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Page 60. Figure 3.6. should be replaced. The correct Figure 3.6. is shown below. 

 

Figure 3.6. Weight-normalized IR spectra of dehydrated reference and NH4F-treated ZSM-5 samples. 
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Chapter 1 

 

Introduction and scope 
 

1.1. Zeolites 

Zeolites are crystalline aluminosilicates with regular microporous structural features such 

as channels, cages and pockets.[1,2] The zeolite structures are formed by connected [SiO4] and 

[AlO4] tetrahedra, so-called primary units, via corner-sharing of oxygen atoms. These 

tetrahedra can be assembled into secondary and then tertiary building units (Figure 1.1).[3,4] 

Further connection of these units in different ways results in distinct frameworks, featuring  

one-, two- or three-dimensional pore systems with typical dimensions in the 0.2-1.3 nm range 

(Figure 1.2).[2,5–7] The internal system of uniform micropores with sizes similar to that of kinetic 

diameters of molecules endows zeolites with a shape selectivity, which is related to the inability 

of certain reactant/product/transition state molecules to diffuse/form inside the zeolite pores. 

This property allows controlling the selectivity of chemical reactions on the molecular level 

and is often referred to as molecular sieving.[8–10]  

Figure 1.1. Development of a zeolite from a) the primary Si and Al sources providing Si- and Al-

occupied oxygen tetrahedral assembling into b) secondary and c) tertiary building units to d) zeolite 

structure.[11]  
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Figure 1.2. Relative sizes of n-membered-rings in zeolitic materials.  

The presence of trivalent Al in tetrahedral positions of the silica matrix requires external 

metal cations such as Na+, K+, Ca2+, Mg2+ etc. to compensate the resulting negative framework 

charge. Using protons (H+) as charge-balancing cations leads to development of strong 

Brønsted acids sites (BAS) (Figure 1.3a).[12–15] In turn, introduction of polyvalent transition 

metal such as Ti and Sn in the zeolite framework leads to the formation of isolated Lewis acid 

sites (LAS) (Figure 1.3b).[16–18]  

 

Figure. 1.3. Schematic representation of a) strong Brønsted and b) Lewis acid sites in zeolites. 

The acidity and well-defined size of micropores combined with high surface area and 

high (hydro)thermal stability contribute to the wide application of zeolites as ion-exchangers, 

molecular sieves, adsorbents and catalysts.[19–23]According to the International Zeolite 

Association, 248 unique zeolite topologies have been discovered.[24] At the same time, it should 

be realized that only “big five” zeolite materials are employed at a large scale as catalysts in the 

chemical industry: Beta (BEA), Ferrierite (FER), Mordenite (MOR), Y (FAU) and ZSM-5 

(MFI) (Table 1.1).[25–28] 
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Table 1.1. Several important catalytic processes involving zeolites. 

Zeolite structure Application 

ZSM-5 (MFI) Fluid catalytic cracking (FCC) (additive), methanol-to-

gasoline, paraffins dehydrogenation, catalytic dewaxing, 

hydrocracking, dehydrocyclodimerization, benzene 

alkylation(ethylbenzene), methanol-to-gasoline (MTG) 

Zeolite Y (FAU) Fluid catalytic cracking (FCC), hydrocracking, 

ethylbenzene production 

Mordenite (MOR) Dewaxing, paraffin isomerization, benzene alkylation 

(cumene),selective catalytic reduction (SCR) process 

Beta (BEA) n-paraffin isomerization  

Ferrierite (FER)  Skeletal isomerization of n-butene 

SAPO-34 (CHA)  Methanol-to-olefin(MTO) 

Titanium silicalite-1 (TS-1) Selective oxidation of propylene by H2O2 into propylene 

oxide 

SAPO-11 (AEL) Dewaxing via isomerization 

The metastable nature of most zeolite structures makes kinetic control the key strategy to 

direct the formation of target products. Indeed, optimization of zeolite synthesis is rarely a 

rationally designed process and mostly depends on varying aspects like gel composition, 

reaction time and temperature during the synthesis.[29–32]  

