-water until pH < 8 followed 

by drying overnight at 110 °C. The zeolites were calcined at 550 °C (heating rate of 1 °C/min) 

for 10 h in flowing air to remove the organic species. The calcined samples were ion-

exchanged three times with 1.0 M NH4NO3 solution followed by calcination at 550 °C 

(1 °C/min) for 4 h in an O2 flow (20 vol% in N2) to obtain the final proton form. Depending 

on the aluminum source in the recipe, as-synthesized nanocrystalline MOR zeolites are 

denoted as MOR-NO3+CTA, MOR-Cl+CTA and MOR-OH+CTA. Reference bulk MOR 

zeolites were also prepared under the same conditions without CTAOH. These samples are 

denoted as MOR-NO3, MOR-Cl and MOR-OH. 

2.2.3 Preparation of Pt-containing zeolites 

The proton form of the zeolites was loaded with 0.5 wt% Pt by wet impregnation with an 

aqueous Pt(NH3)4(NO3)2 solution. The resulting samples were calcined at 450 °C (heating 

rate of 0.5 °C/min) under an O2 flow (20 vol% in N2) for 2 h. 

2.2.4 Characterization 

X-ray diffraction (XRD) patterns were collected on a Bruker D2 Endeavor diffraction system 

using Cu Kα radiation with a step size of 0.01° and duration of 0.25 s in the 2θ range of 5-

40°.  

The elemental composition of the zeolite samples was determined by inductively couple 

plasma optical emission spectrometry (ICP-OES). Prior to analysis, the samples were 
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dissolved in a 1:1:1 (by weight) mixture of HF (40 wt% in H2O), HNO3 (60 wt% in H2O) 

and H2O.  

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

-186 °C on a Micromeritics ASAP 2020 instrument. The samples were outgassed at 400 °C 

for 6 h prior to the sorption measurements. The BET surface area of MOR zeolite was 

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

was calculated at p/p0=0.97. The micropore volume was determined by the t-plot method 

using a thickness range of 0.35-0.70 nm. The mesopore volume and mesopore size 

distribution were calculated from the adsorption branch of the isotherm using the Barrett-

Joyner-Halenda (BJH) method. 

Thermogravimetric analysis (TGA) was performed using a TGA/DSC 1 instrument (Mettler 

Toledo). The temperature was increased from 40 °C to 800 °C at a rate of 5 °C/min in 20 

ml/min O2 and 40 ml/min He flow. 

X-ray photoelectron spectroscopy (XPS) was carried out using a Thermo Scientific K-alpha 

spectrometer, equipped with a monochromatic Al Kα X-ray source (1486.6 eV) and a 180° 

double-focusing hemispherical analyzer with a 128-channel detector. 

Scanning electron microscope (SEM) images were taken on a FEI Quanta 200F scanning 

electron microscope at an accelerating voltage of 3 or 5 kV. Transmission electron 

microscopy (TEM) pictures were recorded on a FEI Tecnai 20 at 200 kV. Annular dark field 

scanning transmission electron microscopy (ADF-STEM) was performed on the TU/e 

CryoTitan (FEI, now Thermo Fischer Scientific) at 300 kV and room temperature. The 

samples were suspended in ethanol and dispersed over a holey Cu grid coated with a carbon 

film. 

IR spectra of samples were recorded on a Bruker Vertex 70v instrument in the range of 4000-

1000 cm-1. The spectra were acquired at a 2 cm-1 resolution and an average of 64 scans. 

Typically, the samples were pressed as thin wafers of ~10 mg and placed inside a controlled-

environment transmission cell. The samples were activated at 550 °C in artificial air before 

cooling the cell to 150 °C and measuring the background spectra under vacuum. To determine 

the density of acid sites in zeolites, pyridine was introduced into the cell from an ampoule 

kept at room temperature. The exposure time was 10 min followed by desorption for 1 h 

under evacuation at temperature of 150 °C, 300 °C and 500 °C. After each step, a spectrum 

was recorded at 150 °C. The spectra were normalized by the weight of the wafer. For the 

quantification of Brønsted and Lewis acid sites, molar extinction coefficient values of 0.73 

cm/μmol and 1.11 cm/μmol were used, respectively.37 
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Nuclear magnetic resonance (NMR) spectra were recorded on a 11.7 Tesla Bruker DMX500 

NMR spectrometer, operating at 132 MHz for 27Al, 99 MHz for 29Si, 500 MHz for 1H and 

125 MHz for 13C. For the 27Al Magic Angle Spinning (MAS) NMR measurements, a Bruker 

2.5 mm MAS probe head was used with a zirconia rotor having a diameter of 2.5 mm, 

operated at a spinning rate of 25 kHz. All other measurements were performed using a Bruker 

Triple Channel 4 mm MAS probe head and a 4 mm zirconia rotor, under a sample rotation 

rate of 10 kHz. 27Al NMR spectra were recorded using a single excitation pulse of 1 μs and 

an interscan delay of 1 s. The saturated solution of Al(NO3)3 was used for 27Al chemical shift 

calibration. Quantitative 29Si MAS NMR spectra were obtained by use of 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. The 29Si chemical shift was calibrated using tetramethylsilane 

(TMS). For 1H NMR measurements, the sample was first dehydrated at 350 °C for 6 h under 

vacuum and then placed into the 4 mm zirconia rotor in a glovebox. 1H NMR spectra were 

recorded by a Hahn-echo pulse sequence of p1−τ1−p2−τ2−aq with a 90° pulse p1 = 5 μs, a 180° 

p2 = 10 μs and τ1 = τ2 = 0.5 μs. The interscan delay was chosen to be 120 s to obtain 

quantitative spectra. The 1H chemical shift was referred to TMS. 1H-13C cross-polarization 

(CP) MAS NMR spectra were recorded using a ramped contact pulse of 3 ms and an interscan 

delay of 3 s. Solid adamantane was used for 13C chemical shift calibration. 

2.2.5 Catalytic activity measurements 

2.2.5.1 Alkylation of benzene with benzyl alcohol 

The liquid-phase alkylation of benzene (B) with benzyl alcohol (BA) was carried out in a 

round-bottom flask equipped with a PTFE septum. The flask was heated in a temperature-

controlled oil bath under atmospheric pressure. In a typical experiment, 0.1 g of catalyst 

(activated at 500 °C in artificial air for 1 h) was mixed with 26.7 ml (0.301 mol) of benzene 

in a glovebox. After maintaining the reaction mixture at 75 °C for 30 min under stirring, the 

reactor was depressurized through a side vessel. Then, 0.33 ml (0.003 mol) of BA was added 

and this moment was regarded as the initial reaction time. During the reaction, liquid samples 

were withdrawn at regular time intervals and analyzed by a gas chromatograph (Shimadzu 

GC-17A) after separation of the catalyst by filtration. The gas chromatograph was equipped 

with a flame ionization detector (FID) and a Rxi-5 ms capillary column (Restek; length 30 

m; i.d. 0.25 mm; thickness 0.5 µm).  

2.2.5.2 Hydroconvesion of n-hexadecane 

To evaluate the catalytic performance of the Pt-loaded MOR zeolite catalysts in n-

hexadecane (n-C16) hydroconversion, a downstream fixed-bed continuous flow reactor was 
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employed. The catalyst was pressed, crushed and sieved to obtain a fraction in the range of 

125-250 µm. Prior to the reaction, the catalyst was dried in the reactor at 200 °C for 1 h under 

flowing He at atmospheric pressure followed by reduction in flowing hydrogen at the same 

pressure. During reduction, the temperature was increased from 50 °C to 400 °C with a rate 

of 3 °C/min followed by an isothermal period of 1 h. Then, the temperature of the catalyst 

bed was lowered to 150 °C, pressurized to 60 bar with H2 and wetted by maintaining a liquid 

flow of 1 ml/min for 10 min. The reaction was operated at a H2/n-C16 molar ratio of 20 and a 

weight hourly space velocity (WHSV) of 10 gn-C16 gcat
-1 h-1. At each reaction temperature, the 

reaction was stabilized for 5 h before product sampling. The reactor effluent was analyzed 

by an online gas chromatography (Thermo Scientific Focus GC) equipped with an Rtx-1 

column (Restek; length 30 m; i.d. 0.25 mm; thickness 0.25 µm) and an FID detector. 

2.3 Results and Discussion 

2.3.1 Structural characterization 

 

Figure 2.1. XRD patterns of as-synthesized MOR zeolites: (a) MOR-NO
3
, (b) MOR-Cl, (c) 

MOR-OH, (d) MOR-NO
3
+CTA, (e) MOR-Cl+CTA and (f) MOR-OH+CTA. 
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Figure 2.1 shows the XRD patterns of the as-synthesized MOR zeolites. In all cases, well-

resolved diffraction peaks corresponding to the MOR topology can be observed without 

indications of impurity phases.38 The XRD patterns of all CTA-templated MOR zeolites 

show lower intensities and broader peaks than those prepared in the absence of CTA, pointing 

to a reduction of the crystallinity and the crystal size.29   

 

Figure 2.2. TEM images of calcined MOR zeolites: (a) MOR-NO
3
, (b) MOR-Cl, (c) MOR-

OH, (d) MOR-NO
3
+CTA, (e) MOR-Cl+CTA and (f) MOR-OH+CTA. 

SEM and TEM were used to understand differences in the morphology of the MOR zeolites 

(Figures A1 and 2.2). MOR-NO3 and MOR-Cl consist of plate-shaped crystals, which are 

aggregated into particles with a size of ca. 0.5-1 um. MOR-OH contains irregular prism-

shaped crystals. The 12MR channels in the c-direction are parallel to the longest side of such 

prism-shaped crystals (Figure A1c) as widely reported before.7, 38, 39 It is clear that the 

addition of CTA to the synthesis mixture significantly changes the crystal morphology. 

MOR-NO3+CTA exhibits closely packed irregularly shaped nanocrystals without a specific 

orientation. MOR-Cl+CTA and MOR-OH+CTA show aggregated morphologies, composed 

of aggregated nanosheet-like particles. The insets in Figures 2.2e and 2.2f show fast Fourier 

transform (FFT) patterns taken along [110], indicating that nanolayers of MOR-Cl+CTA and 

MOR-OH+CTA are parallel to the c-axis.40 According to previous studies, CTA can cover 

specific surface planes of the zeolite crystals via the electrostatic interaction, thus preventing 

(a) (b) (c)

(d) (e) (f)

200 nm 200 nm 1 um

50 nm 100 nm 100 nm
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crystal growth.22, 26 During MOR zeolite synthesis, this capping effect can favour preferential 

crystal growth resulting in the nanostrip morphology.8, 41 This effect is more pronounced for 

MOR-Cl-CTA and MOR-OH-CTA synthesis than for MOR-NO3-CTA synthesis.   

It is well known that the precursors in the synthesis gel can strongly impact the crystallization 

kinetics of hydrothermal zeolite synthesis, which will affect the morphology of the final 

crystals.42, 43 The aluminum source can influence this in two manners. First, differences in 

the anion of the aluminum precursor can alter the ionic strength of the synthesis gel.42, 44, 45 

Second, as the formation of aluminate ions will depend on the solubility of aluminum source, 

aluminosilicate intermediates with varying Si/Al ratio can be formed, especially in the initial 

aging step.31, 46 Comparing the three pairs of samples in our study, it is clear that only the 

MOR-OH sample show the typical prism-like morphology of MOR zeolite. Even though 

both Al(NO3)3∙9H2O and AlCl3∙6H2O can be easily dissolved, the morphologies of the 

obtained samples are different, which can be mostly attributed to the presence of CTA during 

synthesis.  

 

Figure 2.3. Ar physisorption isotherms (left) and pore size distributions (right) of calcined 

MOR zeolites. The pore size distributions were calculated using the BJH method using the 

adsorption branch. 

The Ar physisorption isotherms and pore size distributions of all samples are shown in Figure 

2.3. All isotherms show a steep Ar uptake at the relatively low relative pressure (p/p0 < 0.1) 
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due to the filling of micropores.47 The isotherms of the three reference samples have the usual 

type I shape of microporous materials.48 In line with this, the pore size distributions of these 

samples do not indicate mesopores. The samples prepared with CTA, on the other hand, have 

the typical type IV isotherm with a clear H4 hysteresis loop, characteristic for slit-like 

mesopores.48 The pore size distributions show relatively uniform mesopores of 3.7 nm for all 

nanocrystalline zeolites. Such mesopores are mostly due to the voids between thinner or 

smaller particles. Such morphological changes are in line with the SEM and TEM analysis 

in Figures A1 and 2.2. The textural properties derived from the isotherms are listed in Table 

2.1. All the nanocrystalline MOR zeolites prepared with CTA have larger mesopore volumes 

and larger external surface areas than the corresponding reference samples. The mesopore 

volume and external surface area of MOR-Cl+CTA are 0.20 cm3 g-1 and 167 m2 g-1, 

respectively. The micropore volumes of the nanocrystalline zeolites are 0.11 cm3 g-1, lower 

than those of reference samples (0.15-0.16 cm3 g-1). Such differences are commonly observed 

between microporous zeolites and their counterparts that contain additional intra-zeolitic 

mesopores.49 The results discussed above suggest that CTA as a growth modifier has 

sufficient interaction with the growing zeolite, resulting in substantial mesoporosity in the 

final MOR samples. 

Table 2.1. Textural properties of the calcined MOR zeolites determined by Ar physisorption. 

Zeolite 
SBET  

(m2 g-1) 

Vtot  

(cm3 g-1) 

Vmeso  

(cm3 g-1) 

(BJH) 

Vmicro  

(cm3 g-1) 

(t-plot) 

Sext  

(m2 g-1) 

MOR-NO3 451 0.24 0.05 0.16 48 

MOR-Cl 403 0.21 0.04 0.15 42 

MOR-OH 449 0.21 0.03 0.16 35 

MOR-NO3+CTA 400 0.24 0.10 0.11 91 

MOR-Cl+CTA 428 0.35 0.20 0.11 167 

MOR-OH+CTA 407 0.32 0.17 0.11 124 

 

TGA was carried out to investigate the inclusion of CTA in the nanocrystalline zeolites 

(Figure A2). For the as-prepared reference samples prepared without CTA, a single weight-

loss feature of ca. 10 wt% below 250 °C is observed, mostly due to the desorption of 
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physisorbed water.50 The weight loss curves of the nanocrystalline MOR zeolites contain 

multiple features. The first weight-loss feature due to water removal was much less, which 

can point to the inclusion of CTA in the micropores. Similar to removal of CTA from 

mesoporous MCM-41, further weight-loss features can be related to decomposition due to 

the Hoffman elimination of CTA on the external surface (150-280 °C), combustion of 

remaining carbonaceous species such as residual adsorbed trimethylamine (280-340 °C)51 

and due to removal of CTA occluded in micropores (340-600 °C).52 However, it would be 

difficult to correlate the CTA amount with zeolite porosity, since the CTA molecule can be 

fully or partially occluded in zeolite micropores or mesopores. 

 

Figure 2.4. 13C NMR spectra of (a) MOR-NO
3
+CTA, (b) MOR-Cl+CTA, (c) MOR-

OH+CTA, (d) Solid CTABr and (e) solution of CTA in D2O (2 wt%). 
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The 13C NMR spectra of as-prepared MOR zeolites, crystalline CTA and CTA dissolved in 

D2O are shown in Figure 2.4. We use the spectrum of CTA dissolved in D2O (cf. Figure 2.4e 

and structural formula in Figure 2.4) to assign the resonances in the other spectra. As 

expected, the NMR spectra of solid CTA and CTA in the zeolites show broader and shifted 

peaks compared to that of the highly mobile CTA ions in water.52, 53 The resonances for the 

zeolites are slightly sharper than in solid CTA. The chemical shifts of CTA in the as-

synthesized zeolites are similar to those of CTA in water. From these observations, we can 

conclude that CTA is occluded in the zeolite pores.20, 52 Together with TGA analysis, these 

findings demonstrate that, in the nanocrystalline zeolites, CTA is predominantly present in 

the zeolite micropores but also caps the external surface of the crystalline zeolite domains. 

2.3.2 Bulk and surface characterization 

Table 2.2. Physicochemical properties of the proton form of the calcined MOR zeolites. 

a 27Al NMR spectroscopy: AlIV determined by integration of NMR signal between 20 and 

100 ppm; AlVI determined by integration of NMR signal between 20 and -50 ppm. 

The bulk and surface composition of the MOR zeolites determined by ICP elemental analysis 

and XPS, respectively, are given in Table 2.2. The bulk Si/Al ratios of all samples, which are 

in the range of 6.8-9.5, are lower than the Si/Al ratio of the initial gel of 12. This means that 

not all Si in the synthesis gel was included in the zeolite product34. The bulk and surface Si/Al 

ratios are very similar, indicating that there are no strong Al gradients in these samples. Solid-

state 27Al MAS NMR spectroscopy were carried out to investigate the local coordination 

environments of Al in the proton form of the calcined zeolites. As shown in Figure 2.5 left, 

the 27Al NMR spectra present an intense signal at 54 ppm for all samples, corresponding to 

tetrahedrally coordinated Al species (AlIV). The small feature at 0 ppm can be attributed to 

Sample 
Si/Al 

(ICP) 

Si/Al 

(XPS) 

Al distribution (%)a 

AlIV AlVI 

MOR-NO
3
 9.4 9.2 82 18 

MOR-Cl 9.2 9.4 80 20 

MOR-OH 6.8 6.6 80 20 

MOR-NO
3
+CTA 9.5 9.2 80 20 

MOR-Cl+CTA 9.2 9.4 81 19 

MOR-OH+CTA 6.9 7.0 82 18 
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extraframework Al species in octahedral coordination (AlVI).12 Deconvolution of these 

spectra into these two contributions shows that ~80% of Al atoms are incorporated in the 

zeolite framework of the samples (Table 2.2). As shown in Figure 2.5 right, two major 

resonances at -112 and -106 ppm with a weak shoulder around -101 ppm appear in all 29Si 

MAS NMR spectra, which are assigned to Q4(0Al), Q4(1Al) and Q3(0Al)/Q4(2Al) species, 

respectively54. It can be clearly observed that the relative intensity of the signal corresponding 

to Q4(1Al) species in the spectrum of MOR-OH is higher than that of the other zeolites, 

indicating a higher framework Al content for MOR-OH. This is qualitatively in agreement 

with the elemental analysis showing the highest Al content for this sample (Si/Al = 6.8). 

 

Figure 2.5. 27Al (left) and 29Si (right) MAS NMR spectra of the proton form of (a) MOR-

NO
3
, (b) MOR-Cl, (c) MOR-OH, (d) MOR-NO

3
+CTA, (e) MOR-Cl+CTA, and (f) MOR-

OH+CTA. The spectra were normalized by sample weight. 
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Figure 2.6. IR spectra of the proton form of (a) MOR-NO
3
, (b) MOR-Cl, (c) MOR-OH, (d) 

MOR-NO
3
+CTA, (e) MOR-Cl+CTA, and (f) MOR-OH+CTA. The right figure shows the 

deconvolution of a representative IR spectrum, i.e., for MOR-NO
3
. The spectra were 

normalized by sample weight. 

IR spectroscopy was used to investigate the nature of the hydroxyl groups of the proton form 

of MOR samples (Figure 2.6). The bands at 3745 cm-1 and 3730 cm-1 are due to the external 

and internal terminal silanol groups, respectively.40, 55 The contribution of external silanol 

groups increased for the nanocrystalline zeolite samples, consistent with their larger external 

surface area. The band at 3657 cm-1 can be assigned to hydroxyl groups connected to 

extraframework aluminum (EFAl) or partially bounded to the zeolite lattice. The most 

prominent band at 3606 cm-1 is due to the vibration of hydroxyls groups bridging between 

aluminum and silicon.56 For MOR, this band is a superposition of three bands corresponding 

to Brønsted acid sites (BAS) located in 12MR channels (3619 cm-1), 8MR channels (3587 

cm-1) and at the intersection between these two channels (3606 cm-1).40 The distribution of 

BAS in the MOR zeolite samples determined by deconvolution into these three contributions 

is shown in Table A1.57 The use of different aluminum salts and the presence of CTA leads 

to very minor differences in the distribution of the three types of BAS in the MOR zeolites. 

During zeolite formation, CTA can alter the crystallization kinetics and compete with Na 

cations for compensation of the negative framework charges.9, 22, 58, 59 An explanation for 

these subtle differences would require more synthesis efforts and is therefore outside the 

scope of this work. 
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Figure 2.7. IR spectra of the hydroxyl region of the proton form of MOR zeolites before 

pyridine adsorption and after pyridine adsorption/desorption at different temperatures: (a) 

MOR-NO
3
, (b) MOR-Cl, (c) MOR-OH, (d) MOR-NO

3
+CTA, (e) MOR-Cl+CTA, and (f) 
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MOR-OH+CTA. The spectra were normalized by sample weight. The grey dashed lines 

indicate the peak positions attributed to bridging hydroxyl groups. 

We next used pyridine as a probe molecule to investigate both the distribution and the 

corresponding accessibility of the acid sites. For this purpose, the vibrational OH IR spectra 

before pyridine adsorption and after pyridine adsorption-desorption at different temperatures 

are collected (Figure 2.7). Upon pyridine adsorption/desorption at 150 °C, a partial 

disappearance of bands corresponding to bridging hydroxyls of the samples is observed, 

indicating that only a part of BAS in MOR zeolites can be protonated by pyridine, which is 

in line with previous studies.60, 61 The most likely explanation for this is that the BAS in the 

side pockets are not fully accessible for the large pyridine probe molecule.62 For all samples, 

the bands corresponding to the bridging hydroxyl show a gradual recovery with increasing 

temperature of pyridine desorption. Notably, upon heating of the nanocrystalline samples 

from 150 °C to 300 °C, it is observed that the bands corresponding to bridging hydroxyls  

shift to lower frequencies closer to the one assigned to BAS in the side pockets. This 

phenomenon implies the preferential recovery of BAS in side pockets at this stage, which 

consequently suggests that a part of BAS located in the side pocket are even accessible for 

pyridine in these nanocrystalline samples. A similar phenomenon has also been observed in 

other studies.56, 60, 62 It is likely due to defect sites in MOR framework, which can enlarge the 

practical window of side pockets, leading to BAS in these small pores accessible for 

pyridine.60 Another possible explanation, well revealed in the case of MCM-22 zeolite, is 

that the nanocrystal morphology would make more side pockets ending up at the external 

surface of the crystals.63 Among these samples, a larger red shift of the band corresponding 

to bridging hydroxyls is observed for MOR-NO
3
+CTA , suggesting that the side-pocket BAS 

in this sample are more accessible for pyridine than for the other samples. The number of 

BAS and LAS accessible for pyridine was determined by integrating the areas of the 

respective bands at 1540 cm-1 and 1450 cm-1 (Figure A3). As shown in Table 2.3, the 

nanocrystalline samples contain less BAS than their bulk counterparts. 
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Figure 2.8. 1H MAS NMR spectra of dehydrated MOR zeolites. A representative fit of these 

spectra is shown in the right panel. The spectra were normalized by sample weight. 

 

Table 2.3. Acidity of MOR zeolites. 

Sample 
[BAS]a 

(μmol/g) 

[LAS]b 

(μmol/g) 

[BAS]c 

(μmol/g) 

MOR-NO
3
 1001 32 1346 

MOR-Cl 1054 39 1285 

MOR-OH 1064 39 1530 

MOR-NO
3
+CTA 704 72 1148 

MOR-Cl+CTA 772 51 1071 

MOR-OH+CTA 585 71 933 

a Density of BAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at 

150 °C. 

b Density of LAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at 

150 °C. 

c Determined by 1H MAS NMR spectra. 
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As pyridine is not small enough to probe all of the acid sites, the acidity of MOR zeolite 

samples was further investigated by 1H NMR spectroscopy (Figure 2.8). The peak at 1.8 ppm 

is assigned to silanol groups, while the peaks at 2.6 ppm and 4.0 ppm are attributed to 

extraframework Al-OH species and BAS, respectively.64 The much higher intensity of the 

silanol groups for the three nanocrystalline MOR zeolites can be ascribed to their higher 

external surface area. This result is in line with the IR data in Figure 2.6. As shown in Table 

2.3, for all samples, the amount of BAS probed by pyridine is lower than the total BAS 

determined by 1H NMR. This is because of the existence of the inaccessible side-pocket BAS 

for pyridine, which has been verified in Figure 2.7. Compared to the corresponding bulk 

zeolites, these nanocrystalline zeolites display a lower total BAS density, in keeping with the 

pyridine IR data (Table 2.3). The lower acidity of nanocrystalline zeolites is likely due to the 

lower crystallinity and tendency to dehydroxylation.   

For the purpose of n-alkane hydroconversion, the MOR zeolites were loaded with 0.5 wt% 

Pt. This metal loading was chosen to ensure a high enough rate of (de)hydrogenation, 

resulting in isomerization and cracking on acid sites being the rate-limiting steps.65 ICP 

shows that the actual Pt loadings are all close to the targeted 0.5 wt%. ADF-STEM images 

of the reduced catalysts shown in Figure 2.9 demonstrate that Pt is highly dispersed in the 

form of nanoparticles smaller than 2 nm. This may be due to the use of the small size of  

Pt(NH3)4
2+ ions (0.48 nm) that facilitates their diffusion into the MOR micropores during 

metal loading. Once in the micropores, the Pt atoms resist extensive sintering due to their 

confinement.66, 67 Additional factors that can explain the fine dispersion are the relatively low 

metal loading (~0.5 wt%) and the slow heating rate during calcinations employed here 

(0.5 °C/min).68, 69  
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Figure 2.9. ADF-STEM images of reduced samples: (a) Pt/MOR-NO
3
, (b) Pt/MOR-Cl, (c) 

Pt/MOR-OH, (d) Pt/MOR-NO
3
+CTA, (e) Pt/MOR-Cl+CTA and (f) Pt/MOR-OH+CTA. 
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2.3.3 Catalytic activity measurements 

2.3.3.1 Alkylation reaction of benzene with benzyl alcohol 

 

Scheme 2.1. The overall reaction pathway of benzene with benzyl alcohol. 

 

 

Figure 2.10. Catalytic conversion of liquid-phase alkylation of B with BA over MOR zeolite 

samples at 75 °C. 
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Table 2.4. Catalytic performance of MOR zeolite catalysts in the alkylation of B with BA 

after 4 h reaction. 

Catalyst 
BA conversion 

(%) 

Yield (Selectivity) (%) 

DPM DBE Other 

MOR-NO
3
 57 43 (75) 3 (5) 11 (19) 

MOR-Cl 66 49 (74) 3 (5) 14 (21) 

MOR-OH 2 1 (50) -- -- 

MOR-NO
3
+CTA 84 71 (85) 7 (8) 6 (7) 

MOR-Cl+CTA 99 78 (79) 7 (7) 14 (14) 

MOR-OH+CTA 28 18 (64) 4 (14) 6 (21) 

BA: benzyl alcohol; DPM: diphenylmethane; DBE: dibenzyl ether. 

The liquid-phase benzylation of benzene (B) with benzyl alcohol (BA) was chosen to probe 

the catalytic performance of bulk and nanocrystalline MOR zeolites in aromatics alkylation. 

The overall reaction pathway presented in Scheme 2.1 (more detailed schematic in Scheme 

A1) shows the importance of relatively large reaction intermediates and products.70 The 

conversion of BA with reaction time for the MOR catalysts is shown in Figure 2.10. The 

activity of the zeolites increases in the order MOR-OH < MOR-OH+CTA < MOR-NO
3 < 

MOR-Cl < MOR-NO
3
+CTA < MOR-Cl+CTA. Clearly, all the nanocrystalline zeolites can 

convert BA faster than the corresponding bulk counterparts. The BA conversion and product 

distribution after 4 h reaction are collected in Table 2.4. Among the nanocrystalline zeolites, 

MOR-Cl+CTA provides the highest BA conversion of 99% and a DPM yield of 78% (DPM 

selectivity  79%) after 4 h reaction. On the other hand, the bulk MOR-OH zeolite shows the 

lowest catalytic activity with a BA conversion of only 2% after 4 h reaction. Notably, MOR-

OH+CTA has the second highest external surface and mesopore volume among all zeolites, 

yet displays the second lowest activity with a BA conversion of 28% after 4 h reaction.   