Typically, zeolites are synthesized under hydrothermal conditions (30-180 °C) from 

aqueous aluminosilicate gels for a duration in a range from hours to weeks. The initial gel 

contains alumina (in the form of, e.g. Al(OH)3, NaAlO2) and silica sources (as, e.g., fumed 

silica, colloidal silica), mineralizers (OH-, F-) and usually small organic molecules called 

structure-directing agents (SDA), typically containing quaternary ammonium cations, e.g. 

tetraalkyammonium salts.[1,31,33] At the laboratory scale, the resulting mixture is transferred into 

an autoclave and placed into an heated oven, where the crystallization takes place under 

tumbling or static conditions. Despite the fact that the mechanism of zeolite growing is still not 

fully understood, two main stages have been determined: (i) nucleation and (ii) growth of 

zeolite crystals (Figure 1.4).[15,31] 
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Figure 1.4. Schematic representation of the a) nucleation rate and b) crystal growth rate of zeolites.[15] 

Firstly, the primary monomeric silica species undergo dynamic 

polymerization/depolymerization reactions involving the formation of primary amorphous and 

secondary partially-ordered precursors. These primary particles are in equilibrium with the 

solution silica species and their size depends on the selected mixture components (mainly 

mineralizing agent and SDA) and synthesis conditions (time, temperature, agitation etc.). The 

mineralizing agent (hydroxide OH- or fluoride F- ions) turns the monomeric Si and Al species 

into mobile forms (e.g. Al(OH)4
-), while the SDA (organic and/or inorganic) directs their 

assembly into a particular zeolite structure through increasing the thermodynamic stability of 

SDA-zeolite structure, i.e. through host-guest stabilization.[2,31,34,35] Then, the final crystals are 

developed through the incorporation of initial units into the formed nuclei (classical view) or 

aggregation of primary nanoparticles (non-classical view) during the hydrothermal 

treatment.[15,21,31] Various aspects of zeolite formation have been unraveled to a certain degree, 

but a complete generic picture is lacking. Especially cases such as seeded growth, non-

templated synthesis and presumed solid-solid transformations of zeolites require further 

investigations. This knowledge can be used for the rational design of new zeolites framework 

types and better control over the composition, crystal size and shape. 

1.2. Hierarchically porous zeolites 

Crystalline aluminosilicates represent an important class of heterogeneous catalysts in the 

modern chemical industry, mainly because their unique properties such as tunable pore size and 

surface acidity.[36] At the same time, zeolite micropores can impose diffusion limitations, which 

may hinder the large-sized reactant/product molecules from approaching/leaving the active 

sites inside the pores. This results in sub-optimal utilization of the microporous space and rapid 

pore blockage by formation of coke deposits, which are often represented by larger molecules 
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being formed from reactants, intermediates and products during prolonged residence in the 

micropores.[37] An effective way to solve this problem is to shorten the diffusion pathway within 

the zeolite micropores by introducing a secondary network of mesopores. The obtained 

materials which consist of at least two levels of pores e.g. micro- (< 2 nm of size) and meso-  

(> 2 nm ) are called ‘‘hierarchically porous zeolites” or just ‘‘hierarchical zeolites”.[38–40] 

Generally, all the strategies for the preparation of hierarchical zeolites can be divided in 

two approaches: “top-down” and “bottom-up” (Figure 1.5).[41–43] The first approach is mainly 

represented by dealumination[44–46] and desilication[47–52] procedures applied to pre-synthesized 

zeolite crystals. They are readily scalable to an industrial level.[41] Still, post-synthesis 

demetallation suffers from (i) poor control of the mesopore size distribution and density of the 

acid sites of the final material and (ii) partial destruction of the zeolite framework and formation 

of defects.[53,54] Contrary to “top-down” modifications, “bottom-up” methods[55–58] allow a 

better control of the desired mesoporous structure of the final product during the single 

synthesis step. Carbonaceous materials with a rigid structure (hard templating)[59–61]or flexible 

molecules such as cationic surfactants,[62,63] soluble polymers[64,65] and organosilanes[66,67] (soft-

templating) can be applied to build a system of mesopores within zeolite crystals. The 

secondary porosity is created by removing the mesopore-providing templates (mesoporogens) 

during the calcination step of the as-synthesized material, when also the organic SDA giving 

rise to microporosity are combusted.[57,68] 

 

Figure 1.5. Different synthetic approaches to prepare hierarchical zeolites.
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Initial studies on soft-templating synthesis were dedicated to cationic polymers[64] and 

organosilanes[69] and described the formation of hierarchical zeolites Beta and ZSM-5, 

respective. Since 2006, many hierarchical zeolite structures have been synthesized in the 

presence of such mesoporogens together with microporous SDAs e.g. BEA,[70–73] EU-1,[74]    

TS-1,[75] MWW,[76,77] ZSM-5,[67] MTW,[78] FER,[79] FAU,[80–82] LTA,[69,83] MOR[84] and 

CHA.[85] Nevertheless, non-uniform intra-crystalline mesoporosity generated by polymeric 

aggregates[36] or the contamination of the obtained samples with amorphous silica phase 

provoked by the presence of silyl group in organosilanes limit their further implementation on 

a large scale.[86] 

A breakthrough in the synthesis of hierarchically porous zeolites was the application of a 

gemini-type [87] surfactants having a long aliphatic chain and several quaternary ammonium 

groups spaced by short alkyl linkages.[88] The idea is based on the interaction of a hydrophilic 

“head” groups (-N+-, -NH2) with charged silica-alumina building blocks and hydrophobic “tail” 

(long alkyl chain) blocking the crystal growth in a certain direction.[36] MFI nanosheets with a 

crystal size along the b-axis of just a few unit cells were obtained by Ryoo and coworkers in 

2009 by using a di-quaternary ammonium surfactant C22H45–N+(CH3)2–C6H12–N+(CH3)2–

C6H13(2Br-).[89] This dual-function molecule generates micro- and mesopores simultaneously 

through the stabilizing MFI structure by ammonium groups, while the alkyl tail prevents the 

complete condensation of the nanosheet layers. These surfactants have also been applied for 

the synthesis of hierarchical MOR,[90] FAU(X),[91] CHA,[91,92] MFI,[91,93] Beta,[94] MTW[93,94] 

and MRE.[93,94] Despite the possibility to obtain several types of highly crystalline zeolites using 

a one-pot synthesis, these multi-quaternary ammonium templates are difficult to synthesize, 

which leads to an unreasonably high cost of the final material.[62,68]  

Further progress regarding reducing the cost factor resulted in developing of (i) complex 

dual-functional and (ii) simpler mono-quaternary ammonium amphiphilic surfactant, still 

requiring the second SDA to generate the micropores. For example, Che and co-workers 

obtained hierarchical MFI nanosheets in a single step through π-π interactions between aromatic 

(biphenyl, azobenzene and naphthyl) groups of an organic molecule (e.g. C6H5–C6H4–O–

C10H20–N+(CH3)2–C6H13(Br-)) and aluminosilicate species in the initial synthesis gel.[95–98] A 

simple mono-quaternary ammonium salt containing a N-methylpiperidine as a directing head 

group and a cetyl (C16) hydrocarbon tail combined by conventional SDAs led to the introduction 

of a second level of porosity into MFI,[54,99] CHA[54] and FER zeolites.[100] Such relatively 

simple organic molecules, which allow obtaining several zeolites topologies and operating in a 
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quite low concentration range could be economically feasible. Employing commercially 

available molecules e.g. cetrimonium bromide/hydroxide (CTA+ Br/OH) resulted in the 

formation a limited number of topologies e.g. MFI (silicalite-1)[101,102] and BEA.[103] 

Hierarchical zeolites can also be synthesized directly without using any organic templates via 

nanocrystals agglomeration with the formation of intercrystalline mesoporosity.[104–107] By 

reducing the size of zeolite crystals, diffusion pathways can also be significantly shortened. A 

challenge lies in the separation of nanocrystals from synthesis solutions, as it often requires 

complicated centrifugation-decantation procedures.[108,109]  

Finally, another level of complexity here is the fact that just reducing the diffusion 

pathway does not necessarily lead to a better catalytic performance. To enable molecular 

sieving effects majority of relevant reactions have to take place inside the zeolite pores. It means 

that a proper balance between the micropores and mesopores should be achieved for every 

system. To categorize hierarchical zeolites in terms of this balance, the hierarchy factor (HF) 

has been introduced.[40,110] HF is determined as a ratio between the relative micropore volume 

(Vmicro/Vtotal) and the relative mesopore surface area (Smeso/SBET) of a prepared material: HF ≤ 

0.1 pure microporous zeolites, HF < 0.05 largely mesoporous systems, HF 0.10-0.20 high 

micro- and relative mesoporosity (Figure 1.6). Higher values of HF indicates increased 

mesoporous surface without severe degradation of the microporous network.  