Typically, strong acid sites are needed to polarize BA for the reaction with benzene and BA 

to form DPM and DBE, respectively (Scheme A1).71 The performance can therefore be 

expected to depend on the concentration of strong acid sites accessible to BA. Moreover, the 

large size of the products might also affect the catalytic performance.11 The dimensions of 

the main channels of MOR (0.67 × 0.70 nm) can impede the diffusion of DPM (0.49 × 0.92 

nm) and DBE (0.49 × 1.15 nm). These large products and the coke formed by condensation 

reaction can easily block the micropores. Despite their lower acidity, the nanocrystalline 
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zeolites exhibit a higher activity than their bulk counterparts. This difference is therefore 

most likely caused by the improved textural properties of the nanocrystalline zeolites. Among 

the nanocrystalline zeolites, it can be observed that, although MOR-NO
3
+CTA and MOR-

Cl+CTA contain comparable amounts of acid sites, MOR-Cl+CTA is more active in line with 

its higher external surface area and mesopore volume. Nevertheless, MOR-Cl+CTA exhibits 

a nanosheet-like morphology with the main pores running along the longest particle 

dimension. This would mean that the diffusion length in the MOR main pores is not 

effectively reduced.72 This may imply that also acid sites on the larger external surface can 

contribute to the higher activity of MOR-Cl+CTA. The role of external acid sites for this 

reaction has been emphasized before.72, 73 However, MOR-OH+CTA has a much higher 

external surface area than MOR-Cl and MOR-NO3 but displays a lower activity. This can be 

ascribed to the lower acidity of the former sample. On the contrary, MOR-OH is not very 

active despite its largest amount of acid sites. We attribute this to the large crystal size (Figure 

A1c), which most likely leads to severe diffusion limitations.12 In addition, the side-pocket 

BAS of nanocrystalline zeolites are more accessible to pyridine than the bulk zeolites due to 

the more open structure of the former. It is reasonable to assume that these acid sites are 

therefore also more accessible for benzyl alcohol and benzene, which have a comparable size 

as pyridine. This can contribute to a higher activity of the nanocrystalline zeolites. From these 

results, it is clear that the alkylation reaction benefits from the open structure of the 

nanocrystalline MOR zeolite provided that sufficient acid sites are present. The combination 

of the use of CTA as an agent to reduce crystal size and AlCl3∙6H2O as Al precursor results 

in the best catalyst for liquid-phase alkylation of benzene.  
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2.3.3.2 Hydroconversion of n-hexadecane 

 

Figure 2.11. The catalytic performance of n-C16 hydroconversion over bifunctional catalysts. 

(a) conversion of n-C16 as a function of the reaction temperature; (b) yield of isomers and 

cracked products as a function of n-C16 conversion and (c) distribution of cracked products 

at ca. 50% n-C16 conversion. 

The Pt/MOR catalysts were evaluated for their performance in the hydroconversion of n-C16. 

The bifunctional catalysts have a comparable Pt loading and Pt dispersion. Together with the 

high enough Pt loading to establish the alkane/alkene equilibrium, catalytic differences in n-

C16 hydroconversion mostly arise from differences in acidity and diffusion rates, which relate 

to the zeolite part of the catalysts. Figure 2.11a shows the conversion of n-C16 against the 

reaction temperature. All nanocrystalline zeolites show improved activity compared to their 

corresponding bulk counterparts, despite the lower acidity of the more active nanocrystalline 

zeolites. It is known that BAS of medium and strong acidity can catalyze isomerization and 
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cracking reactions.74 Therefore, the improved activity of nanocrystalline MOR zeolites can 

be related to the textural properties of the nanocrystalline zeolites. The role of diffusion on 

n-alkane hydroconversion for one-dimensional zeolites has been examined before. For 

instance, hierarchical ZSM-22 zeolite (TON topology) showed a higher activity than bulk 

ZSM-22 in the hydroisomerization of n-nonadecane, despite the lower acidity. When 

evaluated in n-decane hydroisomerization, the more acidic bulk ZSM-22 sample was the 

more active catalyst.75 The lower activity of Pt/MOR-OH+CTA compared to Pt/MOR-

NO
3
+CTA and Pt/MOR-Cl+CTA can most likely be attributed to the lower acidity of the 

former sample. On the contrary, the highly acidic Pt/MOR-OH sample shows a low activity, 

which can be attributed to the large crystal size.  

The yield of isomers and cracked products is shown in Figure 2.11b. The evolution of the 

yields with conversion is typical for n-paraffins hydroconversion with, at a low reactant 

conversion, isomerization being dominant and cracking rapidly increasing at high conversion 

due to the formation of multibranched isomers, which are more prone to cracking.74, 76, 77 

Overall, the isomer yields are higher for the nanocrystalline Pt/MOR zeolites than the 

conventional ones. The best performing samples are Pt/MOR-Cl+CTA and Pt/MOR-

OH+CTA with isomer yields of 28.4% and 25.4% at conversion levels of 60.3% and 62.6%, 

respectively. The more open texture of the nanocrystalline zeolites results in shorter residence 

time in the micropores as a consequence of the higher rate of desorption from the acidic 

zeolite, overall increasing the balance between hydrogenation and cracking and thus the 

isomer yield.78  

Notably, as compared to the three bulk samples, Pt/MOR-NO
3
+CTA shows higher isomer 

yields that are still much lower than observed for the other two nanocrystalline samples. 

Considering that Pt/MOR-NO
3
+CTA has a substantially lower external surface area than 

Pt/MOR-Cl+CTA and Pt/MOR-OH+CTA, the low isomer yield of Pt/MOR-NO
3
+CTA is 

likely due to the lack of external acid sites. In addition, BAS in the side-pockets of Pt/MOR-

NO
3
+CTA may also has a negative effect on the isomer yield. As pyridine IR shows that 

these BAS are more accessible (Figure 2.7d), they can contribute to cracking reactions. 

Previous studies have demonstrated that the rate of n-hexane hydroconversion/cracking in 

the side pocket is higher than that in main channels of MOR zeolites, which was explained 

by the lower free energy for reactants and intermediates due to the stronger confinement in 

the side pockets of MOR zeolite.47, 79 The high accessibility of side-pockets, which have an 

intrinsically higher reaction rate due to confinement, can explain the combination of high 

activity and low isomer product yield for Pt/MOR-NO
3
+CTA. 
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Finally, the cracked products distribution at a conversion of ca. 50% is shown in Figure 2.11c. 

At this conversion level, all samples show a skewed product distribution, which is a sign of 

secondary cracking (overcracking).77 The product distributions are most symmetric for 

Pt/MOR-Cl+CTA and Pt/MOR-OH+CTA. Especially, the bulk samples show a larger 

distribution of C4-C6 paraffins due to extensive isomerization and secondary cracking of 

intermediate olefins already at an intermediate conversion of 50%. Comparing all samples, 

it can be observed that the conversion increases with the acidity, while the isomer yield 

increases and the cracked product distribution becomes more symmetric with an increase of 

the external surface area. These trends strongly suggests that shorter residence times of 

intermediate olefins in micropores benefit ideal hydrocracking behavior. The use of CTA to 

decrease the size of MOR crystals is a simple and effective approach to achieve this.  

2.4 Conclusions 

Nanocrystalline MOR zeolites were successfully synthesized by a one-step hydrothermal 

synthesis approach involving the commercial reagent CTAOH as the sole organic template. 

A typical MOR recipe was modified by using comparing aluminum sources, i.e., Al(NO3)3, 

AlCl3 and Al(OH)3). All MOR zeolites show a reduced crystal size when CTA was used. For 

MOR-Cl+CTA and MOR-OH+CTA, the crystal dimensions are predominantly reduced in 

the a- and b-direction. Besides a higher external surface area, the use of CTAOH also leads 

to a more defective zeolite structure in which the BAS in the side-pockets are more accessible 

to pyridine. This latter impact of CTAOH was most notable for MOR-NO
3
+CTA. 

Nanocrystalline MOR zeolites showed an improved catalytic performance in the alkylation 

of benzene with benzyl alcohol and the hydroconversion of n-C16. The CTA-templated 

nanocrystalline MOR zeolites show a higher activity and selectivity in these reactions than 

their corresponding bulk  counterparts. Overall, MOR-Cl+CTA is the best-performing one 

due to the combination of more accessible zeolite domains and retention of acidity in the 

presence of CTAOH. Our findings show how CTAOH can be used to improve the 

performance of one-dimensional MOR zeolite. 
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Appendix A 

Table A1. BAS distribution derived from deconvoluted IR spectra of MOR zeolite samples. 

Sample 
BAS in 8MR 

(%) 

BAS in 8/12MR 

(%) 

BAS in 12MR 

(%) 

MOR-NO
3
 40 45 15 

MOR-Cl 39 49 12 

MOR-OH 43 42 15 

MOR-NO
3
+CTA 40 50 10 

MOR-Cl+CTA 44 46 10 

MOR-OH+CTA 41 45 14 

 

 
Figure A1. SEM images of calcined MOR zeolites: (a) MOR-NO

3
, (b) MOR-Cl, (c) MOR-

OH, (d) MOR-NO
3
+CTA, (e) MOR-Cl+CTA and (f) MOR-OH+CTA. 
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Figure A2. (a) TG and (b) DTG profiles of as-prepared MOR zeolites. 
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Figure A3. IR spectra of pyridine adsorbed on the proton form of (a) MOR-NO

3
, (b) MOR-

Cl, (c) MOR-OH, (d) MOR-NO
3
+CTA, (e) MOR-Cl+CTA and (f) MOR-OH+CTA after 

evacuation at different temperatures. The spectra were normalized by sample weight. 
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Scheme A1. The overall reaction pathway of benzene with benzyl alcohol. 
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Chapter 3 

Facile synthesis of nanosized mordenite and Beta 

zeolites with improved catalytic performance: non-

surfactant diquaternary ammonium compounds as 

structure-directing agents 

Abstract 

Non-surfactant diquaternary ammonium compounds have already been used for obtaining 

various zeolites in nanocrystalline form. However, facile synthesis of nanocrystals of 

mordenite (MOR) and Beta (BEA) in this way remains challenging. Here, we present the 

direct synthesis of nanosized mordernite (MOR) and Beta (BEA) zeolites with hexane- and 

p-xylene-bridged bis-methylpyrrolidinium, -methylpiperidinium and -DABCO diquats, 

which can be synthesized in a single step from common chemicals. Optimized recipes are 

presented for nanosized MOR (20-50 nm) and BEA (15-30 nm) zeolites. By investigating 

the solid products obtained during hydrothermal synthesis, the formation of nanocrystals can 

be linked to the strong interaction between diquat templates and aluminosilicate species 

during the induction stage, which limits the amorphous precursor particles to a size below 50 

nm. Based on the textural and acidic properties, catalytic performance data are discussed 

evidencing the clear benefits of these nanosized zeolites over bulk reference samples in 

Friedel-Crafts reactions and n-alkane hydroconversion. 

 

 

 

 

 

 

 

This chapter has been published as: S. Li, R.C.J. van de Poll, N. Kosinov and E.J.M. Hensen, 

Inorganic Chemistry Frontiers, 2022, 9, 3200-3216.  
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3.1 Introduction 

Zeolites are a family of crystalline porous materials containing molecule-sized cavities and 

channels, which are widely used in industrial processes enabling separation, adsorption and 

enhanced reaction rates (catalysis).1, 2 They are useful catalysts because of their tunable 

acidity, (hydro)thermal stability and shape selectivity.3 The performance of zeolite catalysts 

is often hampered by the long residence times of reactants and products in the micropore 

network.4 This can negatively affect the catalytic activity and lead to rapid deactivation due 

to formation of bulky products that cannot leave and therefore block the micropores. Over 

the last decades, many approaches have been explored to improve the rate of diffusion in 

zeolites.4, 5 A common aspect of nearly all of these approaches is that the crystallite domain 

size is reduced to limit the diffusional pathways in the micropore space.6 Besides introducing 

additional (meso)pores in zeolite crystals,7 it is also effective to decrease the size of zeolite 

crystals below 100 nm (nanocrystals).8 Another potential benefit of these nanocrystals 

compared to conventional, often micron-sized zeolites is the much higher external surface 

area that not only increases the rate of product desorption,9 but also leads to higher conversion 

rates of reactions that take place on or close to the external surface.10  

In the last two decades, considerable efforts have been made to prepare nanocrystalline 

zeolites. Top-down and bottom-up approaches are distinguished based on whether small 

crystals are obtained after or during zeolite crystallization, respectively.8 Ball-milling is a 

physical approach of the first category, which is hampered by the need to remove amorphous 

debris left after subsequent recrystallization of the milled samples.11 Chemical treatment is a 

more versatile top-down approach. For instance, Corma and co-workers prepared nanosheet 

zeolites, in which zeolite MWW was swelled with hexadecyltrimethylammonium bromide 

followed by delamination. A limitation of this approach is that it only can be used for 

particular zeolite topologies like MWW and FER.12, 13   

Compared to top-down approaches, bottom-up methods provide more flexibility in the 

preparation of nanocrystalline zeolites.14 Without being exhaustive, approaches may include 

a change in the order of mixing the reagents,15, 16 replacing traditional heating by microwave 

irradiation,17 the use of ultra-dense gels crystallized by steam treatment18 and decoupling 

nucleation from crystal growth via a temperature-staged approach.19, 20 Confined space 

synthesis was also employed to prepare nanosized zeolites, involving crystallization of the 

zeolite inside a mesoporous matrix.21 Although nanocrystalline zeolites can be obtained by 

the above methods, major drawbacks remain, usually involving the complexity of the 

synthesis in the number of steps and the facilities needed. For instance, to ensure effective 

formation of BEA nanocrystals by using commercial TEAOH, a concentrated gel utilizing 
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steam-assisted conversion is indispensable, which makes scale-up synthesis challenging.18 

Therefore, it remains highly desirable to prepare nanocrystalline zeolites via facile one-step 

methods. 

As a more facile and effective bottom-up approach, soft-templating methods have been used 

to prepare nanosized zeolites. Soft templates such as surfactants or polymers can limit both 

crystal grain growth and Ostwald ripening by adsorbing on the growing crystal surfaces, 

thereby reducing crystal sizes.22, 23 For instance, ferrierite nanosheets were synthesized by a 

dual-templating method, in which piperidine and cetyltrimethylammonium bromide acted as 

structure-directing agent (SDA) and morphology modifier, respectively.24 Ryoo and co-

workers reported the synthesis of nanocrystalline zeolites such as ZSM-5, BEA and ZSM-12 

by amphiphilic surfactants that have two functions, viz. directing zeolite growth by their 

ammonium groups and limiting crystal grain growth by the long hydrophobic alkyl tails.25, 26 

A drawback is that synthesis of these surfactants requires multiple steps. From an industrial 

perspective, it is preferred to prepare nanosized zeolites with relatively cheap organic 

templates, such as small-sized non-surfactant molecules obtained by one-step synthesis 

procedure.27 Such agents will not self-assemble into specific micelles, needed for obtaining 

(ordered) hierarchical structures or nanosized crystals. To prepare nanosized zeolites with 

non-surfactant molecules, a low amount of alkali together with mild crystallization 

temperature is often adopted to limit the aggregation of negatively charged sub-colloidal 

particles.8, 28 This can explain the preference for organic templates in their OH form and the 

use of low synthesis temperatures, which usually increases the time to require fully crystalline 

products.29-31 For example, Corma and co-workers reported the direct synthesis of 

nanocrystalline ZSM-5 and BEA zeolites by using non-surfactant alkyl-substituted mono-

cationic ammonium cations as templates, which took 14 days at a high template/Si molar 

ratio of 0.4.32  

It has been shown that diquaternary ammonium compounds are better at directing 

nanocrystalline zeolite formation than conventional monoquaternary ammonium 

compounds.33-35 These compounds can be tailored in terms of size, functional groups and 

rigidity to control the crystal morphology and, in some cases, even the zeolite topology.33, 36-

40 The literature reveals the potential of this approach for preparing nanosized zeolites using 

relatively cheap non-surfactant organic templates. The synthesis of nanosized forms of 

commercially important MOR and BEA zeolites using non-surfactant diquaternary 

ammonium molecules as the sole organic template has only been scarcely explored.41-46 There 

is little understanding about the underlying crystallization mechanism, which is essential to 

pave the way to optimization of synthesis of nanosized forms of these zeolites and its 

generality for synthesis of nanosized zeolites. 
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In this work, we report the facile and economical synthesis of nanosized MOR and BEA 

zeolites by using the diquaternary ammonium compound as the sole organic template under 

conventional hydrothermal synthesis conditions. A total of 6 organic compounds (SDA1-6) 

were used varying in terms of heterocycle size and geometry of the end groups, and structural 

rigidity of the linkages (1,6-hexylidene and benzyl) between the quaternary ammonium 

centers (Figure 3.1). These organic templates were synthesized from commercial chemicals 

(Table B1) via a one-step procedure. Synthesis conditions for obtaining nanosized MOR and 

BEA zeolites with these templates were explored. For selected samples, the crystallization 

behavior was monitored by studying intermediate solid products. The physicochemical 

properties such as chemical composition, morphology, texture and acidity were extensively 

characterized. The benefit of nanosizing these zeolites was evaluated by comparing their 

catalytic performance to conventional MOR and BEA reference zeolites for several model 

reactions.  

 

Figure 3.1. Organic structure-directing agents (SDAs) used in this work. 

3.2 Experimental section 

3.2.1 Synthesis of organic templates 

1,6-bis(N-methylpyrrolidinium)hexyl dibromide (SDA1): 0.03 mol of 1,6-dibromohexane 

(TCI, > 97.0%) was dissolved in 100 ml ethanol (Biosolve, 99.9%). Then 0.09 mol of N-
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methypyrrolidine (TCI, > 98.0%) was gradually added under vigorous stirring. The reaction 

mixture was heated at 70 ℃ for 2 days under a nitrogen atmosphere. After cooling to room 

temperature, the solution was poured into 150 ml of diethyl ether (Biosolve, 99.5%) under 

stirring. The white powder precipitating out of the solution was filtered and washed with 

extra diethyl ether. The obtained solid product was dried at 50 ℃ overnight in a vacuum oven. 

The product yield was 91%.  

1,6-bis(N-methylpiperidinium)hexyl dibromide (SDA2): The reaction was carried out in the 

same way as for SDA1, except that N-methylpiperidine (TCI, > 99.0%) was used instead of 

N-methypyrrolidine. The product yield was 93%. 

1,6-bis(4-aza-1-azoniabicyclo[2.2.2]octane)hexyl dibromide (SDA3): 0.06 mol of 1,4-

diazabicyclo[2.2.2]octane (DABCO) (TCI, > 98.0%) was dissolved in 100 ml of acetone 

(Biosolve, 99.5%). Then 0.015 mol of 1,6-dibromohexane was added slowly under stirring. 

The resulting solution was reacted for 12 h under ambient conditions. After the reaction, the 

white precipitate was collected by filtration, followed by washing with acetone. The obtained 

solid product was dried at 50 ℃ overnight in a vacuum oven. The product yield was 88%. 

P-phenylenedimethylene-bis(N-methylpyrrolidinium) dibromide (SDA4): 0.025 mol of α,α′-

dibromo-p-xylene (TCI, > 98.0%) was dissolved in 100 ml of acetonitrile (Biosolve, 99.8%) 

at 70 ℃. Then, 0.1 mol of N-methypyrrolidine was added under stirring and kept for 2 days 

at 70 ℃ under a nitrogen atmosphere. After the reaction, the white product was separated by 

filtration, followed by washing with diethyl ether. The obtained solid product was dried at 

50 ℃ overnight in a vacuum oven. The product yield was 95%. 

P-phenylenedimethylene-bis(N-methylpiperidinium) dibromide (SDA5): The reaction was 

carried out as in the synthesis of SDA4, except for the use of N-methylpiperidine instead of 

N-methypyrrolidine. The product yield was 90%. 

P-phenylenedimethylene-bis(4-aza-1-azoniabicyclo[2.2.2]octane) dibromide (SDA6): 0.015 

mol of α,α′-dibromo-p-xylene and 0.12 mol of DABCO were each dissolved in 100 ml of 

acetone. The α,α′-dibromo-p-xylene solution was added slowly into the DABCO solution 

under stirring. The resulting solution was reacted for 12 h under ambient conditions. After 

the reaction, the white precipitate was collected by filtration, followed by washing with 

acetone. The obtained solid product was dried at 50 ℃ overnight in a vacuum oven. The 

product yield was 90%.  

The purity of the above organic templates was verified by 1H NMR spectroscopy (Figure B1). 
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3.2.2 Synthesis of zeolites 

All zeolite synthesis were performed in 45 ml Teflon-lined stainless-steel autoclave (Parr 

Instruments) under conventional hydrothermal conditions. In a typical synthesis, 0.56 g of 

sodium hydroxide (Sigma Aldrich, ≥ 98 %) was dissolved in 15.53 g of deionized water, 

followed by the addition of the required amount of organic template. After stirring for 5 min, 

first 0.503 g of AlCl3∙6H2O (Alfa Aesar, 99%) was added to the mixture, followed by 3.75 g 

of Ludox AS-40 (Sigma Aldrich, 40 wt%) under stirring. The resulting synthesis gel had a 

molar composition of 12 SiO2: 0.5 Al2O3: 3.6 Na2O: 1.2 SDA: 480 H2O. After vigorous 

stirring for 3 h at room temperature, the gel was transferred into an autoclave. The autoclave 

was placed in an oven for hydrothermal treatment at 160 ℃ under rotation at 50 rpm. The 

resulting solid products were recovered by centrifugation, thoroughly washed with demi-

water until pH < 8 followed by drying at 30 ℃ overnight in a vacuum oven. The zeolites 

were calcined at 550 ℃ (heating rate 1 ℃/min) for 8 h under flowing air to remove the 

organic species. The calcined zeolites were ion-exchanged three times with 1.0 M NH4NO3 

solutions, dried and calcined at 550 ℃ (heating rate 1 ℃/min) for 4 h in O2:N2 (1:4 vol. ratio) 

flow. Sample notation was zeolite topology–template name–Si/Al gel ratio. For comparison, 

bulk reference samples were obtained using appropriate templates. The samples were 

indicated by the suffix -Con to the zeolite topology. A conventional BEA zeolite was 

synthesized with tetraethylammonium hydroxide (Sigma Aldrich, 35 wt%) by following a 

reported procedure.47 This zeolite is denoted by  BEA-12-Con.  

3.2.3 Preparation of Pt-containing zeolites 

The proton form of the zeolites were loaded with 0.5 wt% Pt using wet impregnation with an 

aqueous Pt(NH3)4(NO3)2 solution. The resulting samples were dried in air followed by 

calcination at 450 ℃ (heating rate 0.5 ℃/min) for 2 h in an O2: N2 (1: 4 vol. ratio) flow.  

3.2.4 Characterization 

X-ray diffraction (XRD) patterns were recorded on a Bruker D2 Endeavor diffraction system 

using Cu Kα radiation. Patterns were collected in the 2θ range of 5-40°. 

The elemental composition of samples was determined by inductively couple plasma optical 

emission spectrometry (ICP-OES). Prior to the measurement, a 1: 1: 1 (by weight) mixture 

of HF (40 wt% in H2O), HNO3 (60 wt% in H2O) and H2O was used to dissolve the samples.  

Textural properties were obtained from the Ar physisorption at -186 ℃ with a Micromeritics 

ASAP 2020 instrument. Prior to the measurements, samples were outgassed at 400 ℃ for 6 
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h. The total pore volume was determined at relative pressure (p/p0) of 0.97. The BET surface 

area was calculated in the p/p0 range between 0.05-0.25. The micropore volume and external 

surface area were calculated by t-plot method. The mesopore volume was calculated by 

Barrett-Joyner-Halenda (BJH) method.  

Thermogravimetric analysis (TGA) was performed with a TGA/DSC 1 instrument (Mettler 

Toledo). The temperature was increased from 40 ℃ to 800 ℃ (heating rate 5 ℃/min) in 20 

ml/min O2 and 40 ml/min He flow. 

Scanning electron microscope (SEM) images were obtained on a FEI Quanta 200F scanning 

electron microscope with an accelerating voltage of 3 or 5 kV. Transmission electron 

microscopy (TEM) images were acquired on a FEI Tecnai 20 at 200 kV. Annular dark field 

scanning transmission electron microscopy (ADF-STEM) was performed on the TU/e 

CryoTitan (FEI, now Thermo Fischer Scientific) at 300 kV and room temperature.  

IR spectra were obtained with a FTIR spectrometer (Bruker Vertex 70v). The spectra were 

acquired in the range of 4000-1000 cm-1, with a resolution of 2 cm-1 and an average of 64 

scans. The samples were pressed into thin wafers (~10 mg) and placed into a controlled-

environment transmission cell. The samples were first pretreated at 550 ℃ for 1 h in artificial 

air. After pretreatment, the samples were cooled down to 150 ℃ and a spectrum was collected 

as background. Pyridine was introduced into the cell until the sample was fully saturated. 

Finally, spectra were collected at 150 ℃ after outgassing for 1h at 150 ℃, 300 ℃ and 500 ℃, 

respectively. 

Solid-state nuclear magnetic Resonance (NMR) experiments were performed on a 11.7 Tesla 

Bruker DMX500 NMR spectrometer, operating at 132 MHz for 27Al, 99 MHz for 29Si, 125 

MHz for 13C and 500MHz for 1H. 27Al magic angle spinning (MAS) NMR measurements 

were performed with a Bruker 2.5 mm MAS probe head and a 2.5 mm zirconia rotor, operated 

at a spinning speed of 25 kHz. All other measurements were carried out with a Bruker Triple 

Channel 4 mm MAS probe head and a 4 mm zirconia rotor, under a spinning speed of 10 

kHz. A single excitation pulse of 1 µs and a recycle delay of 1 s were used for 27Al NMR 

measurements. 27Al chemical shift was referred to Al(NO3)3. Quantitative 29Si MAS NMR 

spectra were collected using a high-power proton decoupling direct excitation (DE) pulse 

sequence with a 54° pulse duration of 3 µs and a recycle delay of 120 s. 29Si chemical shift 

was referred to tetramethylsilane (TMS). 1H NMR spectra were collected using a Hahn-echo 

pulse sequence of p1−τ1−p2−τ2−aq with a 90° pulse p1 = 5 μs, a 180° p2 = 10 μs and τ1 = τ2 = 

0.5 μs. A recycle delay of 120 s was applied to obtain quantitative spectra. TMS was used as 

reference for 1H NMR chemical shift. Prior to 1H NMR measurements, the samples were 

dehydrated at 350 ℃ for 6 h under vacuum and then transferred into 4 mm rotors in a 
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glovebox. 1H-13C cross-polarization (CP) MAS NMR spectra were collected with a ramped 

contact pulse of 3 ms and a recycle delay of 3 s. Solid adamantane was used as reference for 

13C chemical shift. Two-dimensional (2D) 1H-29Si and 1H-13C heteronuclear correlation 

(HETCOR) spectra were collected with a rectangular contact pulse of 4 ms and 3 ms, 

respectively. 

Liquid-state NMR measurements were performed on a Bruker 400 MHz spectrometer. The 

organic template was first dissolved in deuterated water, and the resulting solution was 

transferred into a 5 mm NMR tube. 1H NMR spectra were collected with a total of 32 scans 

and a relaxation delay of 1 s. 13C NMR spectra were collected with a total of 1024 scans and 

a relaxation delay of 2 s. 

3.2.5 Catalytic activity measurements 

3.2.5.1 Benzylation of benzene with benzyl alcohol 

The liquid-phase catalytic conversion of benzyl alcohol (BA) in benzene was performed in a 

round-bottom flask equipped with a reflux condenser. The flask was heated in a temperature-

controlled oil bath. In a typical experiment, 26.7 ml (0.301 mol) of benzene was added to 0.1 

g catalyst (activated at 500 ℃ for 1 h in artificial air) in a glovebox. After maintaining the 

reaction mixture at 80 ℃ for 0.5 h under stirring, 0.33 ml (0.003 mol) of BA was added. This 

moment was regarded as the initial reaction time. Liquid samples were taken periodically and 

then were separated from the solid catalyst by filtration. Afterwards, the liquid samples were 

analyzed by a gas chromatograph (Shimadzu GC-17A) with a flame ionization detector (FID) 

using a Rxi-5ms capillary column (Restek, 30 m × 0.25 mm × 0.5 µm).  

3.2.5.2 Acylation of anisole with acetic anhydride 

The liquid-phase catalytic conversion of acetic anhydride in anisole was carried out in the 

same equipment as described in Part 2.5.1. Typically, 20.98 ml (0.193 mol) of anisole was 

added to 0.2 g catalyst (activated at 500 ℃ for 1 h in artificial air) in a glove box. After 

maintaining the mixture at 70 ℃ for 0.5 h under stirring, 1.89 ml (0.020 mol) of acetic 

anhydride was added. This moment was regarded as the initial reaction time. Liquid samples 

were taken and analyzed following the same way used in Part 2.5.1. 

3.2.5.3 Hydroconversion of n-hexadecane 

The hydroconverion of n-hexadecane (n-C16) was performed in a downstream fixed-bed 

continuous flow reactor. Typically, the catalyst (sieve fraction 125-250 µm) was dried in the 

reactor at 200 ℃ for 1 h under He flow at atmospheric pressure. After cooling the reactor to 
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50 ℃, the catalyst was reduced at 400 ℃ (heating rate 3 ℃/min) for 1 h under H2 flow at 

atmospheric pressure. The reactor was then cooled to 150 ℃ and pressurized to 60 bar with 

H2, followed by wetting the packed bed with n-C16 flow (1 ml/min) for 10 min. The reaction 

was carried out at a H2/n-C16 molar ratio of 20 and a weight hourly space velocity (WHSV) 

of 10 gn-C16 gcat
-1 h-1. Before sampling, the reaction was stabilized for 5 h at each reaction 

temperature. The reactor effluent was analyzed using an online gas chromatography (Thermo 

Scientific Focus GC) equipped with an FID detector coupled with an Rtx-1 column (Restek, 

30 m × 0.25 mm × 0.25 µm).  