 

Figure 1.6. The hierarchy factor (HF) plotted as a function of the relative mesoporous surface area and 

the relative microporous volume of different zeolite structures obtained by different methods.[110] 
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1.3. Effect of hierarchization in zeolites on their catalytic performance 

Since the 1950s when the first zeolites X, Y and A were successfully obtained via 

hydrothermal treatment,[111,112] crystalline aluminosilicates have become some of the most 

important active and selective acid catalysts in oil-refining and petrochemical processes (Table 

1.1).[27,113] Besides these conventional applications, employing zeolites in emerging processes 

such as biomass and CO2 conversion, fuel cell and thermal energy storage have recently 

attracted significant interest.[114,115] Most of the mentioned processes involve bulk molecules 

and, as a consequence, diffusion limitations are often an issue. To illustrate the effect of the 

hierarchical structuring, several examples of improved catalytic performances will be further 

discussed. 

1.3.1 Oil-refining and petrochemical industry 

Fluid catalytic cracking (FCC), hydrocracking and hydroisomerization are the key 

consumables of zeolites in the modern chemical industry.[27,116–118] These processes convert 

heavy oil fractions into mainly gasoline, branched products with high octane numbers and light 

hydrocarbons.[119–121] 

Steam-dealuminated zeolite Y (ultra-stable zeolite, termed USY) characterized by strong 

acidity and moderate mesoporosity is the main active component (15-50 wt%) of industrial 

catalysts for FCC processes.[27,122] The cracking of C-C bond of feed molecules e.g. those 

founds in vacuum gas oil takes place on BAS through the formation of carbocations, which 

further undergo hydrogen transfer and isomerization. The additional mesoporosity, generated 

through the post-synthesis steaming results in an improved accessibility of the bulk reactants to 

the active sites.[26] Other zeolite structures such as MFI (ZSM-5), mordenite and Beta are 

considered as co-catalysts that boost gasoline octane number. Their combination with the 

standard USY catalysts results in a higher yield of high-octane C6-C7 branched alkanes, which 

increases the octane number of gasoline fraction.[117,122] Recently, the gasoline-to-diesel ratio 

in refined products started to shift towards diesel due to lower greenhouse emission of diesel 

engines.[117] Turning existing FCC catalysts to more diesel-selective ones will result in more 

severe diffusion limitation of the diesel fraction as a target product (carbon number C9-C27 
[123]). 

As a result, one may expect an increased coke formation. Unlike FCC, hydrocracking and 

hydroisomerization demand using bifunctional catalysts: cracking and carbon chain 

isomerization occur on zeolite BAS, while hydrogenation is promoted by noble metals (Pt or 
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Pd) or mixed sulfides.[124–126] The presence of hydrogen prevents rapid catalyst deactivation 

which allows using the catalyst for several years in hydroconversion processes instead of 

seconds-minutes in FCC. Here, the distribution of products (highly branched C5-C7 fraction or 

rather aromatic) is a key optimization factor, which depends on catalyst structure, feedstock 

and the reaction conditions.[124,127]  

Another important process involving bulk reactants/products is dewaxing of diesel and 

lubricating oil base stocks. ZSM-5, MOR and Beta are very efficient catalyst that leads to a 

proper balance between cracking and isomerization reactions.[122,128] In turn, hierarchically 

porous zeolites might be very effective with respect to suppressing the coke formation and/or 

improving product selectivity in these processes. For example, hierarchical ZSM-5 zeolites, 

prepared in the presence of organosilanes,[129] carbon templates[130] or by alkaline etching[131] 

showed improved catalytic performance (increased selectivity to desired products and overall 

activity) in the conversion of n-paraffins (C8-C16) in comparison with microporous 

counterparts. The introduction of the second level of porosity improves diffusivity within the 

zeolite pores leading to a reduced effective residence time and suppressed secondary reactions. 

Introduction of the mesoporosity into the zeolites with bigger pore sizes such as MOR,[132] 

Beta[133] and zeolite Y[134] have the same effect in (hydro)cracking reactions. 

A class of acid-catalyzed benzene alkylation reactions with the formation of e.g. 

ethylbenzene or diphenyl methane is important for polymer and pharmaceutical 

industries.[43,113] Due to the presence of large substrates or intermediates, the additional porosity 

is necessary in order to increase the efficiency of the catalysts.[43] Using mesoporous ZSM-5 

(carbon-templating)[135] or Beta (cationic polymers)[64] resulted in increased selectivity to the 

alkyl-substituted products after benzene interaction with ethylene and 2-propanol, respectively. 

Hierarchization is also a powerful tool for extending the number of zeolite topologies which 

can be applied as catalysts in particular reactions. For example, conventional MOR is not 

reactive towards benzene alkylation with benzyl alcohol because its pore size of 6.5 × 7.0 Å are 

smaller than necessary for the transition state of this benzylation reaction.[84] However, 

hierarchical H-MOR catalyst allows reaching > 90 % of benzene conversion in s liquid phase 

reaction.[84,136] Other mesoporous catalysts e.g. ZSM-5[137,138] and Beta[139] were also to be 

found very effective in Friedel-Crafts reactions.
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1.3.2 Natural gas utilization 

Natural gas is considered as one of a key carbon resources during the transition to an 

economy based fully on renewable energy. Besides serving as a relatively clean burning energy 

source, it is also a promising carbon source for chemicals manufacturing.[128] A wide range of 

products can be obtained via the following route methane: methane → syngas → methanol → 

olefins/gasoline. The last step is known as MTH (methanol-to-hydrocarbons) processes 

including MTO (methanol-to-olefins) and MTG (methanol-to-gasoline) reactions, which are 

catalyzed by zeolites.[140,141] The chemistry of MTH reaction is governed by hydrocarbon pool 

mechanism (HCP), where polymethylated benzene species and longer olefin molecules are 

involved in catalytic cycle and act as active intermediates with further formation of light 

olefins.[142–145] A product distribution in MTH process directly depends on the zeolite topology 

and the strength of the Brønsted acids sites.[10,141] Thus, zeolites with small pores and large 

cages e.g. SAPO-34 (CHA) favor the aromatic cycle leading to the formation of mainly ethylene 

and propylene mixture, whereas medium-sized ZSM-5 operate in a dual cycle regime 

(aromatics and alkene cycles) resulting in a wider range of products (C3-C10).
[146,147] The 

aromatics are not only the key reaction intermediates but also precursors for the formation of 

coke, leading to catalyst deactivation. Effective diffusion of these molecules through the zeolite 

crystals is essential for increasing the catalyst stability.  

Reducing the crystal size or introduction of hierarchical porous structures is a powerful 

approach to mitigate the coke formation and increase the lifetime of the catalyst. For example, 

SSZ-13 obtained through a dual-templating approach[54,148] were evaluated in the MTO reaction 

and displayed a more than 3-fold longer lifetime at high yield of light olefins when compared 

to the purely microporous zeolite. This improvement is due to a more effective utilization of 

the microporous space, where the HCP reactions take place.  

Another example of advantageous hierarchical structuring in the field of natural gas is 

related to the reaction of methane dehydroaromatization.[149,150] Although benchmark Mo/ZSM-

5 and Mo/MCM-22 catalysts are active and selective for the direct conversion of methane to 

benzene and hydrogen they suffer from rapid coking deactivation provoked by high temperature 

and oxygen-free conditions of the reaction.[149,151,152] Yang and co-workers[153,154] showed an 

advantage of using Mo-ZSM-5 and Mo-MCM-22 hierarchical microspheres in methane 

dehydroaromatization in terms of activity and stability of the catalysts A hierarchical structure 

induced the formation of more active centers through better distribution of the active Mo/BAS 
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species and fast diffusion of the bulk products out of them, resulting in a 3-fold improvement 

of the catalyst lifetime. 