3.3 Results and discussion 

3.3.1 Zeolite synthesis 

 

Figure 3.2. XRD patterns of samples synthesized using the templates shown in Figure 3.1. 

Figure 3.2 shows XRD patterns of the samples obtained at a Si/Al gel ratio of 12 using various 

templates. Phase-pure MOR zeolite was obtained from a highly alkaline (NaOH/Si = 0.6) 

inorganic gel without organic templates.48 Highly crystalline MOR zeolites were also 
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obtained with SDA2 and SDA6, whereas the use of SDA3, SDA4 and SDA5 resulted in BEA 

zeolites. No crystalline product was obtained with SDA1, even when the synthesis was 

prolonged to 6 days. The XRD patterns of the as-synthesized zeolites prepared with these 

SDAs display less intense and broader diffraction peaks compared to the reference MOR and 

BEA zeolites. This is typically attributed to reduction of the size of the crystalline zeolite 

domains.49 Moreover, when the Si/Al ratio of the gel was raised to 30, BEA zeolites were 

still obtained with SDA3, SDA4 and SDA5, whereas the use of SDA2 and SDA6 resulted, 

respectively, in an amorphous sample and a product for which the crystal phase could not be 

identified (Figures B2-B4). From the inorganic gel with a Si/Al ratio of 30, MOR zeolite was 

obtained in a low yield, pointing to poor incorporation of silicon into the zeolite as apparent 

from the low final Si/Al ratio and consistent with earlier studies (Table B3).50, 51  

 

Figure 3.3. SEM images of calcined zeolites. 

Figures 3.3 and 3.4 show SEM and TEM images of the as-prepared samples, respectively. 

As shown in Figures 3.3b-3.3f, the use of organic templates led to MOR and BEA zeolites in 
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the form of aggregates of nanosized crystals. The nanocrystalline morphology is also 

apparent from the TEM images. Figure 3.4 shows that the  MOR-SDA2-12 and MOR-SDA6-

12 samples consist of nanoparticles in the 20-50 nm range. Even smaller crystals (15-30 nm) 

were obtained for BEA-SDA3-12, BEA-SDA4-12 and BEA-SDA5-12. In contrast, MOR-

12-Con obtained from a gel without organic template presents large (> 100 nm) crystallites. 

BEA-12-Con prepared using TEAOH as the SDA resulted in large spherical particles (0.5-2 

μm in diameter) with a rough surface in line with literature.47, 52 

 

Figure 3.4. Representative TEM images of calcined zeolites. 

The textural properties of the calcined samples were characterized by Ar physisorption. All 

isotherms show a steep uptake below P/P0 = 0.02, indicating the existence of micropores 

(Figure 3.5).53 MOR-12-Con and BEA-12-Con display type-I isotherms, which are typical 

for microporous materials.54 Samples prepared with SDA2-6 have a type-IV isotherm with a 

hysteresis loop, corresponding to the interparticle capillary condensation due to the presence 

of small crsytals.45 The resulting textural properties are shown in Table 3.1. MOR-SDA2-12 

and MOR-SDA6-12 present significantly higher external surfaces of 99 and 93 m2 g-1, 

respectively, as compared to MOR-12-Con (50 m2 g-1). The external surface areas of 

nanosized BEA prepared with SDA3, SDA4 and SDA5 are all much higher (> 240 m2 g-1) 

than external surface area of the BEA-12-Con reference (65 m2 g-1). Among the BEA zeolites, 

BEA-SDA3-12 has the highest external surface area of 308 m2 g-1. These data agree with the 

difference seen in the SEM and TEM images. Thus, the diquaternary ammonium compounds 

are effective SDAs for synthesizing nanosized MOR and BEA zeolites. 
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Figure 3.5. Ar physisorption isotherms of calcined zeolites. 

 

Table 3.1. Textural properties of the calcined zeolites determined by Ar physisorption. 

Zeolite 
SBET  

(m2 g-1) 

Vtot  

(cm3 g-1) 

Vmeso  

(cm3 g-1) 

(BJH) 

Vmicro  

(cm3 g-1) 

(t-plot) 

Sext  

(m2 g-1) 

(t-plot) 

MOR-12-Con 315 0.16 0.04 0.11 50 

MOR-SDA2-12 408 0.29 0.13 0.13 99 

MOR-SDA6-12 398 0.25 0.10 0.12 93 

BEA-SDA3-12 566 0.89 0.72 0.12 308 

BEA-SDA4-12 539 0.89 0.72 0.12 257 

BEA-SDA5-12 528 0.92 0.75 0.12 245 

BEA-12-Con 520 0.24 0.04 0.17 65 

13C NMR spectra of the 6 organic templates and the corresponding samples in their dried 

state are shown in Figure B5. These NMR spectra of the as-prepared samples match well 

with those of the pure SDAs, showing that they are stable during the crystallization process. 
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The TGA profiles determined in artificial air of the as-prepared samples are presented in 

Figure B6. For MOR-12-Con, the total weight loss below 250 ℃ of ~9 wt% can be related 

to the removal of physisorbed water (<150 ℃) and water bonded to the zeolite framework 

(150-250 ℃).55 The corresponding weight loss for the other zeolites was much lower (< 4 

wt%), which can be attributed to the presence of organic template in the zeolite micropores. 

The weight loss above 250 ℃ occurs in two steps due to the combustion of the organic 

template. The first weight-loss feature between 250-500 ℃ is likely due to the elimination of 

organic molecules on and close to external surface. The second weight loss in the range of 

500-650 ℃ relates to the decomposition of organic species within zeolite pores. This aspect 

will be further investigated below. The TGA curve for Amor-SDA1-12 contains only a single 

feature, consistent with the absence of micropores of this amorphous material. Combined 

with the 13C NMR data, these results demonstrate that SDA2-6 can direct the formation of 

nanosized MOR and BEA zeolites. Among the set of MOR and BEA zeolites, MOR-SDA2-

12 and BEA-SDA3-12 were selected for further investigation of the crystallization process 

because of their favorable textural properties, viz. the largest external surface. 

3.3.2 Crystallization process 

The above results show that nanosized MOR and BEA zeolite crystals can be obtained by 

adding different organic templates to inorganic gels that otherwise give rise to bulk MOR. 

This implies a crucial role of the organic template for obtaining zeolite nanoparticles. It is 

therefore interesting to understand how the presence of organic template affects the 

precursors giving rise to zeolites with such distinctive topology and texture. For this purpose, 

the solid products obtained at different crystallization times were investigated.  

The crystallization curves of the three zeolite samples determined by XRD are shown in 

Figure 3.6. The intensities of the 4 main diffraction peaks (2θ = 9.8°, 22°, 25.6° and 26.2°) 

were used to calculate the relative crystallinity of the MOR zeolites. The intensities of the 

diffraction peaks at 2θ = 7.7° and 22.2° were chosen to calculate the relative crystallinity of 

the BEA samples. MOR-12-Con-24 and BEA-SDA3-72 were used as fully crystallized 

references for the MOR and BEA zeolites, respectively. Crystalline MOR zeolite can be 

obtained in 24 h from an inorganic gel. On the other hand, it took more than 70 h to fully 

crystallize MOR-SDA2-12 and BEA-SDA3-12. Notably, diffraction peaks are not observed 

after 48 h crystallization, implying a long induction period (Figure B7). The crystal growth 

times for MOR-12-Con and MOR-SDA2-12 are comparable (~6 h), while the crystal growth 

stage of BEA-SDA3-12 was slightly longer. 
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Figure 3.6. Relative crystallinities of obtained solid samples at different crystallization time 

based on XRD analysis.  

The morphology of the intermediate products was determined by SEM and TEM (Figures 

3.7, 3.8, B8 and B9). For MOR-12-Con, worm-like particles with a size of 0.1-2 mm were 

obtained after 12 h of crystallization (Figure 3.7a). This morphology has been observed 

before for amorphous aluminosilicates.56 Prolonging the crystallization time to 18 h led to an 

additional phase mainly consisting of plates (Figure 3.7b). After 20 h, the fraction of this 

plate-like material was slightly higher (Figure 3.7c). The final MOR-12-Con material 

consisted of particles  with a size in the 100-600 nm range with an inhomogeneous 

morphology (Figure 3.7e). MOR-SDA2-12 consisted of nanoparticles with a primary 

diameter of 20-50 nm aggregated into secondary particles with a typical size of 200 nm after 

12 h hydrothermal treatment (Figure 3.8a). The significantly smaller size of the zeolite 

nanoparticles compared to MOR-12-Con is due to interruption of zeolite growth by the 

organic template. Prolonging crystallization from 12 h to 64 h did not substantially change 

this morphology (Figures 3.8a-3.8e and B9a). Slightly smaller nanoparticles (15-40 nm) were 

observed for the sample obtained after 66 h (Figure 3.8f). In the period between 66 h and 72 

h, rapid crystal growth took place (Figure 3.6), resulting in the final zeolite nanoparticles 

with sizes between 20 and 50 nm after 72 h hydrothermal treatment (Figure 3.8h). For BEA-

SDA3-12, aggregated particles with a primary size smaller than 50 nm were formed 

throughout the whole synthesis process. (Figures B8 and B9b). These findings show that the 

size of solid intermediates is significantly reduced from larger than 100 nm to less than 50 

nm by the presence of the SDAs, while comparable Si/Al ratios and yields of solid products 

were observed throughout the synthesis for each synthetic system regardless of the presence 

of the SDAs (Tables B5, B6 and B7). 
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Figure 3.7. SEM images of solid samples obtained at different crystallization times of MOR-

12-Con. 

 

Figure 3.8. SEM images of solid samples obtained at different crystallization times of MOR-

SDA2-12. 
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Figure 3.9. 29Si MAS NMR spectra of samples obtained at different crystallization times: (a) 

MOR-12-Con, (b) MOR-SDA2-12 and (c) BEA-SDA3-12. 

The Si coordination in the solid products was investigated by 29Si MAS NMR spectroscopy. 

As shown in Figure 3.9, the NMR spectra of samples obtained after hydrothermal treatment 

for 12 h contain a broad feature in the range between -80 and -120 ppm. Main features at 91 

ppm, 102 ppm, 106 ppm and 112 ppm can be observed, corresponding to Q2(0Al), 

Q3(0Al)/Q4(2Al), Q4(1Al) and Q4(0Al) sites, respectively.57, 58 Notably, the Si coordination 

does not substantially change during the induction period. During crystal growth, the relative 

intensity of the Q4(0Al) peak gradually increased towards the final intensity observed for the 

fully crystallized zeolite. Together with the XRD data, these findings confirm that zeolite 

crystallization comprised induction and crystal growth stages with significant condensation 

mainly taking place during the latter stage. Similar trends in Si speciation have been observed 

in previous work in which the synthesis of MOR and BEA zeolites by dry gel conversion 

was studied in detail.59, 60 



67 
 

 

Figure 3.10. IR spectra of solid samples obtained at different crystallization times: (a) MOR-

12-Con, (b) MOR-SDA2-12 and (c) BEA-SDA3-12. 

A common view about zeolite synthesis is that precursor units formed during the induction 

stage assemble into zeolite crystals.58, 61, 62 The presence of specific features in the solid 

products was investigated by IR spectroscopy (Figure 3.10). A band at 560 cm-1 present 

during the whole synthesis of MOR-12-Con has been linked to five-membered rings (5MR) 

silicate species.63 This does not necessarily mean that these species are involved in crystal 

growth. During the crystal growth stage (20-24 h), two other bands appear at 580 cm-1 and 

640 cm-1 assigned to 5MR and four-membered rings (4MR), respectively.63, 64 A similar trend 

in the IR spectra is observed for the MOR sample synthesized with SDA2, showing that the 

5MR-containing motives are already present in the induction period, while formation of 4MR 

goes together with crystal growth. Thus, the synthesis of MOR-12-Con and MOR-SDA2-12 

appears to follow a classical mechanism involving induction, nucleation and crystal growth. 

The longer induction period for MOR-SDA2-12 is likely due to the interactions between the 

organic template and the aluminosilicate precursors.61 For the sample synthesized with SDA3, 

the band at 560 cm-1 corresponding to 5MR is also observed during the induction period.58 

After prolonging the hydrothermal treatment time from 60 h to 72 h, two characteristic bands 

of BEA zeolite at 460 cm-1 and 518 cm-1 assigned to internal and external T-O-T bending 

vibrations, respectively, are visible,65 which corresponds well with the evolution in 

crystallinity determined by XRD during BEA-SDA3-12 synthesis.  
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Figure 3.11. TG (left) and DTG (right) curves of samples obtained at different crystallization 

times: (a and b) MOR-SDA2-12 and (c and b) BEA-SDA3-12. 

TG-DTG measurements of MOR-SDA2-12 and BEA-SDA3-12 were performed to 

investigate the interactions between the organic template and the aluminosilicate 

intermediates. The TG-DTG curves in Figure 3.11 show three weight-loss steps. The first 

weight-loss feature below 250 ℃ can be attributed to the desorption of water.55 The other 

two weight-loss features  in the 250-660 ℃ range are mainly due to the oxidation of organics 

at or close to the zeolite external surface and inside the zeolite micropores. Notably, already 

during the induction stage both MOR and BEA precursors contain a substantial amount of 

SDA (> 8.6 wt%, Tables B6 and B7), indicative of the strong interactions between the SDA 

and the aluminosilicate precursor species. Moreover, the third weight-loss feature becomes 

stronger and shifts to higher temperature during the crystallization stage. This trend is 

consistent with the assignment of this weight-loss feature to organics occluded in the 

micropores formed during crystallization. These results further underpin that SDA2 and 
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SDA3 were included in the micropores during SDA-directed synthesis of MOR and BEA 

zeolite.  

 

Figure 3.12. 1H-29Si HETCOR NMR spectra of as-prepared zeolites: (a) MOR-SDA2-12 and 

(b) BEA-SDA3-12 (assignment to different H atoms in SDA in top panels). 

2D 1H-29Si HETCOR NMR spectroscopy measurements were carried out to investigate the 

zeolite-SDA interaction in more detail. This allows resolving short-range (< 1 nm) 

interactions between 29Si and 1H spins.66-68 The 29Si projection of the spectrum in Figure 3.12a 

contains two main peaks around -106 and -113 ppm, which are due to Q4(1Al) and Q4(0Al) 

zeolite framework species,57 respectively. The 1H projection contains three peaks, which can 

all be correlated to SDA2. The 1H peaks in Figure 3.12a were identified by recording separate 

1H NMR spectrum (Figure B1b), 1H-13C CPMAS NMR spectrum (Figure B5b) and 1H-13C 

HETCOR NMR spectrum (Figure B10a). The 1H signals at 3.7 ppm and 5.1 ppm are strongly 

correlated with the signals due to Q4(1Al) and Q4(0Al) framework species, resulting in 4 

distinct peaks in the 2D spectrum. Besides, a weak cross-peak between a feature at 2.2 ppm 

in 1H dimension and a feature at -114 ppm in the 29Si dimension is present in the 2D spectrum. 

Similarly, strong correlation signals between features assigned to the various protons of 

SDA3 and Si atoms of the BEA zeolite framework can be distinguished in the 2D NMR 

spectrum in Figure 3.12b. These NMR data further underpin that SDA2 and SDA3 are 

predominantly present in the micropores of respectively MOR and BEA zeolites.  
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3.3.3 Acidity  

Next, the acidic properties of the calcined zeolites in their proton form were characterized. 

The Si/Al ratios of MOR-12-Con and MOR-SDA2-12 of respectively 8.4 and 9.2 (Table 3.2) 

are both lower than the Si/Al ratio in the initial gels. The Si/Al ratios of BEA-12-Con and 

BEA-SDA3-12 of 11.3 and 11.7, on the other hand, are close to the initial gel ratio. The Al 

coordination was investigated by 27Al MAS NMR spectroscopy. The 27Al NMR spectra in 

Figure 3.13a exhibit a strong signal at ∼54 ppm assigned to tetrahedrally coordinated Al 

species in the zeolite framework (AlF), while the presence of a comparatively weak signal at 

∼0 ppm is attributed to extraframework Al species in octahedral coordination.21, 67 

Deconvoluting these spectra shows that most Al atoms are incorporated into the zeolite 

framework (Table B8). The Si coordination environment was studied by 29Si MAS NMR 

spectroscopy. The relevant spectra in Figure 3.13b consist of 4 signals due to asymmetric 

Q4(0Al), symmetric Q4(0Al), Q4(1Al) and Q4(2Al)/Q3(0Al) sites.57 The fractional 

contributions obtained by deconvolution were used to calculate the Si/Al ratio of the zeolite 

framework. As shown in Table B8, MOR-12-Con has a lower framework Si/Al ratio (6.8) 

than MOR-SDA2-12 (8.5), while similar framework Si/Al ratios of 10.5 and 10.3 were 

determined for BEA-12-Con and BEA-SDA3-12, respectively. Notably, the Si/AlF ratios 

determined by 29Si NMR are lower than the bulk Si/Al ratios. The reason for this discrepancy 

is that the Q3(0Al) and Q4(2Al) signals strongly overlap. For deconvolution of these spectra, 

we assumed that there are no Q3(0Al) sites, which can explain the lower  Si/AlF ratios. Such 

a systematic difference when using this assumption has been discussed by others.57, 69 The 

presence of Q3(0Al) in these samples is supported by the relatively higher intensity of the 

Q4(2Al)/Q3(0Al) sites in comparison to Q4(0Al) sites in the 1H-29Si CPMAS NMR spectra 

when contrasted to 29Si MAS NMR spectra (Figure B11).69, 70 
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Figure 3.13. (a) 27Al MAS NMR and (b) 29Si MAS NMR spectra of the calcined zeolites. 

 

Table 3.2. Elemental analysis and acidic properties of the calcined zeolites. 

Zeolite 
Si/Al 

(ICP) 

[BAS]a 

(μmol g-1) 

[BAS]b 

(μmol g-1) 

[LAS]c 

(μmol g-1) 

MOR-12-Con 8.4 1291 1015 41 

MOR-SDA2-12 9.2 841 753 120 

BEA-12-Con 11.3 -- 961 378 

BEA-SDA3-12 11.7 -- 704 484 

a Concentration of BAS determined by 1H MAS NMR spectra. 

b Concentration of BAS determined by IR spectra of adsorbed pyridine after evacuation for 

1 h at 150 ℃. 
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c Concentration of LAS determined by IR spectra of adsorbed pyridine after evacuation for 

1 h at 150 ℃. 

The acidic properties of zeolites were characterized by IR spectroscopy after adsorption of 

pyridine and subsequent evacuation at 150 ℃, 300 ℃ and 500℃. The relevant spectra given 

in Figure B12 contain two bands at 1455 cm-1 and 1545 cm-1 due to pyridine adsorbed on 

Lewis acid sites (LAS) and Brønsted acid sites (BAS),45, 71 respectively. The amount of BAS 

and LAS based on spectra obtained after evacuation at 150 ℃ are given in Table 3.2. For 

BEA zeolites, the corresponding numbers represent the total acidic concentration, because 

all the pores are accessible for pyridine. As shown in Table 2, BEA-SDA3-12 displays a 

lower BAS concentration but a higher LAS concentration as compared to BEA-12-Con. For 

the MOR zeolite, pyridine is too large to probe all of the acid sites. According, we first 

determined the total acidity for the MOR zeolites using 1H MAS NMR spectroscopy of well-

dehydrated samples (Figure B13 and Table 3.2). Compared with MOR-12-Con, MOR-

SDA2-12 presents a lower total BAS concentration. 

It has been demonstrated that there is a distribution of BAS in MOR zeolites related to their 

location in 12MR straight channels, 8MR side pockets and at the interface of these two 

locations (8/12MR).50, 72, 73 The different confinement in these pores can profoundly impact 

the catalytic performance. For instance, BAS in side-pockets are very active for the 

carbonylation of dimethyl ether to methyl acetate due to effective stabilization of acetyl 

intermediates in 8MR channels, whereas BAS in 12MR channels mainly lead to the formation 

of coke.74, 75 Reactants involving bulky reactants mainly occur in 12MR channels and at the 

external surface.76 Therefore, the BAS distribution in MOR-12-Con and MOR-SDA2-12 

were further investigated. The distribution of BAS was evaluated by deconvolution of the 

hydroxyl stretching region of IR spectra of the dehydrated zeolites.77 As shown in Figure 

3.14 right and Table B9, MOR-SDA2-12 contains a higher fraction (64%) of side-pocket 

BAS as compared to MOR-12-Con (49%). The accessibility of BAS was investigated by 

tracing the evolution of IR bands assigned to BAS sites upon pyridine adsorption and 

subsequent desorption at different evacuation temperatures. Figure 3.14 left shows that the 

relative decrease of the band due to BAS is larger for MOR-SDA2-12 as compared to MOR-

12-Con. This indicates that more side-pocket BAS of MOR-SDA2-12 are accessible for 

pyridine. For both samples, the hydroxyl bands shift to higher wavenumbers upon pyridine 

desorption at 500 ℃, suggesting that the recovery of BAS is mainly from 12MR channels 

and the 8/12MR interfaces.  
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Figure 3.14. (Left) IR spectra of the calcined MOR zeolites: (a) after pyridine adsorption and 

evacuation at 150 ℃, (b) evacuation at 300 ℃, (c) evacuation at 500 ℃ and (d) hydroxyl 

region of IR spectra of MOR zeolites before pyridine adsorption; (right) deconvolution into 

contributions of hydroxyl groups due to 12MR, 8MR and 8/12MR interfaces as well as 

hydroxyl groups connected to EFAl species. 

3.3.4 Catalytic activity 

It has been firmly established that pore hierarchization in microporous zeolites can 

substantially improve the catalytic performance.4, 14 Reducing the crystal size of zeolites 

below 100 nm is one such approach that benefits reactions with bulky reactants and reactions 

in which competing consecutive reactions of products can lead to lower selectivity to desired 

products or catalyst deactivation.8 For instance, nanocrystalline zeolites perform better in 

Friedel-Crafts alkylation and acylation reactions than bulk zeolites.78 As nanosized MOR and 

BEA zeolites are promising for the alkylation of benzene with benzyl alcohol and the 

acylation of anisole with acetic anhydride, respectively,76, 79 we evaluated the optimized 

nanosized MOR and BEA zeolites prepared in the present study using these two model 

reactions compared to the bulk reference zeolites. Pt/BEA zeolite was also evaluated for the 

hydroconversion of n-C16. Paraffins hydroisomerization and hydrocracking are industrially 

important reactions for hydrocarbon processing.80, 81  
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3.3.4.1 Benzylation benzene with benzyl alcohol 

 

Figure 3.15. (Left) Reaction pathways for benzylation of benzene with benzyl alcohol (BA) 

and (right) catalytic conversion of BA over MOR zeolite samples at 80 ℃. 

The conversion of benzyl alcohol (BA) for nanosized and bulk MOR zeolite as a function of 

reaction time is shown in Figure 3.15. After 240 min, the BA conversion over MOR-12-Con 

is limited to 50% with a diphenylmethane (DPM) selectivity 72%. MOR-SDA2-12 presents 

a much higher catalytic activity with BA, being completely converted after 90 min at a DPM 

selectivity of 90%. As the benzylation of benzene with BA requires strong BAS with 

relatively large product molecules (Figure 3.15 left and Scheme B1), the acidity and the 

accessibility of the BAS are the two most important factors that determine the benzylation 

reaction.82, 83 As the kinetic diameters of the reactants and products (~0.5 nm) are slightly 

smaller than the kinetic diameter of pyridine, it is reasonable to assume that the active sites 

for benzylation are the acid sites probed by pyridine IR. MOR-SDA2-12 presents a lower 

amount of such BAS than MOR-12-Con (Table 3.2). Thus, the higher activity and DPM 

selectivity of MOR-SDA2-12 can be ascribed to the significantly smaller zeolite crystal size.  
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3.3.4.2 Acylation anisole with acetic anhydride 

 

Figure 3.16. (Left) The mechanism of anisole acylation and (right) catalytic conversion of 

acetic anhydride over BEA zeolite samples at 70 ℃. 

The acylation of anisole with acetic anhydride was chosen as a model reaction to evaluate 

the catalytic performance of BEA zeolites. The formation of p-methoxyacetophenone (p-

MAP) over o-methoxyacetophenone (o-MAP) is strongly favored for BEA-12-Con and 

BEA-SDA3-12 with a selectivity over 98%. Such a high p-MAP selectivity is generally 

observed for a wide range of catalysts with little influence of confinement of the active sites.84 

Figure 3.16 right shows that BEA-SDA3-12 exhibits a higher activity than BEA-12-Con, 

providing an p-MAP yield of 57% (p-MAP selectivity 85%) after 6 h reaction. BEA-12-Con 

shows a lower yield of 39% (p-MAP selectivity 81%) after 6 h reaction (Table B10). Strong 

BAS are required for the activation of the nucleophilic carbonyl group of acetic anhydride to 

form the acylium intermediates, which will further react with anisole to form p-MAP (Figure 

3.16 left and Scheme B2).85 The large p-MAP product is strongly adsorbed to the surface and 

tends to form products that can be considered as coke decreasing the accessibility of the acid 

sites.86, 87 Considering that BEA-SDA3-12 contains less BAS than Con-BEA-12 (Table 3.2), 

the higher catalytic activity of BEA-SDA3-12 can be attributed to the better accessibility of 

the active sites. Thus, the shorter diffusion pathways in the zeolite domains lead to a higher 

activity. 

3.3.4.3 Hydroconversion of n-hexadecane 

The two BEA zeolites were also evaluated for the hydroconversion of n-C16 after loading 0.5 

wt% Pt. This metal loading amount is generally deemed sufficient to ensure 

isomerization/cracking reactions of intermediate olefins on the BAS as the rate-determining 
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step during n-alkane hydroconversion reactions.9 Elemental analysis confirms that the actual 

Pt loading is close to the targeted value for both catalysts. ADF-STEM images (Figure B14) 

demonstrate a high Pt dispersion with average particle sizes of 1.3 ± 0.2 nm and 1.1 ± 0.2 nm 

for Pt/BEA-12-Con and Pt/BEA-SDA3-12, respectively. Thus, based on the similar metal 

function for the two bifunctional catalysts, differences in the catalytic performance can be 

attributed to differences in the acidic zeolite component. 

 

Figure 3.17. (a) Conversion of n-C16 as a function of the reaction temperature and (b) yield 

of isomers and cracked hydrocarbon products as a function of n-C16 conversion. 

Figure 3.17a shows the conversion of n-C16 as a function of reaction temperature. The less 

acidic Pt/BEA-SDA3-12 displays a lower reaction activity than Pt/BEA-12-Con. Astafan et 

al. reported that the activity of  n-C16 hydroconversion over Pt/BEA was proportional to the 

concentration of BAS probed by pyridine at 150 ℃, regardless of the zeolite crystal size.90 

This can most likely be explained by the fact that the n-C16 hydroconversion reaction is not 

limited by mass transport under the given reaction conditions. It is also common that pore 

hierarchization of BEA zeolite impedes the amount of BAS and, thus, the activity for 

hydroconversion of n-alkanes.89 Therefore, the lower reaction activity of Pt/BEA-SDA3-12 

can be attributed to the lower acidity of the nanosized sample in line with the activity in n-

alkane hydroisomerization reactions being proportional to the intrinsic acidity.88 Figure 3.17b 

shows the differences in the product distribution between the two catalysts. For both catalysts, 

the yield of isomers gradually increases with reactant conversion until a maximum is reached, 

after which cracking becomes the dominant route. The origin of this dependence of the 

product distribution is well understood in terms of skeletal isomerization of linear alkanes, 

leading to multibranched isomers whose olefinic counterparts are easier to crack.81 Notably, 

the maximum isomer yield of 29.3% for Pt/BEA-SDA3-12 is much higher than the 
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corresponding yield of 14.6% for Pt/BEA-12-Con. The work of Astafan et al. showed that 

the maximum yield of isomer can be correlated to the BEA zeolite crystal size.90 Reducing 

the zeolite crystal size reduces the residence time of olefinic intermediates within the zeolite 

domains and, therefore, limits consecutive reactions.9 As the activity comparison excludes 

diffusion limitations, it is more likely that the selectivity is improved by the larger external 

surface, which benefits the desorption of intermediate olefins from the zeolite domains.10, 91 

Thus, the higher yield of isomers over  Pt/BEA-SDA2-12 can be explained by the smaller 

crystal size. The beneficial effect of nanosizing BEA zeolite is also clear from the more 

symmetric cracked product distribution for Pt/BEA-SDA2-12 (Figure B15).  

3.4 Conclusions  

This work describes the facile and economical synthesis of nanosized MOR and BEA zeolites 

by using simple bromide-form diquaternary ammonium compound as the sole organic 

template. The specific formation of MOR or BEA zeolites strongly depends on the size, 

geometry, and structural rigidity of organic templates. SDA2 and SDA6 give MOR zeolites, 

while SDA3-5 give BEA zeolites. The optimized  nanosized zeolites are MOR-SDA2-12 

(Si/Al = 9.2, 20-50 nm) and BEA-SDA3-12 (Si/Al = 11.7, 15-30 nm). While bulk MOR-12-

Con (> 100 nm) can be obtained within 24 h from a completely inorganic gel, the strong 

interaction between organic templates and aluminosilicate precursors results in an extended 

induction period (~48 h) for SDA2 and SDA3, effectively decreasing the aluminosilicate 

precursor size below 50 nm. MOR-12-Con and MOR-SDA2-12 display a similar crystal 

growth behavior, viz. a quick crystal growth (~6 h) via reorganization in the solid state. 

Specific strong framework stabilization by the pore-filling template molecules is decisive for 

the final zeolite topology. Despite their lower acidity, nanocrystalline MOR-SDA2-12 and 

BEA-SDA3-12 are more active than their corresponding bulk counterparts in the alkylation 

of benzene with benzyl alcohol and the acylation of anisole with acetic anhydride, 

respectively, due to the enhanced mass transport ability and better accessibility of the 

Brønsted acid sites. In hydroconversion of n-C16, Pt/BEA-SDA3-12 shows much higher 

isomer yield than Pt/BEA-12-Con, which is explained by shorter residence times of olefinic 

intermediates in the smaller zeolite crystals. Overall, this work not only shows a facile route 

to synthesize nanosized MOR and BEA zeolites with excellent catalytic performance by 

using simple organic molecules, but also provides better insight into the crystallization 

behavior.  
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Figure B1. Liquid-state 1H NMR spectra of organic structure-directing agents (SDA) used 

in this work. 
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Figure B2. XRD patterns of samples synthesized using the templates shown in Figure 3.1 

(recipe: Si/Al = 30). 

 

Figure B3. SEM images of calcined zeolites (recipe: Si/Al=30). 
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Figure B4. Ar physisorption isotherms of calcined zeolites (recipe: Si/Al=30).  
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Figure B5. Liquid-state 13C NMR spectra (red line) of SDA in D2O solution: (a) SDA1, (b) 

SDA2, (c) SDA3, (d) SDA4, (e) SDA5 and (f) SDA6; Solid-state 1H-13C CPMAS NMR 

spectra (black line) of as-prepared samples: (a) Amor-SDA1-12; (b) MOR-SDA2-12; (c) 

BEA-SDA3-12; (d) BEA-SDA4-12; (e) BEA-SDA5-12 and (f) MOR-SDA6-12. 
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Figure B6. (a) TG and (b) DTG of as-prepared samples.  

 

 

Figure B7. XRD patterns of solid samples obtained at different crystallization times: (a) 

MOR-12-Con, (b) MOR-SDA2-12 and (c) BEA-SDA3-12. 
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Figure B8. SEM images of solid samples obtained at different crystallization times of  BEA-

SDA3-12. 

 

 

Figure B9. TEM images of solid products: (a) MOR-SDA2-12-(48 h) and (b) BEA-SDA3-

12-(48 h). 
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Figure B10. 1H-13C HETCOR NMR spectra of as-prepared zeolites: (a) MOR-SDA2-12 and 

(b) BEA-SDA3-12 (assignment to different H atoms in SDA in top panels). 
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Figure B11. 29Si MAS NMR and 1H-29Si CPMAS spectra of the calcined zeolites: (a) MOR-

12-Con, (b) MOR-SDA2-12, (c) BEA-12-Con and (d) BEA-SDA3-12. 
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Figure B12. IR spectra of pyridine adsorbed on zeolites: (a) MOR-12-Con, (b) MOR-SDA2-

12, (c) BEA-12-Con and (d) BEA-SDA3-12. 
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Figure B13. 1H NMR spectra of dehydrated samples: (a) MOR-12-Con and (b) MOR-SDA2-

12. 

 

 

Figure B14. ADF-STEM images of reduced samples: (a) Pt/BEA-12-Con and (b) Pt/BEA-

SDA3-12. 
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Figure B15. The distribution of cracked products at ca. 50% n-C16 conversion. 

 

Table B1. Prices of chemicals used for organic template synthesis. 

Chemical Supplier Price 

1,6-dibromohexane TCI, > 97.0% 52.00 €/500 g 

α,α′-dibromo-p-xylene TCI, > 98.0% 64.00 €/25 g 

N-methypyrrolidine TCI, > 98.0% 80.00 €/500 ml 

N-methylpiperidine TCI, > 99.0% 90.00 €/500 ml 

1,4-diazabicyclo[2.2.2]octane TCI, > 98.0% 91.00 €/500 g 

 

Table B2. Solid yields and Si/Al ratios of zeolite samples obtained at a Si/Al gel ratio of 12. 

Zeolite Si/Al Yield (%)a 

MOR-12-Con 8.4 69.9 

MOR-SDA2-12 9.2 76.6 

MOR-SDA6-12 9.8 81.1 

BEA-SDA3-12 11.7 75.3 

BEA-SDA4-12 11.9 60.3 

BEA-SDA5-12 12.0 64.1 

BEA-12-Con 11.3 59.7 
a Based on the inorganic sources introduced in the initial gel. 
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Table B3. Solid yields and Si/Al ratios of zeolite samples obtained at a Si/Al gel ratio of 30. 

Zeolite Si/Al Yield (%)a 

MOR-30-Con 13.4 43.4 

BEA-SDA3-12 14.3 35.1 

BEA-SDA4-12 15.8 51.4 

BEA-SDA5-12 14.9 41.7 
a Based on the inorganic sources introduced in the initial gel. 

Table B4. Textural properties of calcined zeolites determined by Ar physisorption. 

Zeolite 
SBET  

(m2 g-1) 

Vtot  

(cm3 g-1) 

Vmeso  

(cm3 g-1) 

(BJH) 

Vmicro  

(cm3 g-1) 

(t-plot) 

Sext  

(m2 g-1) 

(t-plot) 

MOR-30-Con 303 0.14 0.02 0.12 37 

BEA-SDA3-30 648 0.98 0.79 0.10 370 

BEA-SDA4-30 604 1.08 0.90 0.11 313 

BEA-SDA5-30 549 0.85 0.69 0.10 295 

 

Table B5. Changes in the solid yield and chemical compositions along with the synthesis 

time for MOR-12-Con. 

Synthesis time (h) Solid yield (wt %)a Si/Al 

12 77.3 9.0 

18 77.1 9.1 

20 75.0 8.8 

24 69.9 8.4 
a Based on the inorganic sources introduced in the initial gel. 
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Table B6. Changes in the solid yield and chemical compositions along with the synthesis 

time for  MOR-SDA2-12. 

Synthesis time 

(h) 

Solid yield  

(wt %)a 
Si/Al 

Organic content  

(wt %) 

12 75.1 9.1 8.7 

60 74.7 9.2 9.2 

66 76.0 9.1 9.6 

72 76.6 9.2 9.1 
a Based on the inorganic sources introduced in the initial gel. 

 

Table B7. Changes in the solid yield and chemical compositions along with the synthesis 

time for BEA-SDA3-12. 

Synthesis time  

(h) 

Solid yield  

(wt %)a 
Si/Al 

Organic content  

(wt %) 

12 76.2 9.2 11.8 

48 78.2 9.4 12.3 

60 79.5 10.1 15.4 

72 75.3 11.7 21.5 
a Based on the inorganic sources introduced in the initial gel. 

 

Table B8. Al and Si distributions of the proton form zeolites. 

Zeolite 

27Al NMRa 29Si NMR 

Si/AlF
b 

 

AlIV 

 

AlVI 

Q4(2Al) 

and 

Q3(0Al) 

 

Q4(1Al) 

 

Q4(0Al) 

MOR-12-Con 80 20 13 33 54 6.8 

MOR-SDA2-12 83 17 10 27 63 8.5 

BEA-12-Con 74 26 5 28 67 10.5 

BEA-SDA3-12 70 30 7 25 68 10.3 

a AlIV determined by integration of NMR signal between 20 and 100 ppm; AlVI determined 

by integration of NMR signal between 20 and -50 ppm. 
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b Framework Si/Al=2 Σ ISi(nAl)/ Σ0.25∙n∙ISi(nAl) with assuming that Q3(0Al) does not 

contribute to the intensity of Q4(2Al)/ Q3(0Al), n = 0-4. 

Table B9. BAS distribution derived from deconvoluted IR spectra of MOR zeolites. 

Zeolite 
BAS in 8MR  

(%) 

BAS in 8/12MR 

(%) 

BAS in 12MR  

(%) 

MOR-12-Con 49 30 21 

MOR-SDA2-12 64 25 11 

 

Table B10. Catalytic performance of the acylation of anisole with anhydride over BEA 

zeolites after 6 h reaction. 

Zeolite 
Acetic anhydride conversion  

(%) 

p-MAP yield (selectivity) 

 (%) 

BEA-12-Con 48 39 (81) 

BEA-SDA3-12 67 57 (85) 

p-MAP: p-methoxyacetophenone. 
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Scheme B1. Reaction pathways for benzylation of benzene with benzyl alcohol. 
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Scheme B2. Reaction pathway for acylation of anisole with acetic anhydride (p-

methoxyacetophenone as the product). 
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Chapter 4 

Direct synthesis of Al-rich ZSM-5 nanocrystals with 

improved performance in aromatics formation from 

methane and methanol  

Abstract 

Nanosized ZSM-5 (< 100 nm) zeolites with high acidity (Si/Al < 15) can bring distinct 

advantages in their use as catalysts for the synthesis of valuable aromatics in C1 chemistry. 

Synthesis of such nanosized zeolites in a cheap and scalable manner remains a challenge. 

Herein, nanosized ZSM-5 (20-50 nm) with high acidity (Si/Al = 10.9) was hydrothermally 

synthesized in excellent yield using p-phenylenedimethylene-bis(tripropylammonium) 

(Pr3N-benzyl-NPr3) as the sole organic structure-directing agent (OSDA). By investigating 

the solid products formed during zeolite synthesis, it was found that crystallization follows a 

solid-state transformation mechanism. An in-depth NMR study combined with TGA 

measurements reveals that, after early electrostatic interaction between condensed 

aluminosilicate and the head groups of OSDA, ZSM-5 crystallizes around  the OSDA. Owing 

to the high acidity and improved mass transfer, such nanosized ZSM-5 demonstrates 

enhanced productivity in the formation of aromatics by methanol dehydration and non-

oxidative dehydroaromatization of methane reactions in comparison to reference bulk ZSM-

5. 
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4.1 Introduction 

Zeolites are crystalline porous aluminosilicates possessing channels and cavities with size in 

the range of molecules.1-3 ZSM-5 is widely used as heterogeneous catalyst in environmental 

chemistry, fine chemistry and petrochemistry.4-6 Its MFI topology contains zigzag channels 

along the a-axis (0.51 nm × 0.55 nm) and straight channels along the b-axis (0.53 nm × 0.56 

nm). The broad application of ZSM-5 zeolite catalysts in industrial chemical processes is 

related to its high (hydro)thermal stability, suitable shape selectivity and tunable acidity.7 

Among the many aspects that affect the performance of zeolites, the realization that the 

crystal size has a profound impact on the performance has led to many approaches to control 

the zeolite domain/crystal size.8, 9 For instance, Ryoo and co-workers demonstrated that, by 

reducing ZSM-5 crystal thickness to the single unit cell dimension, catalyst deactivation by 

coke deposition during methanol-to-hydrocarbons (MTH) reaction can be substantially 

suppressed.10 The reduced crystallite size not only facilitates diffusion of coke precursors out 

of the micropores but also increases the micropore utilization degree.11 By varying the Si/Al 

ratio of ZSM-5 zeolite, the acid site density can be controlled as an effective strategy to 

optimize the selectivity, activity and stability in many catalytic reactions such as the MTH 

reaction.12-14 Another example is the optimization of ZSM-5 zeolite promoted by metals such 

as Mo for the non-oxidative dehydroaromatization of methane.15, 16 As demonstrated for the 

MTH reaction, highly acidic ZSM-5 (Si/Al < 15) is effective to achieve a high aromatics 

selectivity.17 However, the high acidity will also lead to increased coke formation and faster 

catalyst deactivation.18, 19 To resolve these issue, Al-rich ZSM-5 nanocrystals (< 100 nm) can 

be used where the decreased diffusion length can improve the catalytic stability.20, 21  

The synthesis of phase-pure ZSM-5 zeolite with a low Si/Al ratio (< 12) with the most 

commonly employed tetrapropylammonium (TPA) template is difficult.22-25 Al-rich ZSM-5 

zeolites can only be obtained in a narrow window of synthesis conditions with the risk of 

forming impurity phases such as mordenite and amorphous material.26 Such challenges in 

obtaining nanosized Al-rich ZSM-5 crystals has motivated the development of alternative 

synthesis strategies.27-29 For instance, Valtchev and co-workers investigated the synthesis of 

nanosized ZSM-5 zeolite with a low Si/Al ratio (~10) by using a seed-induced crystallization 

method. The nanosized crystals (30-70 nm) obtained at low crystallization temperatures (100 

and 120 °C) displayed relatively low crystallinity.27 Okubo and co-workers investigated the 

synthesis of hierarchically intergrown ZSM-5 from an initial gel at Si/Al ratio of 11 by using 

a dimer of TPA, i.e. N, N,N,N′,N′,N′-hexapropylpentanediammonium cations (Pr6-diquat-5), 

as the organic structure-directing agent (OSDA). Although the XRD pattern of the as-

synthesized sample showed intense diffraction peaks corresponding to the MFI zeolite, a 
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large fraction of extraframework Al was observed after calcination, suggesting a poor 

incorporation of Al into the zeolite framework.28, 30 Overall, despite considerable efforts, 

synthesis of nanosized Al-rich ZSM-5 zeolites remains a challenge. 

In this work, we demonstrate a one-step hydrothermal synthesis of nanosized ZSM-5 from 

initial gels with different Si/Al ratios (11, 13 and 15) and a high NaOH/Si ratio (0.6) by using 

p-phenylenedimethylene-bis(tripropylammonium) (Pr3N-benzyl-NPr3) (Figure 4.4a) as the 

OSDA. Nanosized  ZSM-5 crystals (20-50 nm) with high yield (99%) and low Si/Al molar 

ratio of 10.9 were successfully synthesized. The crystallization behavior was investigated via 

characterizing the obtained solid products throughout the crystallization process. The 

physicochemical properties of the nanosized ZSM-5 with Si/Al ratio of 10.9 were extensively 

characterized. Finally, this nanosized Al-rich ZSM-5 zeolite was tested in MTH reaction and, 

upon impregnation with 2 wt.% Mo, in non-oxidative dehydroaromatization of methane 

(MDA) and displayed significantly improved catalytic performance as compared to a 

commercial bulk ZSM-5 zeolite. 

4.2 Experimental section 

4.2.1 Synthesis of OSDA 

0.02 mol of 1,4-bis(chloromethyl)benzene (Sigma Aldrich, 98%) was dissolved in 100 ml 

acetonitrile (Biosolve, 99.8%) and 30 ml ethanol (Biosolve, 99.9%). Then 0.08 mol of 

tripropylamine (Sigma Aldrich, ≥ 98%) was added dropwise into the solution under vigorous 

stirring. The reaction solution was heated in a round-bottom flask in an oil bath kept at 70 °C 

for 3 days under a nitrogen atmosphere. After cooling to room temperature, the solution was 

poured into 200 ml of diethyl ether (Biosolve, 99.5%) under stirring. The precipitated white 

powder was collected by filtration and washed with diethyl ether. The obtained solid product 

was dried under evacuation at 50 °C for 12 h. The successful synthesis of the OSDA was 

confirmed by 1H NMR and 13C NMR spectra (Figures C1 and C2). The product yield was 

92%.  

4.2.2 Synthesis of zeolites 

Hydrothermal synthesis of zeolites was performed in a 45 ml Teflon-lined stainless-steel 

autoclave (Parr Instruments). In a typical synthesis, 0.6 g of sodium hydroxide (Sigma 

Aldrich, ≥ 98%) was dissolved in 15.51 g of deionized water, followed by addition of 1.15 g 

OSDA. After stirring for 5 min, AlCl3∙6H2O (Alfa Aesar, 99%) was added to the mixture. 

After further stirring for 5 min, 3.75 g Ludox AS-40 (Sigma Aldrich, 40 wt%) was added 

slowly to the mixture under stirring. The final mixture had a molar composition of 12 SiO2 : 
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x Al2O3 : 3.6 Na2O : 1.2 OSDA : 480 H2O (x = 0.4-0.6). After vigorous stirring for 24 h at 

room temperature, the mixture was transferred to the autoclave and heated at 160 °C for 7 

days under tumbling in an oven (50 rpm). After hydrothermal treatment, the solid product 

was collected by centrifugation and washed with deionized water until pH < 8, followed by 

drying at 30 °C overnight under evacuation. The organic template was removed by 

calcination at 550 °C for 8 h in air. The calcined samples were converted to the ammonium 

form by triple ion exchange with 1.0 M NH4NO3 at 70 °C. The ion-exchanged samples were 

dried at 30 °C overnight under evacuation followed by calcination at 550 °C for 4 h in a 

O2/N2 (1/4 by volume) flow to obtain the final proton form. Samples were named as ZSM-5-

x, where x is the Si/Al ratio. A commercial ZSM-5 zeolite (Si/Al = 13, Süd-Chemie, now 

Clariant) was used as reference material and named ZSM-5-Con. 

Mo/ZSM-5 catalysts were prepared by wet impregnation of an aqueous solution of 

ammonium heptamolybdate tetrahydrate (NH4)6Mo7O24∙4H2O, Merck) on ZSM-5 zeolite. 

After impregnation, the samples were dried overnight at 110 °C and calcined in air at 550 °C 

for 8 h (rate 2 °C/min).  

4.2.3 Characterization  

X-ray diffraction (XRD) patterns were recorded with a Bruker D2 Phase powder 

diffractometer with Cu Kα radiation. The chemical composition of the samples were 

determined by inductively couple plasma optical emission spectrometry (ICP-OES) after 

solid dissolution in HF/HNO3 aqueous solution. Textural properties were analyzed by Ar 

physisorption at -186 °C on a Micromeritics ASAP 2020 instrument. Prior to the sorption 

measurement, the samples were outgassed at 400 °C for 6 h. The relative pressure in the 

range of 0.05-0.25 was chosen to calculate BET surface area. The t-plot method was used to 

calculate the micropore volume and external surface area, while the Barrett-Joyner-Halenda 

(BJH) method was used to calculate the mesopore volume. Thermogravimetric analysis 

(TGA) was performed on a TGA/DSC 1 instrument (Mettler Toledo) from 40 °C to 800 °C 

at a heating rate of 5 °C/min in a flow of 20 ml/min O2 and 40 ml/min He. 

Scanning electron microscopy (SEM) images were taken on a FEI Quanta 200F scanning 

electron microscope at an accelerating voltage of 3 kV. Transmission electron microscopy 

(TEM) images were obtained on a FEI Tecnai 20 at 200kV. Prior to the measurement, the 

samples were suspended in ethanol and dispersed over a holey Cu grid coated with a carbon 

film. 

The acidity of samples was determined by IR spectroscopy of adsorbed pyridine and 2,4,6-

collidine. IR spectra were collected in the range of 1000-4000 cm-1 on a Bruker Vertex 70v 
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spectrometer. The sample in the form of a pressed wafer (~10 mg, diameter 13 mm) was 

pretreated in artificial air at 550 ℃ for 1 h. After cooling to 150 ℃, a background spectrum 

was collected. Pyridine or 2,4,6-collidine was then introduced into the IR cell until saturation 

of the IR spectra was observed. Finally, the sample was outgassed for 1 h at 150 ℃, 300 ℃ 

and 500 ℃. After each step, a corresponding spectrum was collected after cooling to 150 ℃. 

Solid-state nuclear magnetic resonance (NMR) spectroscopy was carried out on a 11.7 Tesla 

Bruker DMX500 NMR spectrometer. The measurements were performed at 132 MHz for 

27Al, 99 MHz for 29Si, 125 MHz for 13C nuclei. 27Al magic angle spinning (MAS) NMR 

measurements were carried out using a Bruker 2.5 mm MAS probe head and a 2.5 mm 

zirconia rotor with a spinning speed of 25 kHz. Prior to the 27Al NMR measurements, the 

samples were hydrated in a desiccator containing water overnight. All other measurements 

were performed using a Bruker triple channel 4 mm MAS probe head and a 4 mm zirconia 

rotor with a spinning speed of 10 kHz. Quantitative 29Si MAS NMR spectra were recorded 

with a high-power proton decoupling direct excitation (DE) pulse sequence during which a 

54° pulse duration of 3 μs and a recycle delay of 120 s were used. 1H-13C cross-polarization 

(CP) MAS NMR spectra were recorded by using a ramped contact pulse of 3 ms and a recycle 

delay of 3 s. Two-dimensional (2D) 1H-13C heteronuclear correlation (HETCOR) spectra 

were recorded by using a rectangular contact pulse of 1 ms. 1H-29Si HETCOR spectra were 

recorded by using a rectangular contact pulse of 4 ms. Liquid-state NMR experiments were 

carried out on a Bruker 400 MHz spectrometer. The as-synthesized OSDA was dissolved in 

deuterated water. Then, the solution was transferred into a 5 mm NMR tube. 1H NMR spectra 

were recorded with a total of 32 scans and a relaxation delay of 1 s. 13C NMR spectra were 

recorded with a total of 1024 scans and a relaxation delay of 2 s. 

4.2.4 Catalytic activity measurements 

4.2.4.1 Methanol to hydrocarbons 

The catalytic activity of the samples for MTH reaction was tested in a fixed-bed downstream 

reactor. Samples were pressed, and then crushed and sieved to obtain particles in the range 

of 250-500 μm. An amount of 15 mg of the catalyst (sieve fraction 250-500 μm) was loaded 

into a quartz reactor with an internal diameter of 4 mm. Prior to the reaction, the catalyst was 

pretreated in situ in artificial air at 550 °C for 1 h, followed by cooling to the reaction 

temperature of 450 °C in the same artificial air. Methanol was fed to the reactor at a weight 

hourly velocity (WHSV) of 10 h-1 by flowing He through a saturator containing methanol, 

which was kept at 6.6 °C. The products were analyzed by online gas chromatography 

(Interscience Compact GC) equipped with 2 pre-columns, 3 columns and 3 detectors. A 
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thermal conductivity detector (TCD) coupled with an RT-Q-Bond pre-column (length 3 m; 

i.d. 0.32 mm; thickness 10 µm) and a Molsieve 5A column (length 10 m; i.d. 0.32 mm; 

thickness 30 µm) was used for the analysis of H2 and CH4.  A TCD coupled with an RT-Q-

Bond pre-column (length 3 m; i.d. 0.32 mm; thickness 10 µm) and an RT-Q-Bond column 

(length 10 m; i.d. 0.32 mm; thickness 10 µm) was used for the analysis of C2-C3 hydrocarbons, 

water and oxygenates. Heavier hydrocarbons (C4 to naphthalene) were separated on an Rtx-

1 column (length 15 m; i.d. 0.32 mm; thickness 1 µm) and analyzed with a flame ionization 

detector (FID). Dimethyl ether was considered as a reactant. 

4.2.4.2 Non-oxidative dehydroaromatization of methane 

The MDA reaction was performed in a fix-bed downstream reactor. Samples were pressed, 

and then crushed and sieved to obtain particles in the range of 250-500 μm. An amount of 

300 mg of catalyst (sieve fraction 250-500 µm) was loaded into a quartz reactor with an 

internal diameter of 4 mm. The catalyst was pretreated by heating to 450 °C at a rate of 

10 °C/min in a flow of CH4/N2 (95/5) followed by an isothermal dwell of 45 min. Then the 

temperature was increased to 700 °C (15 °C/min). The moment when the final temperature 

was reached was regarded as the start of the reaction. The reaction was carried out at 700 °C 

for 16 h in a 30 ml/min CH4/N2 (95/5) flow. The reaction products were analyzed by online 

gas chromatography (Interscience Compact GC) equipped with 2 pre-columns, 3 columns 

and 3 detectors. A TCD coupled with an RT-Q-Bond pre-column (length 3 m; i.d. 0.32 mm; 

thickness 10 µm) and a Molsieve 5A column (length 10 m; i.d. 0.32 mm; thickness 30 µm) 

was used for the analysis of H2, N2, CH4 and CO. A TCD coupled with an RT-Q-Bond pre-

column (length 3 m; i.d. 0.32 mm; thickness 10 µm) and an RT-Q-Bond column (length 10 

m; i.d. 0.32 mm; thickness 10 µm) was used for the analysis of ethane and ethylene. Heavier 

hydrocarbons (benzene, toluene and naphthalene) were analyzed with FID coupled with an 

Rtx-1 column (length 15 m; i.d. 0.32 mm; thickness 1 µm). 
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4.3 Results and discussion 

4.3.1 Zeolite synthesis 

 

Figure 4.1. (a) XRD patterns of as-synthesized samples, (b) Ar physisorption isotherms of 

calcined samples, (c-e) SEM images of calcined samples and (f) representative TEM image 

of calcined ZSM-5-11.  

Various ZSM-5 zeolites were hydrothermally synthesized from initial gels with different 

Si/Al ratios (i.e., 15, 13, 11, and 10) at 160 °C for 7 days. The XRD patterns, Ar physisorption 

isotherms and representative SEM and TEM images of the solid products are shown in Figure 

4.1. XRD patterns in Figure 4.1a show that phase-pure ZSM-5 zeolites with high crystallinity 

are obtained from gels with Si/Al ratios of 11, 13, and 15, while no crystalline product was 

obtained at a Si/Al ratio of 10. The high crystallinity is also evident from the steep Ar uptake 

at low relative pressure (p/p0 < 0.01) due to the filling of the zeolite micropores (Figure 

4.1b).31 SEM and TEM images (Figures 4.1c-4.1f) show agglomerates composed of 

nanosized crystals (20-50 nm). The nanocrystalline morphology of these ZSM-5 zeolites is 

consistent with their high external surface area in the 86-93 m2 g-1 range (Table C1). 

Elemental analysis shows that the Si/Al ratio of the zeolites is very similar to the ratio in the 
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corresponding starting gels, which suggests proper  incorporation of Al and Si nutrients, 

consistent with the high synthesis yields (94-99%) (Table C1). 

The effect of the NaOH/Si molar ratio (0.5, 0.6 and 0.7) in the initial gel was also investigated. 

The results in Figure C3 show that phase-pure ZSM-5 can only be obtained at a NaOH/Si 

molar ratio of 0.6 at a Si/Al ratio of 11. It should be noted that in previous studies the initial 

synthesis gel had a lower NaOH/Si molar ratio of around 0.3, because higher alkalinity 

typically leads to  impurity phases such as MOR.26, 32 Although this is not the case here with 

Pr3N-benzyl-NPr3 as the OSDA, we verified the formation of a mixture of ZSM-5 and MOR 

when this OSDA was replaced by TPABr at a NaOH/Si gel ratio of 0.6 (Figure C4). Pure 

MOR zeolite was obtained in the absence of the OSDA already after 1 day hydrothermal 

synthesis (Figure C5), consistent with previous studies.33 Overall, the above results 

demonstrate that Pr3N-benzyl-NPr3 is an effective OSDA for synthesizing nanosized Al-rich 

ZSM-5 with high yield. Therefore, our synthesis extends the scope of the use of Pr3N-benzyl-

NPr3 as OSDA in directing more valuable aluminum-containing zeolite for acidic catalysis. 

So far, this OSDA has only been reported for directing all-silica zeolites (Silicate-1 and IDM-

1) in fluoride media by the group of Camblor.3, 34 

In order to understand the crystallization behavior of ZSM-5-11, the solids obtained at 

different crystallization time were characterized in terms of crystallinity, chemical 

composition, morphology and textural properties. The XRD results (Figures 4.2a and C6) 

show that the crystallization process starts with a long induction period (~5 days) followed 

by a fast crystal growth stage (~1 day). Notably, a high solid yield (> 87%) is maintained 

throughout the whole crystallization process (Figure 4.2a). Consistent with this, the solid 

products are similar in both bulk and surface Si/Al ratios (~11). Electron microscopy was 

used to determine the morphology of the solid products. The SEM image in Figure 4.1d 

shows the presence of worm-like particles (> 100 nm) with an irregular morphology in the 

solid product obtained after 1 day synthesis. Supported by XRD (Figure C6) and 

physisorption data (Figure C7 and Table C2), these worm-like particles represent amorphous 

aluminosilicate species. Similar worm-like features have also been observed for amorphous 

zeolite precursors in ZSM-5 synthesis with TPA.35, 36 After hydrothermal treatment for 2 days, 

a decrease in the size of the particles is observed, which then remains constant until the onset 

of crystallization. After 5 days synthesis, the SEM  image shows the formation of embedded 

tiny particles on the outer surface of the worm-like particles (Figure 4.2h). The corresponding 

TEM image presents clear lattice fringes, indicating that these small particles (< 30 nm) are 

crystalline in nature (Figure 4.2c). The formation of such crystalline particles is also 

consistent with the XRD patterns, where already MFI features can be discerned (Figure C6). 