1.3.3 Biomass and CO2 conversion 

Biomass conversion via catalytic pyrolysis and bio-oil upgrading in the presence of 

zeolites have attracted significant interest in recent years as an alternative route for replacing 

fossil fuels to produce chemicals.[155,156] Hierarchical zeolites with open structures can boost 

the process efficiency  via higher accessibility of the active sites for the bulky oxygenated 

compounds and faster diffusion of reactants and products.[157–159] For example, pyrolisis of 

lignocellulosic biomass over ZSM-5[160–162] and MOR[163] zeolites, which underwent a post-

synthesis hierarchization resulted in a higher catalytic activity and product distribution 

(lowering the oxygen content and higher yield of aromatics). Notably, nanosized ZSM-5[160] 

catalyst showed lower activity than desilicated samples, which was explained by the low 

external acidity and limited accessibility of the internal acid sites. Paper industry waste (mainly 

turpentine) and cooking oil can be also converted to valuable aromatics with a higher yield over 

ZSM-5[164] and ultrastable zeolite Y[165] with additional porosity, respectively. Further studies 

revealed that hierarchically porous zeolites are suitable catalysts for the conversion of the by-

products in biodiesel production (such as glycerol).[166] A higher selectivity to bio-BTX 

compounds[167,168] and bio-acrolein[169] with prolonged a catalyst lifetime was observed in the 

conversion of glycerol over H-ZSM-5 zeolites. 

CO2 utilization is not only a feasible way to produce chemicals but would also contribute 

to preventing global climate change.[170] In these chemical processes CO2 molecules are 

hydrogenated to various C1 building blocks e.g. CH4/CO/CH3OH or are coupled to form C2+ 

hydrocarbons.[115] The multifunctional catalysts consisting of metal oxides such as In2O3
[171] or 

Na–Fe3O4
[172] with a HZSM-5 zeolite displayed a high gasoline-range selectivity (> 78 %) in a 

Fischer-Tropsch type reaction, where CO2 is first converted to methanol, which is further 

undergone changes to higher hydrocarbons via MTH chemistry. While CO2 and hydrogen are 

activated on transition metal oxide surface with formation methanol[171] or CO molecules,[172] 

their further transformation into the hydrocarbons take place on the BAS inside the zeolite 

pores. Using ZnAlOx and Fe2O3-KO2 oxides with the same zeolite component directs the 

reaction towards the formation of the aromatics.[173,174] Many unsaturated products and 

intermediates which are involved in the last step of carbon dioxide hydrogenation may impose 
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a fast deactivation of the catalyst. Hence, hierarchical zeolite are very promising for these 

processes similarly to the methanol-to- hydrocarbons reactions. 

Overall, introduction of a second level of porosity in microporous zeolites results in 

improved catalytic performance in many relevant reactions, increasing yield of desired 

products, better utilization of the microporous space and prolonged lifetime of the catalyst. A 

large number of examples evidences a broad applicability of hierarchical zeolites in modern 

fossil-based and future renewable chemical industries.  

1.4. Scope of thesis 

In this study, simple organic surfactants, which can be easily obtained from commercially 

available precursors, were investigated as mesoporogens in the synthesis of hierarchically 

porous zeolites. Several zeolite structures were targeted with a view on developing improved 

catalysts for relevant reactions in the chemical industry. Mono-quaternary ammonium salts 

containing pyrrolidinium- or imidazolium-based head groups were used as a cheap dual-

functional surfactant or as mesoporogen in SDA-assisted zeolite synthesis. MOR, FER, CHA 

and MFI topologies, which have a wide practical application, were selected for the 

incorporation of secondary porosity. The focus was on understanding the impact of the organic 

template on the morphological, textural and acidic properties of the final materials. Catalytic 

properties of the hierarchically porous zeolites were assessed in several important reactions 

including the hydroisomerization of n-paraffins, methanol-to-hydrocarbons reaction, n-butanol 

dehydration/isomerization, Friedel-Crafts alkylation and fatty acid isomerization. 

Chapter 2 describes the direct synthesis of mordenite nanorods using inexpensive 

pyrrolidinium-based amphiphilic surfactant N-cetyl-N-methylpyrrolidinium bromide 

(C16NMP) which simultaneously acts as an SDA and mesoporogen. The synthesis conditions 

were optimized with respect to the composition of the synthesis gel. The effect of the 

mesoporogen on the acidic and textural properties of the MOR materials was studied in detail. 