As indicated by XRD (Figure S6), further hydrothermal treatment until 6 days resulted in fast 
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crystal growth and formation of aggregated particles with a size of 20-50 nm (Figure 4.2i). 

After 7 days, no significant change in the morphology of the particles was observed anymore, 

while the corresponding XRD pattern indicates that ZSM-5 with high crystallinity is obtained. 

This is also confirmed by the Ar physisorption isotherms of the calcined samples, in which 

the highest Ar adsorption capacity in the low-pressure region (p/p0 < 0.01) is observed for 

the sample synthesized for 7 days (Figure C7). Prolonging the synthesis to 9 days has a 

negligible effect on the crystallinity (Figure 4.2a) and textural properties of the zeolite 

(Figures 4.2k and C6, Table C2). 

 

Figure 4.2. (a) Relative crystallinities, Si/Al molar ratios and yields of solid synthesis 

products; (b-c) TEM images and (d-k) SEM images of obtained solid products during the 

synthesis of ZSM-5-11. 
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Figure 4.3. (a) 27Al MAS NMR spectra; (b) 29Si MAS NMR spectra and (c) IR spectra of 

solid products obtained during the synthesis of ZSM-5-11. 

Besides the evolution of crystallinity, the chemical composition, the morphology and textural 

properties as well as the structural evolution of the solid products was investigated with 27Al 

MAS NMR, 29Si MAS NMR and IR spectroscopy. The 27Al NMR spectra in Figure 4.3a 

show a single intense signal at 54 ppm assigned to four-coordinated Al species for all samples 

obtained as a function of hydrothermal synthesis time.37 This indicates that the aluminum 

precursor is dissolved well and reacts with silicates to form the aluminosilicates composed 

of four-coordinated Al at the beginning of the synthesis.38 As shown in Figure C8, the full 

width at half maximum (FWHM) of the peak at 54 ppm decreases gradually during the 

induction period (< 5 days), which indicates an improved structural order of the amorphous 

precursor.39 After the onset of crystal growth, a substantial decrease of the FWHM of the 

relevant NMR peak is observed in line with the increased crystallinity. The coordination 

environment of Si atoms was investigated by 29Si MAS NMR spectroscopy. As shown for 

the solid product after 1 day synthesis in Figure 4.3b, the 29Si MAS NMR spectrum shows a 

broad peak between -80 and -120 ppm. According to a previous study, this broad peak mainly 

consists of resonances centered at around -95 ppm, -102 ppm, -105 ppm and -111 ppm, which 

correspond to Q2(0Al), Q3(0Al), Q4(1Al) and Q4(0Al), respectively.40 Upon hydrothermal 

treatment up to 5 days, the resonances assigned to Q2(0Al) and Q3(0Al) gradually decrease 

in intensity, while an increased intensity in the signal assigned to Q4(0Al) is observed, 

suggesting the gradual condensation of silicates during the induction period.41 After full 

crystallization (7 days), a sharp peak at -111 ppm is observed, while the feature at -95 ppm 

is absent, indicating the high condensation degree of silicates and well-ordered structure of 
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the obtained ZSM-5 zeolite. Finally, the various samples were investigated by IR 

spectroscopy. Figure 4.3c shows that the spectrum for the solid sample obtained after 1 day 

synthesis contains a weak band at 550 cm-1, which can be related to double-5-membered ring 

(D5R) units.42 After formation of highly crystalline ZSM-5 zeolite after 7 days synthesis, the 

band at 550 cm-1 is more intense, which is usually explained by the more rigid environment 

in the zeolite framework.43  

 

Figure 4.4. (a) Structural formula of Pr3N-benzyl-NPr3; (b) Solid-state 1H-13C CP/MAS 

NMR spectra of solid samples synthesized as a function of the hydrothermal synthesis time 

(top) and liquid-state 13C NMR spectrum of Pr3N-benzyl-NPr3 in D2O (bottom); (c) 1H-13C 

HETCOR NMR spectrum of as-synthesized ZSM-5-11 and (d) 1H-29Si HETCOR NMR 

spectrum of as-synthesized ZSM-5-11. 

We also investigated the interaction between the solid aluminosilicate intermediates and the 

OSDA during hydrothermal synthesis by TGA, 1H-13C CP/MAS NMR spectroscopy, 1H-13C 

HETCOR NMR spectroscopy and 2D 1H-29Si HETCOR NMR spectroscopy. The TGA 
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results in Table C3 show that the content of occluded OSDAs in the solid product obtained 

after 1 day synthesis is 4.2 wt%. This amount is the same as after prolonged synthesis until 

the end of the induction period. However, the amount of occluded OSDA substantially 

increases to values larger than 8 wt% for the crystalline samples, which implies that the 

interaction between the OSDA and aluminosilicate precursors in amorphous products differs 

from that in the crystalline end product. Such differences were also reported in previous 

studies involving ZSM-5 synthesis with TPA in which the incorporation of a particular 

amount of TPA into the amorphous phase during the induction stage was argued to be an 

essential prerequisite for the subsequent disorder-to-order solid transformation.44, 45 Other 

synthesis strategies, e.g. ultrasonication, have also been employed to facilitate the 

incorporation of TPA into the amorphous inorganic substrates,  resulting in a shorter 

induction stage.44, 46 We also investigated the obtained solid samples by 1H-13C CP/MAS 

NMR spectroscopy. As shown in Figure 4.4b, the 13C NMR spectrum of sample obtained 

after 7 days synthesis matches well with that of the pure Pr3N-benzyl-NPr3, indicating that 

the OSDA is stable during hydrothermal synthesis. Notably, the spectra of the two samples 

obtained after 3 and 5 days synthesis show a much lower intensity than the spectrum of the 

highly crystalline sample obtained after 7 days. Considering the relatively small differences 

in the amount of occluded OSDA between samples (Table C3), the intensity changes can be 

correlated to a higher mobility of the occluded organic molecules, explaining the less intense 

correlation signals.47 It is reasonable to expect that the OSDA interacting with amorphous 

solid intermediates during the induction period are more mobile than the OSDA in the final 

condensed zeolite framework. 

To further reveal guest-host interactions between the OSDA and the inorganic part, 2D 1H-

13C and 1H-29Si HETCOR NMR experiments were carried out. First, the proton chemical 

shift assignment was determined on the basis of the 2D 1H-13C HETCOR NMR spectrum. As 

shown in Figure 4.4c, two correlated signals between protons and carbon atoms in the 

terminal methyl groups (-CH3) are observed. An additional shoulder is observed for the 

resonance assigned to -CH3 in the 13C dimension projection. These findings are in qualitative 

agreement with the 13C NMR spectrum for TPA occluded in ZSM-5 zeolite in previous 

studies, where the splitting of the signal due to terminal -CH3 was attributed to differences in 

confinement and electrostatic interactions between TPA in zigzag and straight channels.47-49. 

Another supporting evidence for this is that a symmetric 13C NMR signal without splitting is 

observed for the terminal -CH3 in the 13C projection of 2D 1H-13C HETCOR NMR spectrum 

of Pr3N-benzyl-NPr3 itself (Figure C10). The proximity between the occluded OSDA and the 

zeolite framework can be deduced from the 1H-29Si HETCOR NMR spectrum. The strongly 

correlated signals in Figure 4.4d between the various protons of the OSDA and the 
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framework Si species, i.e. Q4(1Al) and Q4(0Al), evidence the inclusion of the OSDA in the 

ZSM-5 micropores. For the amorphous solid sample after 3 days synthesis, additional 

correlation signals are observed between the propyl moieties of the OSDA and Q4 sites, while 

cross-peaks between aromatic protons and Q4 sites are absent (Figure C11a). These findings 

indicate that the formation of the inorganic-organic composites at the initial induction stage 

is mainly driven by the electrostatic interactions between the positive-charged head groups 

of the OSDA and the negatively charged Al-rich aluminosilicate matrix. The appearance of 

correlation signals between the aromatic protons of the OSDA and Si atoms goes together 

with the formation of crystalline ZSM-5, which is likely due to the complete confinement of 

the OSDA by the micropores (Figure C11b). 

On the basis of the above, we propose a scheme for the formation of the nanocrystalline 

ZSM-5-11 sample. During the initial stages of the synthesis, rapid condensation of silica 

including aluminum results in dense amorphous particles with a limited amount of OSDA 

incorporated. A high NaOH/Si molar ratio (0.6) is essential to initiate these condensation 

reactions. A high concentration of sodium cations leads to competition with the OSDA for 

compensation of the negative charges of the inorganic matrix (due to deprotonated silanol 

groups and Al for Si substitutions), which we speculate could hinder the incorporation of 

OSDAs into the inorganic matrix. This can explain the longer induction period. Comparable 

Si/Al ratios and high yields of the solid products are already achieved after 1 day synthesis. 

Once tiny crystals on the outer surface of the amorphous solid gel (solid-liquid) interface are 

formed, crystal growth proceeds fast within 1 day via a non-conventional solid-solid 

transformation mechanism. These observations suggest the importance of autocatalytic 

nucleation.50-53 During the crystal growth stage, Pr3N-benzyl-NPr3 has a strong templating 

function for MFI by fitting in the forming MFI channels. The formation of aggregated small 

crystals is likely related to capping of the growing crystals by the OSDA. Specifically, this 

may stem from the strong electrostatic interaction between the highly negatively charged 

surface of Al-rich crystals and the positively charged OSDA.54 It has also been mentioned 

that π–π stacking interaction of the OSDA in the liquid phase is beneficial to limit Ostwald 

ripening, thus avoiding small crystals transforming into larger ones.55, 56 

4.3.2 Acidity  

ZSM-5-Con was chosen as a reference catalyst for evaluating the acidity and catalytic 

performance of nanosized ZSM-5-11, ZSM-5-13 and ZSM-5-15. Basic characterization data 

are presented in the Supporting Information (Figure C12 for SEM image, Ar physisorption 

isotherm and XRD pattern; Table C4 for textural properties). The 27Al NMR spectra in Figure 

4.5 show that both ZSM-5-Con and three nanosized ZSM-5 zeolites have a high fraction of 
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framework Al ( > 83%). ZSM-5-11 exhibits lower bulk (10.9) and framework (13.4) Si/Al 

ratios than ZSM-5-Con (Si/Albulk = 12.9, Si/AlF = 16.1). ZSM-5-11 with a higher density of 

framework Al atoms also shows a larger amount of Brønsted acid sites (BAS) as compared 

to the other samples (Table 4.1). Notably, a substantially larger amount of external BAS is 

determined for ZSM-5-11, which can be correlated to the much higher external surface area. 

Next, the catalytic performance of nanosized ZSM-5 samples was determined in comparison 

to ZSM-5-Con in the MTH and MDA reactions, both of which are promising for the 

production of aromatic building blocks.57, 58 

 

Figure 4.5. 27Al MAS NMR spectra of calcined ZSM-5-Con, ZSM-5-11, ZSM-5-13 and 

ZSM-5-15. 

Table 4.1. Si/Al ratio, fraction of framework Al, and acidity of the ZSM-5 zeolites. 

Zeolite 
Si/Al 

(ICP) 

Si/Ala 

(NMR) 

AlF 

(%)b 

[BAS]c 

(μmol g-1) 

[LAS]d 

(μmol g-1) 

[BASext]e 

(μmol g-1) 

ZSM-5-Con 12.9 16.1 83.5 948 165 18 

ZSM-5-11 10.9 13.4 86.0 1226 159 63 

ZSM-5-13 13.1 -- 88.3 1101 148 56 

ZSM-5-15 14.8 -- 88.7 966 134 47 

a Framework Si/Al ratio determined by 29Si NMR. 

b Fraction of framework Al determined by 27Al NMR. 
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c Density of Brønsted acid sites (BAS) determined by IR spectra of adsorbed pyridine after 

evacuation for 1 h at 150 ℃. 

d Density of Lewis acid sites (LAS) determined by IR spectra of adsorbed pyridine after 

evacuation for 1 h at 150 ℃. 

e Density of BAS on the external surface determined by IR spectra of adsorbed 2,4,6-collidine 

after evacuation for 1 h at 150 ℃. 

4.3.3 Catalytic activity 

4.3.3.1 Methanol to hydrocarbons 

 

Figure 4.6. MTH performance of ZSM-5 catalysts: (a) methanol conversion as a function of 

reaction time and (b) product selectivity after 0.5 h time on stream. 

First, the catalytic performance of the nanosized and conventional ZSM-5 zeolites in the 

MTH reaction was investigated. The catalyst lifetime is defined as the time at which the 

initially complete methanol conversion decreased to 50%. Figure 4.6a shows that methanol 

can be fully converted over all catalysts during the initial stages of the MTH reaction. With 

longer time on stream, these three nanosized ZSM-5 zeolites exhibits a better catalytic 

stability than ZSM-5-Con and a significant decline in activity is only observed after 5 h with 

a much longer lifetime of longer than 8 h for nanosized samples in comparison to that of ~2 

h for ZSM-5-Con. Figure C15 shows that the coke contents are much higher in the used ZSM-

5-11, ZSM-5-13 and ZSM-5-15 samples (14.5%, 15.5% and 15.6%, respectively) than in the 

used ZSM-5-Con sample (8.9%). Therefore, the significantly longer lifetime of nanosized 

ZSM-5 samples can be attributed to a better utilization of the micropore space due to the 

reduction of the crystal size 59, 60. Inspection of the product distribution given in Figure 4.6b 

shows a much larger aromatics selectivity of 32.7% for ZSM-5-11 in comparison to ZSM-5-
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Con (18.7%). A more detailed analysis of the products (Figure C16) shows that the heavier 

aromatics, such as tetra-methylbenzene and indane, contribute significantly to the improved 

aromatic yield of ZSM-5-11, whereas they are negligible in the products of ZSM-5-Con. We 

explain such substantial differences in product distribution to the higher rate of desorption 

for nanocrystalline samples. This can be evidenced by the comparable productivity 

distributions of these three nanosized ZSM-5 zeolites. A comparison of the C2/C2
= and C3/C3

= 

ratios (Table C6) points to a higher hydrogen transfer rate for nanosized ZSM-5-11, ZSM-5-

13 and ZSM-5-15.61 The higher hydrogen transfer rate of the less acidic ZSM-5-15 than 

ZSM-5-Con suggests likely the more amount of available acid sites during the reaction.17 

Thus, the longer catalytic lifetime of nanocrystalline ZSM-5 zeolites is due to better 

utilization of the zeolite micropore space, while differences in product distribution is mainly 

from improved desorption of heavier products for the smaller crystals.  

4.3.3.2 Methane dehydroaromatization  

 

Figure 4.7. Dehydroaromatization of methane over Mo/ZSM-5 catalysts: (a) methane 

conversion, (b) yield of benzene, (c) yield of naphthalene, (d) total yields of products and (e) 

overall product distribution and total amount of converted methane. 
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loading nearly all Mo atoms are atomically dispersed by anchoring on double framework Al 

sites of high-acidity ZSM-5 zeolites (Si/Al < 15).62 The catalytic results (Figures 4.7 and C17 

and Tables C6 and C7) demonstrate the improved performance of Mo/ZSM-5-11 over 

Mo/ZSM-5-Con. The nanocrystalline zeolite deactivates slower during the methane 

conversion reaction, which can be appreciated from the evolution of the methane conversion 

and the benzene and naphthalene yield. The accumulated product yields are more than twice 

those obtained with the reference zeolite, similar to the relative difference in the total amount 

of methane converted which increases from 36.6 mmol/gcat for Mo/ZSM-5-Con to 82.1 

mmol/gcat for Mo/ZSM-5-11. The amount of benzene and naphthalene obtained for Mo/ZSM-

5-11 increased to 33.4 mmol/gcat and 13.7 mmol/gcat, respectively, from values of 14.2 

mmol/gcat and 5.4 mmol/gcat for Mo/ZSM-5-Con (Table C6). Relatively speaking, the product 

distributions over the total reaction time were comparable (Figure 4.7e and Table C7). TGA 

data (Figure C18) show that the coke content in used Mo/ZSM-5-11 (22%) is much higher 

than in used Mo/ZSM-5-Con (13%). We attribute this difference to the better utilization of 

the micropore space of the nanocrystalline zeolite.63, 64 The corresponding DTG profiles in 

Figure C18 shows that the coke combustion for used Mo/ZSM-5-Con occurs in two steps. 

According to our previous study, the weight loss in the low temperature range (450-550 ℃) 

corresponds to the combustion of coke close to Mo-centers, which can catalyze coke 

combustion upon reoxidation to the oxide, while the weight loss at high temperatures (550-

650 ℃) is due to the diffusion-limited combustion of coke further away from Mo-centers.65 

In contrast, coke combustion in used Mo/ZSM-5-11 occurs in a single step, which we 

tentatively attribute to strong diffusion limitations for oxygen because of the dense filling of 

coke in the micropores of used Mo/ZSM-5-11.66 Overall, the enhanced productivity of 

valuable ethylene and aromatics products over Mo/ZSM-5-11 can be mainly ascribed to the 

better utilization of zeolite micropores. 

4.4 Conclusions 

In summary, this work describes the direct synthesis of nanosized Al-rich ZSM-5 zeolites by 

a one-step hydrothermal synthesis approach using Pr3N-benzyl-NPr3 as the sole OSDA. The 

most acidic sample is ZSM-5-11 (Si/Al = 10.9, 20-50 nm, yield = 99%). A high NaOH/Si 

molar ratio of 0.6 is crucial for the successful zeolite synthesis. The crystallization process 

of ZSM-5-11 shows a long induction period (~5 days) and a fast crystal growth step (~1 day) 

involving a solid-state transformation, which can be described by the autocatalytic model. A 

systematic NMR study, together with TGA, reveals that, after electrostatic interaction 

between condensed aluminosilicate and the head groups of OSDA during the induction stage, 

ZSM-5 crystallizes around  the OSDA. 27Al NMR spectroscopy reveals that 86% of 
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aluminum species are in the framework of calcined ZSM-5-11. Nanosized ZSM-5-11 shows 

significantly improved aromatics productivity in MTH and MDA reactions as compared to a 

commercial ZSM-5 (Si/Al = 12.9). The improved catalytic performance of ZSM-5-11 is 

ascribed to the high acidity and enhanced mass-transfer ability. Finally, we expect that 

nanosized ZSM-5-11 zeolite could also be a promising catalyst for other reactions relevant 

to the clean energy transition.  
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Appendix C 

 

Figure C1. Liquid-state 1H NMR spectrum of Pr3N-benzyl-NPr3 in D2O. 

 

Figure C2. Liquid-state 13C NMR spectrum of Pr3N-benzyl-NPr3 in D2O. 

a

d c b

e

a
b

c

d
e

a

b
c

d
e

f

a
b

c
de

f



123 
 

 

Figure C3. XRD patterns of solid products obtained at different NaOH/Si molar ratios. The 

initial gel molar composition: 12 SiO2: 0.545 Al2O3: x Na2O: 1.2 OSDA: 480 H2O (Si/Al=11; 

x=3-4.2). All the syntheses were performed at 160 °C for 7 days under tumbling (50 rpm). 

 

Figure C4. The XRD pattern of solid product obtained by using TPABr. The initial gel molar 

composition: 12 SiO2: 0.545 Al2O3: 3.6 Na2O: 2.4 TPABr: 480 H2O (Si/Al=11). The 

synthesis was performed at 160 °C for 7 days under tumbling (50 rpm). 
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Figure C5. The XRD pattern of solid product obtained in the absence of OSDA. The initial 

gel molar composition: 12 SiO2: 0.545 Al2O3: 3.6 Na2O: 480 H2O (Si/Al=11). The synthesis 

was performed at 160 °C for 1 day under tumbling (50 rpm). 

 

Figure C6. XRD patterns of solid products obtained at different crystallization time. The 

initial gel molar composition: 12 SiO2: 0.545 Al2O3: 3.6 Na2O: 1.2 OSDA: 480 H2O 

(Si/Al=11). All the syntheses were performed at 160 °C under tumbling (50 rpm). 
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Figure C7. Ar physisorption isotherms of calcined solid products obtained at different 

crystallization time during the synthesis of ZSM-5-11. 
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Figure C8. Full width at half-maximum (FWHM) of 27Al NMR spectra of solid products 

obtained at different crystallization time during the synthesis of ZSM-5-11. 

 

 

Figure C9. TG (left) and DTG (right) curves of samples obtained at different crystallization 

time during the synthesis of ZSM-5-11. 
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Figure C10. 1H-13C HETCOR NMR spectrum of Pr3N-benzyl-NPr3. 
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Figure C11. 1H-29Si HETCOR NMR spectra of obtained samples during the synthesis of 

ZSM-5-11: (a) ZSM-5-11-(3 d); (b) ZSM-5-11-(5 d); (c) ZSM-5-11-(7 d). 
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Figure C12. (a) SEM image, (b) XRD pattern and (c) Ar physisorption isotherm of calcined 

ZSM-5-Con. 

 

 

Figure C13. 29Si MAS NMR spectra of calcined ZSM-5-11 and ZMM-5-Con. 

 

 

 

 

 

4 um

10 20 30 40

In
te

n
s
it
y
 (

a
.u

.)
2q (degrees)

0.0 0.2 0.4 0.6 0.8 1.0

0

20

40

60

80

100

120

V
o

lu
m

e
 a

d
s
o

rb
e

d
 (

c
m

3
g

-1
, 
S

T
P

)

Relative pressure (P/P0)

(a) (c)(b)

-80 -100 -120 -140

 

In
te

n
s
it
y
 (

a
. 
u

.)

27Si NMR chemicla shift (ppm)

 

Q4(0Al)

Q4(1Al)

Q3(0Al)

ZSM-5-11

Con-ZSM-5



130 
 

 

Figure C14. IR spectra of pyridine (left) and 2,4,6-collidine (right) adsorbed on: (a and b) 

ZSM-5-Con, (c and d) ZSM-5-11, (e and f) ZSM-5-13 and (g and h) ZSM-5-15.  
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Figure C15. TG and DTG (inset) profiles of spent catalysts after methanol-to-hydrocarbons 

(MTH) reaction. 

 

 

Figure C16. Product selectivity of ZSM-5 catalysts for MTH reaction after 0.5 h time on 

stream. The heavier aromatics include n-propylbenzene, 1,3,5-trimethylbenzene, indane and 

other unidentified heavy aromatics.  
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Figure C17. Non-oxidative dehydroaromatization of methane (MDA) over Mo/ZSM-5 

catalysts: (a) yield of ethylene and (b) yield of toluene and (c) yield of xylene. 

 

Figure C18. TG and DTG (inset) profiles of spent catalysts after MDA reaction. 
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Table C1. Product yields and textural properties of calcined ZSM-5 zeolites with different 

Si/Al ratios. 

Sample 
Yield 

(%)a 

SBET  

(m2 g-1) 

Vtot  

(cm3 g-1) 

Vmicro 

(cm3 g-1) 

(t-plot) 

Vmeso  

(cm3 g-1) 

(BJH) 

Sext  

(m2 g-1) 

(t-plot) 

ZSM-5-15 94 325 0.24 0.10 0.12 86 

ZSM-5-13 96 362 0.25 0.11 0.11 93 

ZSM-5-11 99 349 0.27 0.11 0.14 87 

a Based on the inorganic sources introduced in the initial gel. 

 

Table C2. Textural properties of calcined solid products obtained at different crystallization 

time during the synthesis of ZSM-5-11. 

Sample SBET (m2 g-1) 
Vmicro (cm3 g-1) 

(t-plot) 

1 d 8 0 

2 d 10 0 

3 d 10 0 

4 d 14 0 

5 d 100 0.02 

6 d 299 0.08 

7 d 349 0.11 

9 d 328 0.11 
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Table C3. Organic template content within solid products obtained at different crystallization 

time during the synthesis of ZSM-5-11. 

Sample Organic template content (wt%)a 

1 d 4.2 

2 d 4.2 

3 d 4.1 

4 d 4.1 

5 d 5.4 

6 d 8.6 

7 d 8.4 

a Determined by the weight loss between 250 °C and 700 °C of TG results. 

 

Table C4. Textural properties ZSM-5-Con. 

Sample 
SBET  

(m2 g-1) 

Vtot  

(cm3 g-1) 

Vmicro  

(cm3 g-1) 

(t-plot) 

Vmeso  

(cm3 g-1) 

(BJH) 

Sext  

(m2 g-1) 

(t-plot) 

ZSM-5-Con 294 0.14 0.10 0.02 29 

 

Table C5. Productivity selectivity of MTH reaction after 0.5 h on stream over ZSM-5 

catalysts.  

Sample 

Selectivity (%) C2/ 

C2= 

C3/ 

C3= CH4 C2H4 C2H6 C3H6 C3H8 C4+ Aromatics 

ZSM-5-

Con 
1.5 19.1 0.1 25.9 4.2 30.5 18.7 0.006 0.160 

ZSM-5-

11 
1.0 14.7 0.2 18.0 6.8 26.6 32.7 0.014 0.380 

ZSM-5-

13 
0.9 15.1 0.2 19.3 6.2 26.9 31.4 0.012 0.320 

ZSM-5-

15 
0.8 15.3 0.2 20.4 6.1 27.1 30.1 0.011 0.300 
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Table C6. Total product yields of MDA reaction over Mo/ZSM-5 catalysts. 

Sample 
Total yield (mmol/gcat) 

C2H4 C2H6 C6H6 C7H8 C8H10 C10H8 Coke 

Mo/ZSM-5-Con 4.8 0.7 14.2 0.2 0.4 5.4 10.8 

Mo/ZSM-5-11 12.3 0.5 33.4 0.4 1.1 13.7 20.7 

 

Table C7. Overall product selectivity and total amounts of converted methane of MDA 

reaction over Mo/ZSM-5 catalysts. 

Sample 

Carbon selectivity (%) 
Total 

methane 

converted 

(mmol/gcat) 
C2H4 C2H6 C6H6 C7H8 C8H10 C10H8 Coke 

Mo/ZSM-

5- 

Con 

13.2 1.9 38.9 0.5 1.0 14.8 29.7 36.6 

Mo/ZSM-

5- 

11 

15.0 0.6 40.7 0.5 1.3 16.7 25.2 82.1 
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Chapter 5 

Rigid diquat structure-directing agents for synthesis of 

ZSM-12 nanocrystals with improved performance in 

n-paraffins hydroconversion and methanol-to-

hydrocarbons reactions 

Abstract 

ZSM-12 is an important zeolite used as a catalyst in several industrial hydrocarbon 

conversion reactions. Facile synthesis of nanocrystalline ZSM-12 with sufficient acidity (low 

Si/Al ratio) remains a challenge. Here we report the successful synthesis of nanosized ZSM-

12 from flexible aluminosilicate initial gels (Si/Al = 20, 50 and 100) using rigid diquaternary 

ammonium compounds (p-xylene-bridged bis-methylpyrrolidinium, -methylpiperidinium 

and -1,2-dimethylimidazolium -) as the organic structure-directing agents (OSDAs). The 

effective structure-directing ability of these OSDAs for nanocrystalline ZSM-12 synthesis is 

due to the strong interaction between the OSDA and the growing zeolite framework. The 

resulting nanocrystalline ZSM-12 zeolites exhibit improved catalytic performance in 

hydroconversion of n-hexadecane (n-C16) and methanol-to-hydrocarbons reactions. TGA 

analysis of used catalysts and in situ IR spectroscopy of intra-zeolite organic species during 

the MTH reaction revealed that the smaller crystals result in lighter aromatics and less coke 

deposition due to the higher rate of desorption attributed to the larger external surface.  
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5.1 Introduction 

Zeolites are a family of crystalline porous materials with well-defined channels and cavities 

in the molecular range.1 Depending on their pore topology and chemical composition, these 

materials can be useful in many technological applications, mainly in separation, adsorption 

and catalysis.2, 3 Despite the many zeolite available from a synthetic point of view, only 

relatively few of them are used on a commercial scale. ZSM-12 with it one-dimensional 

system of 12-membered ring (12-MR) pores is used as a shape-selective acid catalyst in 

petroleum refining reactions such as alkylation and disproportionation of aromatics, 

hydroisomerization of n-paraffins and cracking of hydrocarbons.4 The pores in ZSM-12 have 

a size of 5.7 Å × 6.1 Å and run in the b-direction of the crystal. While the one-dimensional 

pore topology endows ZSM-12 unique shape-selective properties, it also leads to severe 

diffusion limitations for reactants and products, lowering the catalytic activity and inefficient 

use of acid sites in the micropores.5, 6 The long residence times in such crystals can lead to 

undesired secondary reactions, giving rise to decreased selectivity or deactivation.7, 8 A well-

known strategy to overcome transport limitations is to decrease the path length of diffusion 

by reducing the crystal domain size of zeolites, which can be achieved by introducing 

intracrystalline mesopores or by reducing the size of the zeolite crystal.9-11 For acid catalysis, 

the Si/Al ratio is the most important chemical property of zeolites.12, 13 For instance, highly 

acidic ZSM-12 (Si/Al < 20) is desirable for the n-decane cracking to achieve high activity,14 

while a specific acidic density is needed to achieve a high isomer yields in the 

hydroisomerization of n-paraffins.15, 16 

Various approaches have been devoted to prepare hierarchical ZSM-12 zeolites, such as 

modification of the synthesis condition,  introduction of growth modifiers, employment of 

new OSDAs or post-synthetic modification.17-21 However, it still remains a challenge to 

synthesize hierarchical ZSM-12 zeolites with Si/Al ratios outside the normal 35-100 range. 

The main reason is that, for conventional ZSM-12 zeolites synthesized with the most 

commonly employed OSDAs, i.e. tetraethylammonium (TEA), methyltriethylammonium 

(MTEA) and benzytrimethylammonium (BTMA), the lowest Si/Al ratio is ~25.22-25 The more 

expensive TEA in the hydroxide form (instead of the bromide) is required to synthesize 

nanocrystalline ZSM-12 zeolites. Besides, to ensure effective formation of nanosized ZSM-

12 by using TEAOH, a highly concentrated gel (H2O/Si < 15) is indispensable to favor 

nucleation, which makes scale-up synthesis even more challenging.8, 26 Recently, 

diquaternary ammonium compounds have been demonstrated to be effective templates for 

the facile synthesis of hierarchical ZSM-12 zeolites due to the strong interaction between the 

two ammonium centers and the negatively charged aluminosilicate precursors. However, the 
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effective utilization of these templates for hierarchical ZSM-12 synthesis has been limited to 

relatively typical Si/Al ratios between 40 and 100.5, 10, 27-30 Therefore, it is highly desirable to 

fabricate more effective OSDAs in order to synthesize hierarchical ZSM-12 zeolites with a 

wider range of Si/Al ratios, especially at the more acidic compositions. 

Although zeolite crystallization is a very complex process involving numerous solid-liquid 

equilibria and silica condensation steps, it has been demonstrated that the highly flexible 

OSDA allows the synthesis of zeolites with different topologies.31-34 For example, 

Weckhuysen and co-workers demonstrated that the occluded TEA can adopt two distinct 

conformations with different fractions depending on the templated zeolitic topology (BEA 

and MOR) as well as the framework heteroatoms.35 However, the molecular flexibility in 

terms of conformation of OSDA can impede host-guest specificity, therefore resulting in 

mixtures of different zeolite phases. This can be illustrated by the formation of Beta zeolite 

when synthesizing ZSM-12 at Si/Al gel ratios lower than 30 with TEAOH as the OSDA.22 

The use of conformationally rigid and bulky organic molecule as OSDA can lead to the 

selective formation of particular zeolites due to a host-guest specificity.36 As an example, 

Xiao and co-workers reported the direct synthesis of IWR zeolite using p-

phenylenedimethylene-bis(N-methylpyrrolidinium), which is more rigid than the commonly 

used and flexible hexamethonium OSDA.37 Motivated by these previous studies, we explored 

the use of rigid OSDA for the synthesis of nanocrystalline ZSM-12 zeolites in a wider range 

of Si/Al ratios. 

In this work, we investigated the direct synthesis of nanosized ZSM-12 zeolites using 

diquaternary ammonium compounds in conventional hydrothermal synthesis in a broad range 

of Si/Al ratios. Our starting point was to employ inexpensive diquaternary ammonium 

compounds more rigid than those multiquaternary ammonium salts used before in ZSM-12 

synthesis (Table D1). Another important consideration was that the OSDA should fit MTW 

channels. This led to the identification of three organic compounds in which p-xylene forms 

the linkage between two quaternary ammonium centers and nitrogen-containing cycles as the 

end groups (Figure 5.1). These organic compounds were synthesized via a one-step procedure 

from commercial chemicals and used to prepare zeolites from initial gels with Si/Al ratios 

ranging from 15 to infinity. The resulting zeolites were extensively characterized for their 

physicochemical properties and evaluated for their catalytic performance in the 

hydroconversion of n-hexadecane (n-C16) after loading with Pt and in the methanol-to-

hydrocarbons (MTH). In situ IR spectroscopy was employed to identify the intra-zeolite 

organic deposits during the MTH reaction. 
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Figure 5.1. Organic structure-directing agents (OSDAs) used in this work. 

5.2 Experimental section 

5.2.1 Synthesis of OSDA 

P-phenylenedimethylene-bis(N-methylpyrrolidinium) dibromide (SDA1): 0.025 mol of α,α′-

dibromo-p-xylene (TCI, > 98.0%) was dissolved in a solution of 100 ml of acetonitrile 

(Biosolve, 99.8%) and 50 ml of toluene (Alfa Aesar, anhydrous, 99.8%) at 70 ℃. Then, 0.1 

mol of N-methypyrrolidine (TCI, > 98.0%) was added under stirring and kept at 70 ℃ for 2 

days under a nitrogen atmosphere. After the reaction, the white product was separated by 

filtration, followed by washing with diethyl ether (Biosolve, 99.9%). The obtained solid 

product was dried at 50 ℃ overnight in a vacuum oven. The product yield was 95%. 

P-phenylenedimethylene-bis(N-methylpiperidinium) dibromide (SDA2): The reaction was 

carried out as in the synthesis of SDA1, except for the use of N-methylpiperidine (TCI, > 

99.0%) instead of N-methypyrrolidine. The product yield was 90%. 

P-phenylenedimethylene-bis(1,2-dimethylimidazolium) dibromide (SDA3): The reaction 

was carried out as in the synthesis of SDA1, except for the use of 1,2-dimethylimidazole 

(TCI, > 98.0%) instead of N-methypyrrolidine. The product yield was 91%. 

The purity of the above three organic templates were verified by liquid-state 1H NMR (Figure 

D1). 
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5.2.2 Synthesis of zeolites 

Taking the hydrothermal synthesis with a Si/Al gel ratio of 50 and SDA1 as an example, 0.3 

g of sodium hydroxide (Sigma Aldrich, ≥ 98%) was dissolved in 15.7 g H2O, followed by 

the addition of 1.09 g SDA1. After sodium hydroxide and organic template were fully 

dissolved, 0.121 g AlCl3∙6H2O (Alfa Aesar, 99%) was added to the mixture, followed by the 

addition of 3.75 g of Ludox AS-40 (Sigma Aldrich, 40 wt%) under stirring. The resulting gel 

had a molar composition of 12 SiO2: 0.12 Al2O3: 1.8 Na2O: 1.2 SDA: 480 H2O. After 

vigorous stirring for 3 h at room temperature, the gel was transferred into a 45 ml Teflon-

lined stainless-steel autoclave (Parr Instruments). The autoclave was heated in an oven at 

160 ℃ for 4 days under tumbling (50 rpm). After crystallization, the solid product was 

recovered by centrifugation, washed with demi-water until pH < 8 and dried at 30 ℃ 

overnight in a vacuum oven. The organic species in the as-synthesized zeolite was removed 

by calcination under flowing air at 550 ℃ for 8 h. To obtain the proton-form, the calcined 

sample was ion-exchanged with 1.0 M NH4NO3 solution followed by calcination at 550 ℃ 

(heating rate 1 ℃/min) for 4 h in a O2 flow (20 vol% in N2). Samples are denoted by zeolite 

topology(x, SDAy) with x indicating the Si/Al gel ratio and y indicating number of SDA. For 

comparison, a conventional ZSM-12 zeolite was synthesized with methyltriethylammonium 

chloride (MTEACl, Alfa Aesar, 98%) by following a procedure from the literature.28 This 

zeolite was denoted as MTW-Con. 

5.2.3 Preparation of Pt-containing zeolites 

The proton-form of the zeolites were loaded with 0.5 wt% Pt using wet impregnation with an 

aqueous solution of tetraammineplatinum(II) nitrate (Pt(NH3)4(NO3)2, Alfa Aesar). The 

impregnated zeolites were dried in air followed by calcination at 450 ℃ (heating rate 

0.5 ℃/min) for 2 h under O2 (20 vol% in N2). 

5.2.4 Characterization 

The chemical compositions of samples were determined by inductively couple plasma optical 

emission spectrometry (ICP-OES) performed on a Spectro Blue ICP instrument, after solid 

dissolution in HF/HNO3 aqueous solution. 

Powder X-ray diffraction (XRD) patterns of samples were recorded on a Bruker D2 Endeavor 

diffraction system using Cu Kα radiation.  

https://www.sigmaaldrich.com/NL/en/substance/tetraammineplatinumiinitrate3872120634122
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Ar physisorption measurements were performed on a Micromeritics ASAP 2020 instrument 

in static mode at -186 ℃. Prior to measurements, the samples were outgassed at 400 ℃ for 

6 h. 

Thermogravimetric analyses (TGA) experiments were carried on a TGA/DSC 1 instrument 

(Mettler Toledo). The sample was heated from 40 ℃ to 800 ℃ at a rate of 5 ℃/min in 20 

ml/min O2 and 40 ml/min He flow. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images 

were obtained, respectively, on a FEI Quanta 200F (3 kV) and a FEI Tecnai 20 (200 kV). 

Annular dark field scanning transmission electron microscopy (ADF-STEM) images were 

recorded on a TU/e CryoTitan (FEI, now Thermo Fischer Scientific) electron microscope at 

300 kV and room temperature. 

The acidity of samples was determined by IR spectroscopy on a Bruker Vertex 70v 

spectrometer by studying the adsorption of pyridine and 2,4,6-collidine. Samples were 

prepared as a pressed round wafer with a diameter of 13 mm (~10 mg ) and pretreated in situ 

at 550 ℃ for 1 h in artificial air. After pretreatment, the cell was cooled to 150 ℃ and 

outgassed until the residual pressure was below 1× 10-4 mbar. A background spectrum was 

collected. Pyridine or 2,4,6-collidine was then introduced into the cell until the sample was 

fully saturated as judged from the IR spectra. Finally, IR spectra were recorded at 150 ℃ 

after outgassing for 1 h at 150 ℃, 300 ℃ and 500 ℃. 

The nature of carbon deposits formed on the catalyst during the MTH reaction was monitored 

on a Nicolet spectrometer with a MCT detector. Prior to the reaction, self-support wafers 

(~10 mg) were pretreated in situ in He flow at 450 ℃ for 1 h, followed by cooling to the 

reaction temperature of 400 ℃ and taking a background. Then, methanol was fed into the in 

situ IR cell by flowing He (30 ml/min) through a saturator containing methanol (VWR 

Chemical, ≥ 99.8%) at -10.4 ℃. Time-resolved spectra were recorded with a resolution of 4 

cm-1 and a total scan of 64. 

Solid-state 27Al, 29Si and 13C MAS NMR measurements were performed on a 11.7 Tesla 

Bruker DMX500 NMR spectrometer at a frequency of 132, 99 and 125 MHz, respectively. 

27Al NMR spectra were recorded with a 2.5 mm MAS probe at a spinning rate of 25 kHz. 

29Si and 13C NMR spectra were recorded with a 4 mm MAS probe at a spinning rate of 10 

kHz. Two-dimensional 1H-29Si and 1H-13C heteronuclear correlation (HETCOR) NMR 

spectra were recorded with a contact time of 1 ms and 4 ms. respectively. 27Al, 29Si and 13C 

chemical shifts were referred to Al(NO3)3, tetramethylsilane and solid adamantane, 

respectively. 
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Liquid-state 1H and 13C NMR measurements were performed on a Bruker 400 MHz 

spectrometer. Prior to measurements, the organic template was dissolved in deuterated water 

and transferred into a 5 mm NMR tube. 1H and 13C NMR spectra were collected with a total 

scans of 32 and 1024, respectively. 

5.2.5 Catalytic activity measurements 

5.2.5.1 Hydroconversion of n-hexadecane 

The activity of Pt/ZSM-12 catalysts in the hydroconversion of hexadecane (n-C16) were 

evaluated in a downstream fixed-bed reactor. Typically, the catalyst (sieve fraction 125-250 

µm) was dried in the reactor at 200 ℃ for 1 h at atmospheric pressure under flowing He. 

After cooling the reactor to 50 ℃, the catalyst was reduced in situ at 400 ℃ using a rate 

3 ℃/min for 1 h in flowing H2 at atmospheric pressure. The reactor was then cooled to 150 ℃ 

and pressurized to 60 bar with H2, followed by wetting the packed bed in a liquid n-C16 flow 

of 1 ml/min for 10 min. The reaction was carried out at a H2/n-C16 molar ratio of 20 and a 

weight hourly space velocity (WHSV) of gn-C16 gcat
-1 h-1. The reactor effluent was analyzed 

every 10 ℃ with steady-state activities obtained after ~5 h. Products were analyzed using an 

online gas chromatograph (Thermo Scientific Focus GC) equipped with an FID detector 

coupled with an Rtx-1 column. 

2.5.2. Methanol to hydrocarbons 

The catalytic performance of the ZSM-12 samples in MTH reactions were tested in a 

downstream fixed-bed reactor. Samples were pressed, and then crushed and sieved to obtain 

particles in the range of 250-500 μm. An amount of 45 mg of catalyst (sieve fraction 250-

500 µm) was loaded into a quartz reactor. First, the catalyst was pretreated in situ in artificial 

air at 550 ℃ for 1 h, followed by cooling to the reaction temperature of 400 ℃. Methanol 

was fed to the reactor at a WHSV of 1.1 h-1 by flowing He (30 ml/min) through a saturator 

containing methanol (VWR Chemicals, ≥ 99.8%) at -10.4 ℃. The effluent was analyzed by 

an online gas chromatograph (Interscience Compact GC). A thermal conductivity detector 

(TCD) coupled with an RT-Q-Bond pre-column (Restek, 3 m × 0.32 mm × 10 µm) and a 

Molsieve 5A column (Restek, 10 m × 0.32 mm × 30 µm) was used for the analysis of H2 and 

CH4. A TCD coupled with an RT-Q-Bond pre-column (Restek, 3 m × 0.32 mm × 10 µm) and 

an RT-Q-Bond column (Restek, 10 m × 0.32 mm × 10 µm) for the analysis of C2-C3 

hydrocarbons. A FID detector coupled with Rtx-1 column (Restek, 15 m × 0.32 mm × 1 µm) 

was used to analyze heavier hydrocarbons (C4+). Dimethyl ether was considered as a reactant. 
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5.3 Results and discussion 

5.3.1 Zeolite synthesis and characterization 

 

Figure 5.2. XRD patterns of as-synthesized samples. 

Figure 5.2 shows XRD patterns of the samples obtained at different Si/Al gel ratios (from 20 

to +∞) using the selected OSDAs. At Si/Al gel ratios of 50 and 100, phase-pure ZSM-12 

zeolite was obtained in all cases (Figures 5.2b and 5.2c). At a lower Si/Al gel ratio of 20, the 

use of SDA1 and SDA3 also led to phase-pure ZSM-12 zeolite, whereas a mixture of ZSM-

12 and Beta zeolite was formed with SDA2 (Figure 5.2a). Only amorphous product was 

obtained when the Si/Al gel ratio was decreased to 15 (Figure D2). Starting from a gel without 

Al, only SDA3 was able to direct ZSM-12 zeolite (Figure 5.2d). We also verified that no 

ZSM-12 zeolite is formed when organic template was omitted from the synthesis gel.  
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Figure 5.3. SEM and TEM images of calcined zeolites: (a-c) MTW(20, SDA1), (d-f) 

MTW(50, SDA2) and (g-i) MTW(100, SDA2). 

Figure 5.3 contains representative SEM and TEM images of the calcined zeolites (additional 

images in Figures D3-D6). At a Si/Al gel ratio of 20, the zeolite was made up of loosely 

aggregated crystals with a size less than 50 nm (Figures 5.3a-c and D3). At Si/Al ratios of 50 

and 100, the zeolites obtained with SDA2 consisted of rugby-like aggregates of nanoparticles 

with size smaller than 50 nm (Figures 5.3d-i). More dense aggregation of nanoparticles was 

observed for MTW(50, SDA1), MTW(50, SDA3), MTW(100, SDA1) and MTW(100, SDA3) 

(Figures D4 and D5). The all-silica ZSM-12 zeolite, MTW(+∞, SDA3), consists of large 

micron-sized crystals (Figure D6).  
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Figure 5.4. Ar physisorption isotherms of calcined zeolites. 

The textural properties of the calcined samples were determined by Ar physisorption. The Ar 

physisorption isotherms and micropore size distributions (PSD) are shown in Figures 5.4, D7 

and D8. All the isotherms exhibit a steep Ar adsorption below P/P0 = 0.02, indicating the 

presence of micropores.38 The zeolites synthesized at Si/Al gel ratios of 20 and 50 display 

the type IV isotherm with a hysteresis loop in the relative pressure higher than 0.6, implying 

the existence of both micropores and mesopores (Figures 5.4a and 5.4b).6 A type IV isotherm 

with a clear hysteresis loop is also observed for MTW(100, SDA2), whereas MTW(100, 

SDA1) and MTW(100, SDA3) present the typical type I isotherms with limited uptake at 

higher relative pressure. The characteristic size of 0.55 nm micropores of ZSM-12 can be 

appreciated from the PSDs given in the supporting information (Figure D7).26 Notably, 

besides the main peak at 0.55 nm, the PSD of MTW/BEA(20, SDA2) shows an additional 

peak at 0.60 nm, which is typical for BEA zeolite.39 Therefore, consistent with the XRD data, 

the PSD data confirm the phase purity of the ZSM-12 zeolites except for the zeolite 

MTW/BEA(20, SDA2), which contained both MTW and BEA. The corresponding textural 

properties are summarized in Table 5.1. MTW(20, SDA1) shows a large mesopore volume 

and external surface area (0.26 cm3 g-1 and 116 m2 g-1, respectively). Comparable data were 

observed for MTW(20, SDA3) (0.24 cm3 g-1 and 104 m2 g-1, respectively), which goes along 

with the rather similar SEM and TEM images for these samples. For synthesis at a Si/Al gel 

ratio of 50, MTW(50, SDA2) presents a much larger mesopore volume and external surface 

area (0.24 cm3 g-1 and 103 m2 g-1, respectively) than MTW(50, SDA1) and MTW(50, SDA3). 

At a Si/Al gel ratio of 100, MTW(100, SDA2) has the larger mesopore volume and external 

surface (0.09 cm3 g-1 and 74 m2 g-1, respectively). In contrast, a substantially lower 

contribution of mesopores was found for MTW(100, SDA1) and MTW(100, SDA3). This is 

likely due to the dense aggregation of nanoparticles as observed by SEM characterization. 
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MTW(+∞, SDA3) also has a small mesopore volume and external surface (0.04 cm3 g-1 and 

36 m2 g-1, respectively), consistent with its bulky morphology. Thus, the textural data are 

qualitatively consistent with XRD, SEM and TEM characterization, demonstrating that 

selective diquaternary ammonium compound can be effective templates to direct 

nanocrystalline ZSM-12 zeolites in a wide range of Si/Al gel ratios from 20 to 100. 

Table 5.1. Textural properties of calcined zeolites determined by Ar physisorption. 

Sample 
SBET  

(m2 g-1) 

Vtot  

(cm3 g-1) 

Vmicro  

(cm3 g-1) 

(t-plot) 

Vmeso  

(cm3 g-1) 

(BJH) 

Sext  

(m2 g-1) 

(t-plot) 

MTW(20, SDA1) 297 0.37 0.09 0.26 116 

MTW/BEA(20, SDA2) 426 0.65 0.10 0.51 178 

MTW(20, SDA3) 275 0.33 0.08 0.24 104 

MTW(50, SDA1) 283 0.21 0.10 0.10 70 

MTW(50, SDA2) 306 0.34 0.09 0.24 103 

MTW(50, SDA3) 274 0.21 0.09 0.11 77 

MTW(100, SDA1) 230 0.13 0.08 0.04 47 

MTW(100, SDA2) 287 0.20 0.10 0.09 74 

MTW(100, SDA3) 273 0.14 0.10 0.03 43 

MTW(+∞, SDA3) 278 0.15 0.10 0.04 36 

MTW-Con 253 0.12 0.10 0.02 33 

 

Next, TGA and 13C NMR measurements were performed to investigate the inclusion and 

intactness of OSDAs in the as-synthesized ZSM-12 zeolites, respectively. TG-DTG curves 

in Figure D9 show a major weight loss at 200-750 ℃ due to the combustion of the OSDAs 

within the zeolite samples. Notably, for each OSDA, the combustion peaks shift to higher 

temperature with decreasing Si/Al ratio, which can be attributed to the stronger interaction 

between the positively charged OSDA and negatively charged framework Al sites.40 The 13C 

NMR spectra of as-synthesized zeolites are similar to those of the pure OSDAs, indicating 

that they are stable during the hydrothermal synthesis (Figure D10). The spatial proximity 
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between the occluded OSDA and the zeolite framework was investigated by 2D 1H-13C and 

1H-29Si HETCOR NMR spectra.41 The proton chemical shift assignments in Figure 5.5b were 

determined by collecting separate 1H NMR spectrum (Figure D1a), 1H-13C CPMAS NMR 

spectrum (Figure D10a) and 1H-13C HETCOR NMR spectrum (Figure 5.5a). As shown in 

Figure 5.5b, Q4(1Al) and Q4(0Al) framework species of MTW(50, SDA1) exhibit strongly 

correlated signals with both ammonium head groups and the benzyl group of SDA1, 

suggesting strong intermolecular interactions between the zeolite framework and the organic 

molecule. Therefore, this observation reveals the structure-directing role of the embedded 

organic template SDA1. In a similar way, the 2D NMR spectra in Figures D11 and D12 also 

evidence the essential role of SDA2 and SDA3 in directing MTW(50, SDA2) and MTW(50, 

SDA3), respectively. 

 

Figure 5.5. 1H-13C (a) and 1H-29Si (b) HETCOR NMR spectra of as-synthesized MTW(50, 

SDA1) zeolite. The assignment to different H atoms in organic molecule SDA1 is indicated 

in the top panel. 
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Figure 5.6. 27Al MAS NMR spectra of calcined zeolites: (a) MTW(20, SDA1), (b) 

MTW(50, SDA2), (c) MTW-Con and (d) MTW(100, SDA2). 

Among the set of ZSM-12 zeolites synthesized with different Si/Al gel ratios, MTW(20, 

SDA1), MTW(50, SDA2) and MTW(100, SDA2) were selected for further study because of 

their favorable textural properties, viz. the largest the external surface. The Si/Al ratios of 

calcined ZSM-12 zeolites were determined by ICP elemental analysis. The Si/Al ratio of 

MTW(20, SDA1) is 18.3, which is close to the initial gel ratio of 20. MTW(50, SDA2) and 

MTW(100, SDA2) have Si/Al ratios of 40.1 and 68.8, respectively. It is observed that the 

discrepancy between the Si/Al ratios of the initial gel and the zeolite product increases with 

the increase of the Si/Al gel ratio. A similar phenomenon has also been observed in ZSM-12 

synthesis with TEAOH, which is mainly due to the low utilization for silica source.22 The 

chemical environment of Al atoms in ZSM-12 zeolites was investigated by 27Al NMR 

spectroscopy. The 27Al NMR spectra in Figure 5.6 are dominated with a main resonance at 

~54 ppm for all samples, corresponding to framework Al atoms in tetrahedral coordination 

(AlIV), while the weak peak at 0 ppm is attributed to extraframework Al atoms in octahedral 

coordination (AlVI).14  Deconvolution of these spectra shows that the Al atoms are mainly 

incorporated into the zeolite framework (> 85%). Among these samples, MTW(20, SDA1) 

shows a slightly lower fraction (86%) of AlIV. This is in line with previous studies and due 

to Al-rich zeolites being more prone to develop extraframework Al species.42  
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Table 5.2. Si/Al ratios, fractions of framework Al and acidic properties of the calcined zeolite 

samples. 

Zeolite Si/Ala 
AlF

b 

(%) 

[BAS]
c
 

(μmol g-1) 

[LAS]
d
 

(μmol g-1) 

[BAS]
e
 

(μmol g-1) 

MTW(20, SDA1) 18.3 86 736 162 283 

MTW(50, SDA2) 40.1 92 436 114 176 

MTW-Con 40.0 93 478 97 86 

MTW(100, SDA2) 68.8 93 253 48 88 

a Determined by ICP-OES analysis. 

b Fraction of framework Al determined by 27Al NMR. 

c Density of BAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at 

150 ℃. 

d Density of LAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at 

150 ℃. 

e Density of external BAS determined by IR spectra of adsorbed 2,4,6-collidine after 

evacuation for 1 h at 150 ℃. 

The total acidity of the zeolites was characterized by IR spectroscopy after pyridine 

adsorption and subsequent desorption at 150 ℃, 300 ℃ and 500 ℃. Quantification of 

Brønsted acid sites (BAS) and Lewis acid sites (LAS) was determined by the integrated areas 

of the bands at 1540 cm-1 and 1450 cm-1, respectively.43 The total BAS density of zeolites 

follow the sequence MTW(20, SDA1) > MTW-Con > MTW(50, SDA2) > MTW(100, 

SDA2). MTW(20, SDA1) displays the highest BAS density as expected because of its highest 

Al content. In addition, the density of BAS on the external zeolite surface was determined by 

IR spectroscopy of adsorbed 2,4,6-colldine. The quantification of these data are given in 

Table 5.2. The density of external BAS follows the sequence MTW(20, SDA1) > MTW(50, 

SDA2) > MTW(100, SDA2) ≈ MTW-Con. Notably, MTW(50, SDA2) displays a much 

higher external BAS density than MTW-Con, although they present comparable total BAS 

densities. The most reasonable explanation for this is the much higher external surface area 

of MTW(50, SDA2). 
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5.3.2 Catalytic activity 

5.3.2.1 Hydroconversion of n-hexadecane 

 

Figure 5.7. ADF-STEM images of reduced samples: (a) Pt/MTW(20, SDA1), (b) 

Pt/MTW(50, SDA2), (c) Pt/MTW-Con and (d) Pt/MTW(100, SDA2). 

The ZSM-12 zeolites were evaluated for the hydroconversion of n-C16 after loading 0.5 wt% 

Pt. This metal loading is generally deemed sufficient to ensure a high enough rate of 

(de)hydrogenation for the isomerization/cracking reactions on acid sites to limit the overall 

rate.44 Element analysis shows that the actual Pt loading amounts are all close to the targeted 

0.5 wt%. ADF-STEM images in Figure 5.7 demonstrate that Pt is highly dispersed on all 

samples with average particle sizes smaller than 2 nm. Therefore, based on the similar metal 

function for the 4 bifunctional catalysts, catalytic differences in n-C16 hydroconversion can 
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be attributed to differences in intrazeolite residence times and acidities, which are related to 

the acidic zeolite component. 

 

Figure 5.8. (a) Conversion of n-C16 as a function of the reaction temperature and (b) the 

product yield as a function of n-C16 conversion. 

Figure 5.8a shows the conversion of n-C16 as a function of reaction temperature. The activity 

increases in the order Pt/MTW-Con < Pt/MTW(100, SDA2) < Pt/MTW(50, SDA2) < 

Pt/MTW(20, SDA1). Among the three nanocrystalline zeolites, it can be observed that their 

activities follow their acidities. Nevertheless, both Pt/MTW(50, SDA2) and Pt/MTW(100, 

SDA2) are substantially more active than Pt/MTW-Con despite the lower acidity of the 

nanosized zeolites. As it has been demonstrated that medium and strong BAS are required to 

catalyze isomerization and cracking reactions,45 the improved activity of Pt/MTW(50, SDA2) 

and Pt/MTW(100, SDA2) can be due to favorable texture of the nanocrystalline zeolites. The 

role of the crystal size on long chain n-paraffin hydroconversion for one-dimensional zeolites 

has been widely investigated before.19, 46, 47 For instance, our previous study showed that 

nanocrystalline MOR zeolite was more active than bulk MOR in the hydroconversion of n-

C16.48 Therefore, the lower activity of Pt/MTW-Con can be attributed to a lower accessibility 

of BAS as a result of the larger crystal size.  

Figure 5.8b shows the yield of isomers and cracked products as a function of n-C16 conversion. 

For all catalysts, the yield of isomers gradually increases with n-C16 conversion until a 

maximum after which cracking rapidly increases. This typical dependence of the product 

distribution is due to the isomerization of n-alkanes, resulting in the formation of more 

reactive multibranched isomers, which are prone to cracking.49 Maximum isomer yields 

increase in the order Pt/MTW-Con (15.8%) < Pt/MTW(20, SDA1) (50.5%) < Pt/MTW(100, 

SDA1) (70.4%) < Pt/MTW(50, SDA2) (72.0%). The maximum isomer yields for 
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nanocrystalline ZSM-12 zeolites are much higher than for bulk Pt/MTW-Con. According to 

previous studies, reducing the zeolite crystal sizes results in shorter residence time of olefinic 

intermediates in the micropores as a consequence of the faster desorption from the acidic 

zeolite, which limits overcracking and henceforth increases the isomer yield.26, 44 The 

beneficial effect of nanocrystalline ZSM-12 zeolite is also clear from the more symmetric 

cracked product distribution as compared to that of Pt/MTW-Con (Figure D16). Among the 

nanocrystalline zeolites, Pt/MTW(20, SDA1) shows a lower isomer yield than the other two 

samples. Considering that Pt/MTW(20, SDA1) has the highest external surface area, the 

lower highest isomer yield is likely due to the high acidity, which impairs the balance 

between hydrogenation and cracking.16 Notably, the isomers distribution in Figure D17 

shows that the ratio of multi- to mono-branched isomers of 2.8 for Pt/MTW(50, SDA2) 

higher than the value of 1.8 for Pt/MTW(100, SDA2), although the maximum isomers yield 

is comparable for these two catalysts. The higher ratio of multi- to mono-branched isomers 

for Pt/MTW(50, SDA2) is likely due to the higher acidity, which favours the formation of 

multi-branched products.45 

5.3.2.2 Methanol to hydrocarbons 

 

Figure 5.9. (a) MTH performance of ZSM-12 catalysts: (a) methanol conversion as a 

function of reaction time and (b) product selectivity after 0.5 h time on stream. 

The catalytic performance of the nanosized and conventional ZSM-12 zeolites were 

evaluated in the MTH reaction at a temperature of 400 ℃ and a WHSV of 1.1 h-1. We defined 

the catalyst lifetime (t80) as the time at which the methanol conversion decreases to 80%. 

Figure 5.9a shows the conversion of methanol as a function of time on stream. Initially, the 

methanol feed can be fully converted over all catalysts. Deactivation of MTW-Con is rapid 

with a lifetime of only 7.8 h. Compared to MTW-Con, these three nanosized zeolites exhibit 

significantly enhanced catalyst lifetime. The lifetime of the catalyst increases in the order 
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MTW-Con (7.8 h) < MTW(20, SDA1) (36.5 h) < MTW(100, SDA2) (100 h) < MTW(50, 

SDA2) (112 h). The TG results in Figure D18 show that the coke contents are much higher 

in used MTW(20, SDA1), MTW(50, SDA2) and MTW(100, SDA2) (7.4%, 7.8% and 6.6%, 

respectively) than in the used MTW-Con (4.8%), whereas the average coke formation rate of 

MTW-Con (0.172 mg mg-1 h-1) is much higher than these nanosized zeolites (0.030-0.082 

mg mg-1 h-1) (Table D3). Compared to MTW-Con, the less acidic MTW(50, SDA2) and 

MTW(100, SDA2) containing more coke still maintain higher catalytic activity. This 

indicates a better coke tolerance, which can be attributed to the improved accessibility of acid 

sites as a consequence of the reduced crystal size.50 ZSM-12 possesses one-dimensional 

channels and the acid sites in each micropore are only accessible by the two end of the crystals. 

This can not only result in rapid coke formation within the zeolite channels, but also easily 

render the acid sites inaccessible by coke deposition.21 Therefore, it can be concluded that 

the significantly longer lifetime of MTW(50, SDA2) and MTW(100, SDA2) than MTW-Con 

is due to a lower coke formation rate and a higher pore utilization. Notably, MTW(20, SDA2) 

has a shorter lifetime compared to MTW(50, SDA1) and MTW(100, SDA2), despite its 

higher external surface area. It is known that a higher acidity can increase the rate of 

formation of aromatics, which are typically coke precursors.51 Therefore, the shorter lifetime 

of MTW(20, SDA1) can be related to the higher acidity, which explains the higher coke 

formation rate of 0.082 mg mg-1 h-1 than MTW(50, SDA2) and MTW(100, SDA2) (0.033 

mg mg-1 h-1 and 0.030 mg mg-1 h-1, respectively). The product distribution given in Figure 

5.9b and Table D4 shows a much higher aromatics selectivity of 12.1% for MTW(20, SDA1) 

in comparison to MTW-Con (5.1%), which can be attributed to the higher acidity and the 

faster desorption of aromatics from smaller crystals. Notably, MTW(100, SDA2) shows a 

high propylene selectivity (51.6%) and remarkably high C3=/C2= ratio (23.4) in comparison 

to the other samples, which is most likely related to the low acidity and short diffusional 

pathways for this sample. 

To better understand the substantial difference in catalytic performance between samples, the 

intra-zeolite organic compounds formed during the MTH reaction were investigated by in 

situ IR spectroscopy. For this purpose, a wafer (~10 mg) of zeolite sample was placed in an 

in situ cell and exposed to 2 kPa methanol in He (flow of 30 ml min-1). Although the contact 

time is not accurately determined in this approach, it is expected to be shorter than in the 

catalytic activity measurements discussed above. Time-resolved spectra recorded at 400 ℃ 

are depicted in Figure 5.10. For all samples, bands at 2800-3100 cm-1 due to C-H stretching 

vibrations, bands between 1430-1650 cm-1 due to C=C vibrations of aromatics and bands at 

1358 cm-1 due to C-H bending vibrations of unsaturated species are observed, indicating the 

formation of intra-zeolite organic species.52, 53 The intensity of these bands increases with the 
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progress of the MTH reaction. The slower change of these bands intensity for MTW(50, 

SDA1) and MTW(100, SDA2) upon starting the reaction points to a slower formation of such 

organic species, consistent with the lower coke formation rate determined by TG. In addition, 

negative bands at 3580 cm-1 in the hydroxyl stretching region appear due to BAS interacting 

with adsorbates.54 Notably, for MTW-Con, the strong absorption band at 1591 cm-1 is more 

prominent than the band at 1358 cm-1, which is not the case for the three nanosized zeolites. 

These differences suggest that the intra-zeolite organic species formed over nanosized 

zeolites contain a substantial amount of highly alkylated aromatic species, which are less 

condensed than those formed over MTW-Con. The formation of less condensed coke over 

nanosized zeolites can be due to the faster desorption of aromatics from smaller crystals, 

whereas such species would easily condense into heavier deposits due to the longer residence 

time in larger crystals.51 

 

Figure 5.10. In situ IR spectra recorded during the MTH reaction at 400 ℃ over ZSM-12 

zeolites: (a) MTW(20, SDA1), (b) MTW(50, SDA2), (c) MTW-Con and (d) MTW(100, 

SDA2). The spectra were normalized by the weight of the samples. 
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5.4 Conclusions 

This work describes the effective synthesis of ZSM-12 in a wide range of Si/Al ratios from 

20 to +∞ by one-step hydrothermal synthesis using rigid non-surfactant diquaternary 

ammonium compounds as the sole OSDA. Nanosized ZSM-12 zeolites were obtained from 

aluminosilicate gels (Si/Al = 20, 50 and 100), while a reference bulk ZSM-12 sample was 

obtained from an all-silica gel with SDA3. Strong interaction between the OSDA and the 

zeolite framework was confirmed by solid-state NMR and TGA. The nanosized ZSM-12 

samples show higher activity and significantly improved isomer yields in the 

hydroconversion of n-C16 than bulk ZSM-12. The improved performance of nanosized ZSM-

12 is due to the reduced residence time in zeolite pores, rendering acid sites more accessible 

for primary conversion reactions of olefins and at the same time limiting secondary 

conversion reactions. In the MTH reaction (T = 400 ℃ and WHSV = 1.1 h-1), the nanosized 

ZSM-12 samples display significantly improved lifetime over bulk ZSM-12. A high 

propylene selectivity (51.6%) and remarkably high C3=/C2= ratio (23.4) were obtained over 

MTW(100, SDA2). TGA analysis of the used catalysts and in situ IR spectroscopy of intra-

zeolite organic species revealed that nanosizing zeolites leads to a lower concentration of 

aromatics, reducing the extent of heavy deposits formation. Thus, rigid diquats can be used 

to obtain ZSM-12 nanocrystals with tunable acidity with a significantly improved catalytic 

performance. 
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Figure D1. 1H NMR spectra of organic templates used in this work. 

 

 

Figure D2. XRD patterns of as-synthesized samples (Si/Al=15).  
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Figure D3. SEM and TEM images of calcined zeolites: (a and b) MTW/BEA(20, SDA2) 

and (c and d) MTW(20, SDA3). 
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Figure D4. SEM images of calcined zeolites: (a and b) MTW(50, SDA1) and (c and d) 

MTW(50, SDA3). 
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Figure D5. SEM and TEM images of calcined zeolites: (a and b) MTW(100, SDA1) and (c 

and d) MTW(100, SDA3). 

 

Figure D6. SEM images of calcined zeolite MTW(+∞, SDA3). 

10 um 1 um
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Figure D7. Micropore size distributions of calcined zeolites. 

 

Figure D8. Ar physisorption isotherm and micropore size distribution (inset) of calcined 

zeolite MTW(+∞, SDA3). 
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Figure D9. TG (left) and DTG (right) profiles of as-synthesized zeolites. 
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Figure D10. 13C NMR spectra (black line) of OSDA in D2O solution: (a) SDA1, (b) SDA2 

and (c) SDA3; 1H-13C CP/MAS NMR spectra (red line) of as-synthesized samples: (a) 

MTW(50, SDA1), (b) MTW(50, SDA2) and (c) MTW(50, SDA3). 
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Figure D11. 1H-13C (a) and 1H-29Si (b) HETCOR NMR spectra of as-synthesized MTW(50, 

SDA2) zeolite. The assignment to different H atoms in template is indicated in the top panel. 

 

Figure D12. 1H-13C (a) and 1H-29Si (b) HETCOR NMR spectra of as-synthesized MTW(50, 

SDA3) zeolite. The assignment to different H atoms in template is indicated in the top panel. 
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Figure D13. (a) SEM image, (b) XRD pattern and (c) Ar physisorption isotherm and 

micropore size distribution (inset) of MTW-Con. 
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Figure D14. IR spectra of pyridine adsorbed on the calcined zeolites: (a) MTW(20, SDA1), 

(b) MTW(50, SDA2), (c) MTW-Con and (d) MTW(100, SDA2). The spectra were 

normalized by the weight of the samples. 
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Figure D15. IR spectra of 2,4,6-collidine adsorbed on the calcined zeolites: (a) MTW(20, 

SDA1), (b) MTW(50, SDA2), (c) MTW-Con and (d) MTW(100, SDA2). The spectra were 

normalized by the weight of the samples. 
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Figure D16. Distribution of cracked products at ca. 50% n-C16 conversion. 
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Figure D17. Product yields (monobranched i-C16, multibranched i-C16 and cracked products) 

as a function of n-C16 conversion for: (a) Pt/MTW(20, SDA1), (b) Pt/MTW(50, SDA2), (c) 

Pt/MTW-Con and (d) Pt/MTW(100, SDA2). 
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Figure D18. TG and DTG (inset) profiles of used catalysts after MTH reaction. 
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Figure D19. In situ IR spectra recorded during the MTH reaction and subsequent flushing 

with He: (a) MTW(20, SDA1), (b) MTW(50, SDA2), (c) MTW-Con and (d) MTW(100, 

SDA2). The spectra were normalized by the weight of the samples. The subsequent flushing 

with He after the MTH reaction has a negligible effect on the intensity of the spectra in the 

range of 1300-1700 cm-1, indicating the very limited contribution of signals in this range from 

organic species in the gas phase. 
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Table D1. Multi-quaternary ammoniums reported for the synthesis of 

hierarchical/nanocrystalline ZSM-12 zeolites. 

Organic structure-directing agent 

Si/Al 

(initial 

gel/ 

product) 

Reference 

 

 

 

60/38 

 

 

5 

 

 

60/47 

 

27 

 

 

60/49 

 

55 

 

 

50/55 

 

29 

 

 

≥ 40/≥ 40 

 

29 

 

 

50/50 

 

28 

 

 

50/43 

 

30 

 

 

 

50/40 

 

 

30 

 

 

 

>75/-- 

 

 

56 
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>75/-- 

 

 

 

56 

 

Table D2. Phases obtained in the as-synthesized samples as determined by XRD. 

Initial gel No OSDA  SDA 1 SDA 2 SDA 3 

Si/Al=15a -- Amorphous Amorphous Amorphous 

Si/Al=20a Amorphous ZSM-12 ZSM-12+BEA ZSM-12 

Si/Al=50b Unknown ZSM-12 ZSM-12 ZSM-12 

Si/Al=100b Unknown ZSM-12 ZSM-12 ZSM-12 

Si/Al=+∞c Unknown Unknown Unknown ZSM-12 

a Crystallization at 160 ℃ for 8 days under rotation (50 rpm). 

b Crystallization at 160 ℃ for 4 days under rotation (50 rpm). 

c Crystallization at 160 ℃ for 6 days under rotation (50 rpm). 

 

Table D3. Coke amount of used samples and average coke accumulation rate during the 

MTH reaction over ZSM-12 zeolites. 

Sample Reaction time (h) Coke (wt%)a Rcoke (mg mg-1 h-1) 

MTW(20, SDA1) 44 7.4 0.082 

MTW(50, SDA2) 115 7.8 0.033 

MTW-Con 13.2 4.8 0.172 

MTW(100, SDA2) 105 6.6 0.030 

a Determined by the weight loss between 300 ℃ and 750 ℃ of TG results. 
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Table D4. Product distribution during the MTH reaction after 0.5 h on stream over ZSM-12 

catalysts. 

 

Sample 
Selectivity (%)  

C3=/C2= 

CH4 C2= C2 C3= C3 C4+ Aromatics 

MTW 

(20, SDA1) 
0.8 6.9 0.1 33.5 4.2 42.3 12.1 4.8 

MTW 

(50, SDA2) 
0.2 4.4 < 0.1 45.3 3.6 39.5 6.9 10.3 

MTW-Con 1.1 6.6 0.3 47.3 3.0 36.5 5.1 7.2 

MTW 

(100, SDA2) 
0.2 2.2 < 0.1 51.6 2.9 40.4 2.7 23.4 
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Chapter 6 

P-phenylenedimethylene-bis(trimethylammonium) as 

a versatile diaquat template for synthesizing nanosized 

mordenite, EU-1 and ZSM-12 zeolites 

Abstract 

Nanocrystals of zeolites with substantially shortened diffusional pathways compared to bulk 

counterparts are attractive catalysts, but their synthesis often remains challenging and 

expensive. Here, we describe the utility of p-phenylenedimethylene-bis(trimethylammonium) 

dichloride, an organic diquaternary ammonium compound, which can be easily prepared and 

is effective as an organic structure-directing agent (OSDA) in directing the synthesis of 

several nanosized zeolites. By modifying the gel composition (NaOH/Si and Si/Al ratios) 

and crystallization time, synthesis can be tuned to obtain nanosized mordenite, EU-1 and 

ZSM-12 zeolites. 13C NMR spectra of the occluded OSDA reveal subtle differences in host-

guest interactions between the OSDA and the respective zeolites, which derives from the 

flexibility of the OSDA. The relatively strong interaction between the OSDA and inorganic 

aluminosilica precursor species during the induction period explains how small zeolite 

nanocrystals are obtained. Nanosized EU-1 and ZSM-12 zeolites significantly outperform 

their corresponding bulk counterparts as acid catalysts in the methanol-to-hydrocarbons 

reaction and the alkylation of benzene with benzyl alcohol, respectively. 
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6.1 Introduction 

Zeolites are microporous crystalline materials with well-defined channels and cavities in the 

molecular range.1 They are technologically important materials with a main application as 

catalysts in chemical processes. Their utility in hydrocarbon conversion processes is related 

to tunable physicochemical properties, excellent shape selectivity and high (hydro)thermal 

stability.2 In many applications, the performance of zeolite catalysts is hampered by diffusion 

limitations of reactants and products in micropores.3 Decreasing the diffusion path length in 

the micropore space is an effective way to overcome such limitations.4 Besides the fabrication 

of hierarchically porous zeolites with additional mesopores, it can also be effective to 

synthesize nanocrystalline zeolites with crystal domains less than 100 nm.5 Nanosized 

zeolites are known to outperform bulk zeolites with, for instance, higher activity, better 

stability and improved selectivity to desired products, in particular for reactions involving 

bulky molecules and reactions involving consecutive reactions of the desired product to 

undesired ones.6, 7 

In the last two decades, several synthetic approaches have been developed to prepare 

nanocrystalline zeolites, among which one-step approaches based on conventional 

hydrothermal synthesis are the most attractive.8, 9 This typically involves the use of organic 

additives, e.g. cationic polymers as growth modifier, organosilanes as the mesoporogen or 

(poly)quaternary ammonium compounds template that can fulfil several roles.10-13 For 

example, Ryoo and co-workers reported the synthesis of MFI nanosheets by use of a di-

quaternary ammonium surfactant, where the hydrophilic di-quaternary ammonium group 

directs formation of MFI zeolite and the hydrophobic long-chain tail restricts crystal 

growth.14 In follow-up work, they expanded this concept to prepare nanocrystalline forms of 

BEA, ZSM-12 and MRE zeolite by tuning the gel composition using a polyquaternary 

ammonium surfactant a similar synthesis route of MFI nanosheets. However, the use of these 

organic templates are costly, which limits their practical application.15 

To solve this issue, a series of small and simple organic structure-directing agents (OSDAs), 

which are commercially available or can be prepared in a single step from available chemicals, 

have also been explored for synthesis of nanocrystalline zeolites.5, 16 For example, Corma 

and co-authors reported the direct synthesis of nanosized BEA and ZSM-5 zeolites by using 

simple alkyl-substituted mono-cationic cyclic ammonium compounds.17 Tsapatsis and co-

authors demonstrated the use of a tetrabutylphosphsphonium template for the synthesis of 

self-pillared pentasil zeolite nanosheets.18 Recently, simple non-surfactant di-quaternary 

compounds have also been used for the nanocrystalline zeolite synthesis.19-23 These 

diquaternary compounds are normally composed of an alkyl-chain linkage and nitrogen-
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containing branches/cycles. The possibility to tune the flexibility of the linkage and the size 

and other properties of the head groups allows obtaining a variety of zeolites.20, 21, 24-26 In 

view of the successful synthesis of nanocrystalline zeolites using non-surfactant diquaternary 

ammonium compounds, we wondered about the structure-directing ability of low-cost p-

phenylenedimethylene-bis(trimethylammonium) dichloride (Me3N-benzyl-NMe3), which 

has not been used yet for zeolite synthesis under alkaline condition via conventional 

hydrothermal synthesis. Different from the use of previous diquaternary OSDAs is the 

rigidity of the benzyl linker.20, 21, 24, 26-29 It is expected that Me3N-benzyl-NMe3 can fit in 12-

membered ring (12MR) and 10-membered ring (10MR) pores, which are common in zeolites 

used in industrial practice.30  

In this work, we report the synthesis of nanosized MOR (2D pore network; 12/8MR; 0.67 × 

0.70 nm, 0.26 × 0.57 nm, 0.34 × 0.48 nm), EU-1 (1D pore network; 10MR; 0.54 × 0.41 nm) 

and ZSM-12 (1D pore network; 12MR; 0.57 × 0.61 nm) zeolites by modifying the gel 

compositions in terms of NaOH/Si and Si/Al ratios and crystallization time with Me3N-

benzyl-NMe3 as the sole organic template. Me3N-benzyl-NMe3 was synthesized from 

commercially available chemicals via a one-step procedure at ambient temperature. The 

crystallization behavior of nanocrystalline MOR, EU-1 and ZSM-12 was investigated by 

characterizing the intermediate solid products. As the benefit of nanosizing MOR zeolite has 

been well evidenced in Chapter 2 and Chapter 3, we focus on investigating the catalytic 

performance of nanosized EU-1 and ZSM-12 zeolites in the present work. The methanol-to-

hydrocarbons (MTH) reaction was chosen as a model reaction to assess the catalytic 

performance of nanosized EU-1. In this reaction, conventional EU-1 zeolite suffers from a 

rapid catalyst deactivation caused by severe coke deposition.31, 32 Nanosizing EU-1 may 

improve the desorption of coke precursors and thus result in a longer lifetime. Alkylation of 

benzene with benzyl alcohol was chosen to assess the improved accessibility of acid sites of 

nanosized ZSM-12. 

6.2 Experimental section 

6.2.1 Synthesis of OSDA 

0.02 mol of 1,4-bis(chloromethyl)benzene (Sigma Aldrich, 98%) was dissolved in 150 ml 

acetonitrile (Biosolve, 99.8%). Then 15.3 g of trimethylamine solution (Sigma Aldrich, 31-

35 wt% in ethanol) was added into the solution under stirring. The resulting solution was 

reacted for 3 days at ambient conditions. After the reaction, the white precipitate was 

collected by filtration, followed by washing with extra diethyl ether (Biosolve, 99.5%). The 

obtained solid product was dried at 50 ℃ overnight under evacuation. The product yield was 
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96%. The purity of the OSDA was confirmed by 1H NMR and 13C NMR spectra (Figures E1 

and E2).  

6.2.2 Synthesis of zeolites 

In a typical synthesis, sodium hydroxide (Sigma Aldrich, ≥ 98%) was dissolved in deionized 

water, followed by the addition of OSDA. After stirring for 5 min, AlCl3∙H2O (Alfa Aesar, 

99%) was added to the mixture. After further stirring for 5 min, Ludox AS-40 (Sigma Aldrich, 

40 wt%) was added to the mixture. The molar composition of the final mixture was 12 SiO2 : 

x Al2O3 : y Na2O : 1.2 OSDA : 480 H2O (x = 0.24-0.5; y = 1.8-4.2). After vigorous stirring 

for 24 h at room temperature, the mixture was transferred to a 45 ml Teflon-lined stainless-

steel autoclave (Parr Instruments) and heated at 160 ℃ in an oven under tumbling (50 rpm). 

After hydrothermal synthesis, the solid product was collected by centrifugation and washed 

with deionized water until pH < 8, followed by drying at 30 ℃ overnight under evacuation. 

The OSDA was removed by calcination at 550 ℃ for 8 h in air. The calcined samples were 

converted to ammonium form by triple ion-exchange with 1.0 M NH4NO3 at 70 ℃. After 

drying at 30 ℃ overnight under evacuation, the ammonium-form sample was calcined at 

550 ℃ for 4 h in a O2/N2 (1/4 by volume) to obtain the final proton form. 

Conventional ZSM-12 (denoted as ZSM-12-Con) was synthesized with 

methyltriethylammonium chloride (MTEACl, Alfa Aesar, 98%).15 Conventional EU-1 

(denoted as EU-1-Con) was synthesized with hexamethonium bromide (TCI, >98%).32  

6.2.3 Characterization 

X-ray diffraction (XRD) patterns were recorded on a Bruker D2 Phase diffractometer using 

Cu Kα radiation. Patterns were obtained in the 2θ range of 5-50°, with a step size of 0.01° 

and duration time of 0.25 s. 

The chemical composition of the calcined zeolites was determined by inductively couple 

plasma optical emission spectrometry (ICP-OES). Prior to measurements, samples were 

dissolved in a 1 : 1 : 1 mixture of HF (40 wt%), HNO3 (60 wt%) and H2O at ambient 

conditions. 

The textural properties of the calcined zeolites were determined by Ar physisorption. The 

measurements were performed on a Micromeritics ASAP 2020 instrument. The samples were 

degassed at 400 ℃ for 6 h prior to physisorption measurements. The BET surface area was 

calculated using the relative pressure range of 0.05-0.25. The micropore volume and external 

surface area were calculated using the t-plot method, while the mesopore volume was 

calculated using the Barrett-Joyner-Halenda (BJH) method. 



183 
 

Thermogravimetric analysis (TGA) was performed with a TGA/DSC 1 instrument (Mettler 

Toledo). The sample was heated from 40 ℃ to 800 ℃ at a rate of 5 ℃/min in a flow of 20 

ml/min O2 and 40 ml/min He. 

Scanning electron microscopy (SEM) images were obtained on a FEI Quanta 200F scanning 

electron microscopy at an accelerating voltage of 3 kV. Transmission electron microscopy 

(TEM) images were collected on a FEI Tecnai 20 operated at 200 kV. 

The acidity of samples was determined by IR spectroscopy of adsorbed pyridine on a Bruker 

Vertex 70v spectrometer. The sample was prepared as a pressed wafer and pretreated in situ 

at 550 ℃ for 1 h in artificial air. After pretreatment, the cell was cooled to 150 ℃ and 

outgassed until the residual pressure was below 1× 10-4 mbar. A background spectrum was 

collected. Pyridine was then introduced into the cell until the sample was fully saturated. 

Finally, spectra were recorded at 150 ℃ after outgassing for 1 h at 150 ℃, 300 ℃ and 500 ℃, 

respectively. 

Solid-state nuclear magnetic resonance (NMR) measurements were performed on a 11.7 

Tesla Bruker DMX500 NMR spectrometer, operating at 132 MHz for 27Al and 125 MHz for 

13C. 27Al magic angle spinning (MAS) NMR measurements were performed using a Bruker 

2.5 mm MAS probe head and a 2.5 mm zirconia rotor, under a spinning speed of 25 kHz. 1H-

13C cross-polarization (CP) MAS NMR measurements were performed using a Bruker Triple 

Channel 4 mm MAS probe head and a 4 mm zirconia rotor, operated at a spinning speed of 

10kHz. 27Al and 13C chemical shifts were referred to Al(NO3)3 and solid adamantane, 

respectively. 

Liquid-state NMR measurements were performed on a Bruker 400 MHz spectrometer. The 

obtained OSDA was first dissolved in deuterated water, followed by transfer of the solution 

into a 5 mm NMR tube. 1H NMR spectra were collected with a total scan of 32 and a 

relaxation delay of 1 s. 13C NMR spectra were collected with a total scan of 1024 and a 

relaxation delay of 2 s. 

6.2.4 Catalytic activity measurements 

6.2.4.1 Methanol to hydrocarbons (MTH) 

The MTH reaction was performed in a fixed-bed downstream reactor. Samples were pressed, 

and then crushed and sieved to obtain particles in the range of 250-500 μm. This process has 

a negligible effect on the mesopore volume and external surface of zeolite samples. An 

amount of 100 mg of the catalyst (sieve fraction 250-500 µm) was loaded into a quartz reactor. 

First, the catalyst was pretreated in situ in artificial air at 550 ℃ for 1 h before cooling to the 
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reaction temperature of 350 ℃. Methanol was fed to the reactor at a weight hourly velocity 

(WHSV) of 0.8 h-1 by flowing He through a saturator containing methanol (VWR Chemicals, 

≥ 99.8%). The products were analyzed by online gas chromatography (Interscience Compact 

GC). A thermal  conductivity detector (TCD) coupled with an RT-Q-Bond pre-column 

(length 3 m; i.d. 0.32 mm; thickness 10 µm) and a Molsieve 5A column (length 10 m; i.d. 

0.32 mm; thickness 30 µm) was used for the analysis of H2 and CH4. A TCD coupled with 

an RT-Q-Bond pre-column (length 3 m; i.d. 0.32 mm; thickness 10 µm) and an RT-Q-Bond 

column (length 10 m; i.d. 0.32 mm; thickness 10 µm) was used for the analysis of C2-C3 

hydrocarbons, water and oxygenates. Hydrocarbons heavier than C3 were separated on an 

Rtx-1 column (length 15 m; i.d. 0.32 mm; thickness 1 µm) and analyzed with a flame 

ionization detector (FID). Dimethyl ether was considered as a reactant. 

6.2.4.2 Alkylation of benzene with benzyl alcohol 

The liquid-phase alkylation of benzene with benzyl alcohol was performed in a round-bottom 

flask equipped with a reflux condenser and heated in a temperature-controlled oil bath. 

Typically, 0.15 g of catalyst was mixed with 26.7 ml (0.301 mol) of benzene in a glove box. 

After maintaining the reaction mixture at 80 ℃ for 30 min, 0.33 ml (0.003 mol) of BA was 

added. This moment was regarded as the start of the reaction. Liquid samples were taken 

periodically and separated from catalyst by filtration. Finally, the sample was analyzed by a 

gas chromatograph (Shimadzu GC-17 A) equipped with a flame ionization detector (FID) 

coupled with a Rxi-5ms column (length 30 m; i.d. 0.25 mm; thickness 0.5 µm). 

6.3 Results and discussion 

6.3.1 Zeolite synthesis 

The zeolite syntheses undertaken in this study are listed in Table 6.1. XRD data of the 

obtained samples are collected in Figures 6.1 and E3. Phase-pure MOR zeolites were 

obtained in OSDA-free syntheses at a Si/Al gel ratio of 12 and NaOH/Si ratios of 0.6 and 0.7 

in line with earlier studies showing that MOR zeolite can be obtained from low Si/Al gel 

ratio (Si/Al < 15) and high pH (NaOH/Si > 0.5).33, 34 Based on the same gel composition in 

terms of inorganic compounds, the addition of Me3N-benzyl-NMe3 led to the formation of a 

mixture of EU-1 and MOR zeolite for a NaOH/Si ratio of 0.6. However, when the NaOH/Si 

ratio was increased to 0.7, phase-pure MOR was obtained. This is likely due the fact that a 

high NaOH/Si ratio favors MOR formation.35 In line with this, we found that, at a NaOH/Si 

ratio of 0.6, a decrease of the Si/Al gel ratio to 25 led to phase-pure EU-1 with OSDA, while 

MOR was formed without OSDA. At a Si/Al gel ratio of 25, decreasing the NaOH/Si ratio 
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to 0.5 and 0.4 with OSDA led to formation of a mixture of EU-1 and ZSM-12, while phase-

pure ZSM-12 was formed at a NaOH/Si ratio of 0.3. EU-1 and ZSM-12 were not formed 

when the OSDA was omitted from the synthesis gel. 

Table 6.1. Synthesis conditions and product phases. 

Run Template Si/Al NaOH/Si 
Synthesis 

time (days) 
Product 

1 Na 

 

12 

 

0.6 1 MOR-Con 

2 Na 0.7 1 MOR-Con(0.7) 

3 OSDA 0.6 5 MOR+EU-1 

4 OSDA 0.7 2 MOR-Nano 

5 OSDA 

 

 

25 

 

 

 

0.6 

 

4 EU-1-Nano 

6 Na 5 MOR 

7 OSDA 0.5 5 ZSM-12 + EU-1 

8 OSDA 0.4 5 ZSM-12 + EU-1 

9 OSDA 0.3 6 ZSM-12-Nano 

10 Na 0.3 5 ZSM-5+Amorphous 

 

 

Figure 6.1. XRD patterns of as-synthesized zeolites. 
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Figure 6.2. Representative SEM and TEM images of as-synthesized zeolites. 

Representative SEM and TEM images are shown in Figure 6.2. Clearly, the use of Me3N-

benzyl-NMe3 led to formation of aggregated nanocrystals of zeolite. The lattice spacing 

obtained from Figure E4 is 1.35 nm, indicating that the nanorods of MOR-Nano are oriented 

parallel to the c-axis.36 In conventional synthesis of MOR zeolite under highly alkaline 

conditions, crystals larger than 100 nm are obtained (Figures 6.2a and E5), consistent with 

previous studies.37, 38 EU-1-Con and ZSM-12-Con synthesized from conventional recipes 

consist of bulky plate- and rugby-ball-like crystals, respectively (Figures 6.2b and 6.2c).  
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Figure 6.3. Ar physisorption isotherms of calcined zeolites. 

Table 6.2. Textural properties of calcined zeolites determined by Ar physisorption. 

Sample 
SBET  

(m2 g-1) 

Vtot  

(cm3 g-1) 

Vmicro  

(cm3 g-1) 

(t-plot) 

Vmeso  

(cm3 g-1) 

(BJH) 

Sext 

(m2 g-1) 

(t-plot) 

MOR-Con 315 0.16 0.11 0.04 50 

MOR-Nano 399 0.38 0.12 0.23 91 

EU-1-Con 325 0.16 0.11 0.02 44 

EU-1-Nano 353 0.30 0.11 0.16 86 

ZSM-12-Con 301 0.16 0.10 0.03 47 

ZSM-12-Nano 289 0.26 0.09 0.15 85 

The textural properties of the calcined samples were determined by Ar physisorption (Figure 

6.3). The steep Ar adsorption at P/P0 below 0.02 points to the presence of micropores.39 The 

nanosized zeolites all display the type-IV isotherm with a hysteresis loop at P/P0 values 

between 0.6-0.97, which corresponds to interparticle condensation due to small crystals. The 

three conventional zeolites present type-I isotherms, consistent with their predominantly 

microporous nature.40 The corresponding textural properties are listed in Table 6.2. All the 

nanocrystalline zeolites prepared with the OSDA present significantly larger mesopore 

volumes (> 0.14 cm3 g-1) and external surface areas (> 80 m2 g-1) than the corresponding 
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conventional samples. Thus, Me3N-benzyl-NMe3 is an effective OSDA to direct the 

formation of nanosized MOR, EU-1 and ZSM-12 zeolite. 

 

Figure 6.4. 13C NMR spectra of Me3N-benzyl-NMe3 in (a) dissolved in D2O and (b-d) in as-

synthesized zeolites: (b) MOR-Nano, (c) EU-1-Nano and (d) ZSM-12-Nano. 

As shown in Figure 6.4, the 13C NMR spectra of as-synthesized zeolites match well with the 

one of the OSDA, indicating that the Me3N-benzyl-NMe3 molecule is stable during the 

crystallization process. Some small differences are observed for the methyl and methylene 

carbon resonances of the OSDA occluded in different zeolites, which most likely derives 

from slightly different conformations of the OSDA in the particular micropores, which is 

closely related to the zeolite structure and topology.41, 42 
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6.3.2 Crystallization  

 

Figure 6.5. XRD patterns of solid samples obtained at different crystallization times: (a) 

MOR-Con, (b) MOR-Nano, (c) EU-1-Nano and (d) ZSM-12-Nano. 

Next, to understand how the presence of the OSDA in the synthesis gel affects the evolution 

of the precursors into the final zeolites with different framework topologies, the solid 

products obtained at different crystallization times were characterized. For conventional 

MOR synthesized from the inorganic gel, the XRD results in Figure 6.5a show that fully 

crystalline samples can be obtained in 24 h via a rapid crystal growth process after an 

induction period of 18 h. On the other hand, adding the OSDA into the same gel significantly 
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prolongs the induction period to 36 h. Nevertheless, the crystal growth times for MOR-Con 

and MOR-Nano are comparable (~6 h). Highly crystalline EU-1-Nano was obtained after 96 

h (Figure 6.5c), while full crystallization of ZSM-12-Nano took 144 h due to the much slower 

crystal growth rate. 

 

Figure 6.6. SEM images of solid products obtained at different crystallization times of MOR-

Con. 
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Figure 6.7. TEM (a) and SEM (b-f) images of solid products obtained at different 

crystallization times of MOR-Nano. 

 

Figure 6.8. TEM (a) and SEM (b-f) images of solid products obtained at different 

crystallization times of ZSM-12-Nano. 
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The evolution of the morphology of the solid samples was analyzed by electron microscopy. 

For MOR-Con, irregular particles in the micrometer size were obtained throughout the whole 

crystallization process, resulting in the final bulk zeolite crystals with a size of 100-600 nm 

(Figure 6.6). In contrast, significantly smaller particles were already formed in the initial 

stages of hydrothermal synthesis of MOR-Nano (Figure 6.7). For EU-1-Nano, amorphous 

particles formed with sizes smaller than 50 nm, which were later still observed in aggregated 

form in the final crystalline EU-1-Nano (Figure E6). For ZSM-12-Nano, small particles (< 

50 nm) were obtained after 24 h of hydrothermal synthesis. Prolonging the crystallization 

time to 72 h led to the formation of an additional phase consisting of rugby-ball-like particles. 

Only slight changes in the morphology were observed after further crystallization up to 120 

h. Prolonging hydrothermal treatment from 120 h to 144 h resulted in the formation of loose 

nanoparticles with sizes smaller than 30 nm through the consumption of micron-sized 

particles with only a slight increase in the crystallinity (Figure 6.8). 

TGA measurements were performed to investigate the interaction between the solid 

intermediates and the OSDA. The TG curves of all samples in Figure E7 show a major 

weight-loss feature between 250-700 ℃ due to the combustion of the OSDA. We assign the 

weight loss between 250-350 ℃ and 350-460 ℃ to respectively combustion of the OSDA 

balancing silanol defects and Si-O--Al sites. Notably, already during the induction period all 

the solid phases contain a substantial amount of OSDA (Tables E1-3), which is comparable 

to the amount contained in the final crystalline zeolites. This indicates the early strong 

interaction between the OSDA and the aluminosilicate precursor species, which can explain 

that the size of the solid precursors particles and the final zeolite are smaller than 50 nm. 

With ongoing crystallization, the weight-loss feature above 500 ℃ becomes stronger and 

shifts to higher temperature at the expense of the features at lower temperature, demonstrating 

the occlusion of the OSDA in the micropores.   
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6.3.3 Acidity 

 

Figure 6.9. 27Al NMR spectra of calcined zeolites. 

Next, ZSM-12-Nano and EU-1-Nano and their reference counterparts were chosen for further 

study. The Si/Al ratios of calcined zeolites determined by ICP elemental analysis are listed 

in Table 6.3. EU-1-Con and EU-1-Nano exhibit comparable Si/Al ratios (19.6 and 17.8, 

respectively). The Si/Al ratio of ZSM-12-Nano is 23.4, which is close to the initial gel ratio 

of 25. Compared to ZSM-12-Nano, ZSM-12-Con has a higher Si/Al ratio of 30.5. It should 

be noted that it is difficult to synthesize phase-pure ZSM-12 with a Si/Al ratio lower than 30 

with MTEACl.43, 44 27Al NMR spectroscopy was used to investigate the chemical 

environment of the Al atoms in the zeolite samples. The corresponding spectra in Figure 6.9 

are dominated by a main peak at 53 ppm and 56 ppm for EU-1 and ZSM-12 zeolites, 

respectively, corresponding to tetrahedrally coordinated framework Al (AlIV). The weak peak 

around 0 ppm is due to octahedrally coordinated non-framework Al (AlVI).45-47 

Deconvolution of these spectra shows that ~80 % of Al atoms are incorporated into the 

framework of EU-1-Con and EU-1-Nano, while more than 90% of Al is incorporated into 

the framework of ZSM-12-Con and ZSM-12-Nano. The acidity of the zeolites was 

characterized by IR spectroscopy after pyridine adsorption and subsequent evacuation at 

150 ℃, 300 ℃ and 500 ℃. The bands at 1455 cm-1 and 1545 cm-1 are associated with 
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pyridine adsorbed on Lewis acid sites (LAS) and Brønsted acid sites (BAS), respectively 

(Figure E8).48 The total density of BAS and LAS after evacuation of pyridine at 150 ℃ are 

given in Table 6.3. Both EU-1-Nano and ZSM-12-Nano display higher BAS densities than 

their bulk counterparts, in keeping with the differences in Al content. 

Table 6.3. Si/Al ratios, fractions of framework Al, and acidity of the calcined zeolites. 

Zeolite Si/Ala AlF (%)b 
[BAS]c 

(μmol g-1) 

[LAS]d 

(μmol g-1) 

EU-1-Con 19.6 77.2 592 255 

EU-1-Nano 17.8 82.5 759 207 

ZSM-12-Con 30.5 91.0 488 113 

ZSM-12-Nano 23.4 91.3 663 135 

a Si/Al ratio determined by ICP. 

b Fraction of framework Al determined by 27Al NMR. 

c Density of BAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at 

150 ℃. 

d Density of LAS determined by IR spectra of adsorbed pyridine after evacuation for 1 h at 

150 ℃. 

6.3.4 Catalytic activity 

6.3.4.1 Methanol to hydrocarbons 

 

Figure 6.10. MTH performance of EU-1 zeolites: (a) methanol conversion as a function of 

reaction time and (b) product selectivity after 0.25 h time on stream. 
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The potential of nanocrystalline EU-1-Nano in acid catalysis was evaluated by determining 

its catalytic performance in the MTH reaction. The MTH process is a promising industrial 

chemical process for obtaining chemical building blocks and fuels from methanol, which can 

be obtained from conventional as well as renewable resources such as carbon dioxide (with 

green hydrogen) and biomass.49, 50 Figure 6.10a shows the conversion of methanol as a 

function of time on stream at a temperature of 350 ℃. At the start of the reaction, both 

catalysts can convert the methanol feed completely. The methanol conversion of EU-1-Con 

decreased rapidly with the methanol conversion decreasing to 50% in about 1 h. For EU-1-

Nano, methanol conversion only started to decline after 3 h and it took 19 h to obtain a 

methanol conversion of 50%. As EU-1 zeolite possesses one-dimensional 10-membered ring 

(10-MR) channels (0.54 nm × 0.41 nm) along the a-axis with 12-membered ring (12-MR) 

side pockets (0.68 nm × 0.58 nm, 0.8 nm depth) along the c-axis, single-file diffusion can 

limit the performance of this zeolite.51 This may not only result in rapid formation of coking 

of the zeolite micropore space, but also easily render the acid sites inaccessible.32 The TG 

results in Figure E9 show that the coke content in used EU-1-Nano (8.1%) is substantially 

higher than in used EU-1-Con (4.9%), whereas the average coke formation rate of EU-1-

Nano (4.7 mg g-1 h-1) is much lower than that of EU-1-Con (29.2 mg g-1 h-1). The coke content 

of EU-1-Nano is higher, because this sample converts more methanol. Considering the small 

difference in acidity between these two samples, the fact that EU-1-Nano containing more 

coke is still more active can be attributed to the improved accessibility of acid sites as a 

consequence of the reduced crystal size. Therefore, it can be concluded that the longer 

lifetime of EU-1-Nano is due to a higher accessibility of acid sites and a lower coke formation 

rate, thus resulting in a better utilization of micropores. The product distribution given in 

Figure 6.10b shows that EU-1 zeolite produces a wide range of hydrocarbons including light 

olefins and paraffins and gasoline-range products with a relatively small contribution of 

aromatics. As such, EU-1 can be compared with ZSM-22, in which the elliptical channels 

(0.57 nm × 0.46 nm) without side-pockets limit the amount of aromatics.52 The presence of 

side-pockets in EU-1 provides less constraints to aromatics formation.31, 53 As such, it is likely 

that the shortened diffusion pathways in nanosized EU-1 crystals leads to a higher rate of 

aromatics desorption, resulting in a larger contribution of aromatics to the product mixture. 

The shorter residence time of such coke precursors also lowers the rate of coking deactivation. 

6.3.4.2 Alkylation of benzene with benzyl alcohol  

The alkylation of benzene with benzyl alcohol was chosen as a model reaction to evaluate 

the catalytic performance of ZSM-12 zeolites. The overall reaction pathway is displayed in 

Figure 6.11 left.54 The products in this reaction are diphenylmethane (DPM) and dibenzyl 

ether (DBE). The conversion of BA as a function of the reaction time over nanosized and 
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conventional ZSM-12 zeolites are shown in Figure 6.11 right. ZSM-12-Con shows a low 

catalytic activity with a BA conversion of 13.5% at a DPM selectivity of 45% after 6 h. ZSM-

12-Nano presents a much higher catalytic activity with a BA conversion of 55% and a DPM 

selectivity of 71% after the same reaction time. It has been well established that strong BAS 

are needed to polarize the benzylating agent.55, 56 The one-dimensional channels (0.57 × 0.61 

nm) of ZSM-12 zeolite can strongly impede the diffusion of the relatively large products 

DPM (0.49 × 0.92 nm) and DPE (0.49 × 1.15 nm).57 Considering the relatively small 

differences in acidity between ZSM-12-Con and ZSM-12-Nano, the significantly improved 

activity of ZSM-12-Nano can be ascribed to the higher accessibility of the acid sites as a 

result of the much smaller zeolite crystal size. 

 

Figure 6.11. (Left) Reaction pathway for alkylation of benzene with benzyl alcohol (BA) 

and (right) catalytic conversion of BA over ZSM-12 zeolites. 

6.4. Conclusions 

In summary, this work describes the direct synthesis of nanosized MOR, EU-1 and ZSM-12 

zeolites by simply modifying the synthesis, in terms of gel compositions (NaOH/Si and Si/Al 

ratios) and crystallization time, using Me3N-benzyl-NMe3 as the sole OSDA. 13C NMR study 

reveals subtle differences in host-guest interactions between the OSDA and the respective 

zeolitic structures, which drives from the flexible and adaptable methyl and methylene groups 

of the OSDA. TGA in combination with electron microscopy reveals that the strong 

interaction between the OSDA and aluminosilicate precursors can effectively decreasing the 

particle size of solid products throughout the crystallization of MOR-Nano and EU-1-Nano, 

while ZSM-12-Nano exhibits a different crystallization behavior involving a slow 

transformation of bulk particles to nanocrystals through the longtime crystal growth stage. 

ZSM-12-Nano and EU-1-Nano display significantly improved deactivation resistance in 
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MTH reaction and highly improved catalytic activity in alkylation of benzene, respectively, 

as compared to their corresponding bulk counterparts. The improved catalytic performance 

of nanocrystalline zeolites is attributed to the enhanced mass transfer ability and better 

accessibility of acid sites. Overall, this work not only shows a facile route to synthesize 

nanosized MOR, EU-1 and ZSM-12 zeolites, but also highlights how to unlock the versatility 

of a simple OSDA in nanosized zeolite synthesis by means of its geometric flexibility and 

synergistic effect with the inorganic component. 
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Appendix E 

 

Figure E1. Liquid-state 1H NMR spectrum of Me3N-benzyl-NMe3 in D2O. 

 

 

 

Figure E2. Liquid-state 13C NMR spectrum of Me3N-benzyl-NMe3 in D2O. 
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Figure E3. XRD patterns of solid products. 

 

 

Figure E4. TEM image of as-synthesized MOR-Nano. 
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Figure E5. SEM image of as-synthesized MOR-Con(0.7). 

 

 

Figure E6. TEM (a) and SEM (b-f) images of solid products obtained at different 

crystallization times of EU-1-Nano. 
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Figure E7. TG (left) and DTG (right) curves of samples obtained at different crystallization 

times: (a and b) MOR-Nano; (c-d) EU-1-Nano and (e and f) ZSM-12-Nano. 
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Figure E8. IR spectra of pyridine adsorbed on zeolites: (a) EU-1-Con, (b) EU-1-Nano, (c) 

ZSM-12-Con and (d) ZSM-12-Nano. 
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Figure E9. TG profiles of spent catalysts after MTH reaction.  

 

Table E1. The contents of OSDA occluded in solid products obtained at different 

crystallization time for MOR-Nano. 

Synthesis time (h) 24 h 36 h 39 h 42 h 48 h 

Organic content (wt%) 11.3 11.5 11.7 8.9 8.9 

 

Table E2. The contents of OSDA occluded in solid products obtained at different 

crystallization time for EU-1-Nano. 

Synthesis time (h) 24 h 72 h 80 h 88 h 96 h 

Organic content (wt%) 13.2 12.8 13.5 13.5 13.2 

 

Table E3. The contents of OSDA occluded in solid products obtained at different 

crystallization time for ZSM-12-Nano. 

Synthesis time (h) 24 h 72 h 96 h 120 h 144 h 

Organic content (wt%) 8.3 10.2 11.1 9.7 9.5 
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Table E4. Product selectivity of MTH reaction after 15 min time on stream over EU-1 

zeolites. 

Sample 
Selectivity (%) 

CH4 C2H4 C2H6 C3H6 C3H8 C4 C5+ Aromatics 

EU-1-Con 0.9 13.9 0.1 17.7 14.5 31.5 15.6 5.8 

EU-1-Nano 0.7 9.0 < 0.1 4.3 10.6 45.2 11.0 19.2 
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Chapter 7 

Summary and outlook 

Nanosized zeolites directed by easily accessible non-surfactant 

diquats: synthesis, crystallization mechanism and catalytic 

applications 

Zeolites are an important class of inorganic crystalline materials possessing well-defined 

channels and cavities in the molecular range. They are widely used in industrial processes, in 

particular as heterogeneous catalysts to speed up chemical reaction rates, owing to their 

unique shape selectivity, tunable acidity and high (hydro)thermal stability. The shape 

selectivity introduced by zeolite micropores are of paramount importance, while diffusion 

limitations imposed by the micropores can limit the catalytic performance, particular when 

reactions involve bulky molecules and consecutive steps to undesired products. Decreasing 

the size of zeolite crystals below 100 nm (nanocrystals) is an effective way to overcome the 

problem of slow diffusion of guest molecules in zeolites. Acidity also plays a significant role 

in mediating the catalytic performance. Zeolite frameworks are constructed of corner-sharing 

TO4 atoms, where T refers to a tetrahedrally coordinated atom, most commonly Si and Al. 

The incorporation of Al atoms in the zeolite framework creates Brønsted acid sites (BAS), 

allowing the application of zeolites as acid catalysts. Among the many relevant 

physicochemical properties of zeolites, crystal size and acidity play important roles in the 

final performance of these catalysts. However, preparing zeolites with well-controlled 

properties is often challenging due to the complexity of zeolite crystallization. This work 

focused on the use of simple organic structure-directing agents (OSDAs) for the synthesis of 

nanosized zeolites of particular topologies and framework Si/Al ratios in order to optimize 

the catalytic performance.  

In Chapter 2, nanosized mordenite (MOR) zeolites were hydrothermally synthesized with 

cetyltrimethylammonium (CTA) hydroxide as the sole organic template in comparison to a 

bulk reference MOR zeolite. Moreover, the aluminum source was modified by comparing 

Al(NO3)3, AlCl3 and Al(OH)3. All MOR zeolites prepared with CTA show a reduced crystal 

size compared to the reference. The crystal dimensions are predominantly reduced in the a- 

and b-direction, when AlCl3 and Al(OH)3 were used as the aluminum source. Besides a 

higher external surface area, the use of CTA also leads to a more defective zeolite structure 
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in which the BAS in the side-pockets are more accessible for pyridine. Nanocrystalline MOR 

zeolites showed a higher activity and improved product distribution in the alkylation of 

benzene with benzyl alcohol compared to their corresponding bulk counterparts. Although 

the n-C16 hydroconversion performance of nanosized MOR zeolite is also improved, the 

stronger confinement of reactants and intermediates in the more accessible side-pockets of 

MOR zeolite has a negative effect on the isomer yield during hydroconversion of n-C16.  

In Chapter 3, we developed the direct synthesis of nanosized MOR and BEA zeolites by use 

of non-surfactant diquaternary ammonium compounds. We also considered the properties 

(size, shape and rigidity) of the organic molecules, because these aspects strongly impact the 

structure-directing ability of OSDAs. A total of 6 organic compounds, i.e. hexane- and p-

xylene-bridged bis-methylpyrrolidinium, -methylpiperidinium and -DABCO diquats, were 

employed in this chapter. These organic molecules were synthesized form commercially 

available chemicals via a one-step procedure. The formation of either MOR or BEA zeolite 

depends strongly on the size, geometry and structural rigidity of the OSDA. Optimization of 

the recipes led to the successful synthesis of nanosized MOR (20-50 nm) and BEA (15-30 

nm) zeolites. By investigating the solid products obtained during the crystallization process, 

the formation of nanocrystals could be linked to the strong interaction between diquat 

templates and aluminosilicate species during induction, which limits the amorphous 

precursor particles to a size below 50 nm. Specific strong framework stabilization by the 

pore-filling OSDA controls the formation of either zeolite topology. Nanosized MOR and 

BEA zeolites outperform their bulk counterparts in Friedel-Craft reactions. In 

hydroconversion of n-C16, nanosized Pt/BEA shows a substantially higher isomer yield than 

bulk Pt/BEA limiting consecutive reactions due to the shorter residence time of reaction 

intermediates in the smaller zeolite domains. The n-C16 hydroconversion over three-

dimensional BEA is not limited by mass transport under the given reaction conditions, while 

this is not the case for the one-dimensional MOR (Chapter 2) and ZSM-12 (Chapter 5) 

zeolites. 

Considering that the highly acidic (Si/Al < 15) ZSM-5 zeolites in nanocrystalline form can 

bring distinct advantages in their use as catalysts for obtaining useful chemicals from easily 

accessible C1 compounds such as methane and methanol, we developed the direct synthesis 

of Al-rich ZSM-5 nanocrystals by a conventional hydrothermal synthesis approach using p-

phenylenedimethylene-bis(tripropylammonium) dichloride as the OSDA in Chapter 4. 

Nanosized ZSM-5 crystals (20-50 nm) with high acidity (Si/Al = 11) and excellent yield 

(99%) were obtained (denoted as ZSM-5-11). A high NaOH/Si molar ratio of 0.6 is essential. 

The crystallization process of ZSM-5-11 shows a long induction period (~5 days) and a fast 

crystal growth step (~1 day) involving a solid-state transformation. An in-depth NMR study 
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combined with TGA measurements reveals that, after early electrostatic interaction between 

condensed aluminosilicate and the head groups of OSDA, ZSM-5 crystallizes around the 

OSDA. ZSM-5-11 was tested as such in methanol-to-hydrocarbons (MTH) and, following 

impregnation with 2 wt.% Mo, in methane dehydroaromatization (MDA). ZSM-5-11 

displayed significantly improved aromatics productivity in both reactions in comparison to a 

commercial bulk ZSM-5 (Si/Al = 12.9), mainly due to the better utilization of the micropore 

space of the nanocrystalline zeolite. 

Chapter 5 was dedicated to the synthesis of nanosized ZSM-12 with a wider range of Si/Al 

ratios than the normal 35-100 range, especially at the acidic end (Si/Al < 30). As shown in 

Chapters 3 and 4, simple non-surfactant diquaternary compounds can be effective for the 

synthesis of nanosized zeolites. Our starting point was to employ diquaternary ammonium 

compounds that are more rigid than those used before in ZSM-12 synthesis, since a more 

rigid organic molecule can result in a higher selectivity for a particular structure. This led to 

the identification of three organic compounds (p-xylene- bridged bis-methylpyrrolidinium, -

methylpiperidinium and -1,2-dimethylimidazolium).By use of these organic molecules as the 

OSDA, we investigated synthesis of ZSM-12 zeolites in a wide range of Si/Al ratios from 20 

to +∞ by one-step hydrothermal synthesis. Nanosized ZSM-12 zeolites were obtained from 

aluminosilicate gels (Si/Al = 20, 50, 100), while bulk ZSM-12 could be obtained from an all-

silica gel. NMR and TGA characterizations reveal the strong interaction between the OSDA 

and the zeolite framework. Due to the better acid site accessibility and shorter residence times 

of reaction intermediates in the smaller crystals, nanocrystalline ZSM-12 zeolites exhibit 

improved activity and enhanced isomer yields in the hydroconversion of n-C16 in comparison 

to reference bulk ZSM-12 zeolite. In the MTH reaction, ZSM-12 nanocrystals display 

significantly improved lifetime over bulk ZSM-12 due to the lower coke formation rate and 

improved accessibility of acid sites. A high propylene selectivity (51.6%) and remarkably 

high C3=/C2= ratio (23.4) were obtained over nanosized ZSM-12 with Si/Al ratio of 70. 

In Chapter 6, we explored the direct synthesis of nanosized zeolites using (p-

phenylenedimethylene-bis(trimethylammonium) dichloride as the OSDA. By modifying the 

gel compositions (NaOH/Si and Si/Al ratios) and crystallization time, nanosized MOR, EU-

1 and ZSM-12 were obtained. 13C NMR characterization reveals the difference in host-guest 

interaction between the OSDA and the respective zeolite structures and emphasizes the 

flexibility endowed by the presence of methyl and methylene groups. TGA in combination 

with electron microscopy reveals that the strong interaction between the OSDA and 

aluminosilicate precursors can effectively limit the particle size of solid products throughout 

the crystallization of nanosized MOR and EU-1 zeolites. In contrast, nanosized ZSM-12 

exhibits a different crystallization behavior involving a slow transformation of bulk particles 
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to nanocrystals during the longtime crystal growth stage. Nanosized EU-1 and ZSM-12 

exhibit improved deactivation resistance in MTH reaction and improved catalytic activity in 

alkylation of benzene with benzyl alcohol reaction, respectively, as compared to their 

corresponding bulk counterparts. The improve catalytic performance for these two one-

dimensional zeolites is due to the shortened diffusion pathways and better accessibility of 

acid sites as a result of much smaller zeolite crystal size. 

The main findings in this thesis are direct synthesis of nanosized zeolites with improved 

catalytic performance in hydrocarbon conversion reactions. Using non-surfactant 

diquaternary ammoniums as the sole organic template is an effective strategy for the direct 

synthesis of nanosized zeolites. We emphasized how to take advantage of several properties, 

i.e. rigidity, flexibility, size and shape, of the non-surfactant diquaternary ammonium OSDAs 

and also its synergistic effect with the inorganic precursor species during hydrothermal 

zeolite synthesis with targeted physicochemical properties. In this context, we have 

synthesized highly acidic ZSM-5 (Si/Al = 11) and ZSM-12 (Si/Al = 18.3) zeolites in 

nanocrystalline form. Zeolite crystallization is a complex process involving numerous solid-

liquid equilibria and silica condensation steps, some of which are kinetically and other 

thermodynamically controlled. The interplay of these aspects determines the final suitability 

of the organic molecule as an effective OSDA, while it remains challenging to predict the 

outcome in terms of zeolite topology and yield. We expect that the present work will 

contribute to inspiring more studies to tackle the ongoing challenges on the way to the 

rational design of zeolite synthesis. Further in-depth studies are necessary to reveal the host-

guest interactions in detail during the nucleation and crystal growth processes. Molecular 

modelling methods, combined with X-ray diffraction techniques and other supplementary 

characterization techniques such as NMR will enable the identification of the specific 

locations of the OSDAs in zeolites, which will undoubtedly provide new guidance for the 

rational design of OSDAs towards the synthesis of a target zeolite material. To identify and 

decouple the different types of forces, i.e. H-bond, Van der Waals and electrostatic 

interactions, in the host-guest systems of the OSDA and the zeolite framework is also 

essential to interpret the role of OSDAs in zeolite synthesis and the location of the final acid 

sites. 
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