Prepared bifunctional hierarchical Pd-HMOR catalysts demonstrated an improved catalytic 

performance in n-hexadecane hydroisomerization.  

Chapter 3 presents a new approach of mild zeolite dealumination by hydrothermal treatment 

of template-stabilized zeolites with concentrated NH4F solution. The influence of different 

types of organic templates, the treatment time, the concentration of NH4F and treatment 

temperature on textural and acidic properties of ZSM-5(MFI) zeolite was studied. The method 
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was also optimized for the MOR nanorods described in Chapter 2. Mesoporous Pd-HMOR 

materials, mildly dealuminated by an optimized NH4F treatment, displayed promising catalytic 

properties in n-hexadecane hydroisomerization. 

In Chapter 4, C16NMP was successfully employed as a versatile mesoporogen for the synthesis 

of hierarchical ZSM-35 (FER), SSZ-13 (CHA) and ZSM-5 (MFI) zeolites through a dual-

templating strategy. A set of prepared samples with different substitution level of the 

conventional SDA with the mesoporogen was synthesized and characterized. Optimal catalysts 

were further evaluated in various reactions such as the dehydration-isomerization of n-butanol 

to iso-butene (ZSM-35) and methanol-to-hydrocarbons reaction (SSZ-13 and ZSM-5). 

Chapter 5 discusses the synthesis of several porous (alumino)silicate materials in the presence 

of imidazolium-based surfactant 1,2-dimethyl-3-hexadecyl-1H-imidazol-3-ium bromide 

(C16dMImz) under hydrothermal conditions. Ordered mesoporous silicas, layered silica-

alumina and mordenite nanorods were selectively obtained by varying the aluminum 

concentration in the initial gel and the synthesis conditions. These materials were extensively 

characterized by various techniques e.g. X-ray diffraction, electron microscopy, Ar 

physisorption and MAS-NMR spectroscopy. Aluminum containing materials with weak and 

strong Brønsted acidity were evaluated in paraffin hydroisomerization and Friedel-Crafts 

alkylation reactions. 

Chapter 6 is dedicated to the transformation of FAU precursor, used as aluminum and partially 

silica sources, into ZSM-35 (FER) zeolite mediated by N-methylpyrrolidine and imidazolium-

based mesoporogen. The complexity of the FAU to FER conversion was revealed using a 

combination of X-ray diffraction and electron microscopy. This process involves the formation 

of layered intermediates followed by their transformation into the final FER phase. The 

obtained acidic ZSM-35 zeolites were investigated for their catalytic performance in the 

isomerization of fatty acids. 

Finally, the main results of this study are outlined in a summary section and an outlook on 

possible research directions is provided. 
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Chapter 2 

 

Mordenite nanorods prepared by an inexpensive pyrrolidine-

based mesoporogen for alkane hydroisomerization 

 

ABSTRACT: We report the synthesis of hierarchical mordenite zeolite nanorods in one step 

using inexpensive mono-quaternary ammonium N-cetyl-N-methylpyrrolidinium (C16NMP) as 

mesoporogen to the synthesis gel. The presence of a small amount of C16NMP results in the 

formation of 0.6-1 μm rods-like crystals oriented along the c-axis with a high mesoporous 

volume (0.12 cm3 g-1) and external surface area (~90 m2 g-1) compared to bulk mordenite. 

Acidity characterization shows that the presence of C16NMP during mordenite formation 

leads to a redistribution of aluminum in the zeolite framework: the amount of Brønsted acid 

sites in the side-pockets (8MR channels) is increased at the expense of those in the 12MR 

main channels. As these latter acid sites are the ones involved in the conversion of alkene 

intermediates in bifunctional hydroconversion of alkanes, an optimized hierarchical mordenite 

prepared with C16NMP displays a more ideal hydrocracking selectivity than bulk MOR 

prepared solely with sodium.  

 

 

 

This Chapter has been published in ChemCatChem. 2019, 11, 2803-2811.
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2.1. Introduction 

Zeolites are crystalline microporous aluminosilicates with widely varying topologies 

giving rise to more than 200 different framework types that have already been synthesized.[1] 

Their high surface area, high thermal stability, uniform micropore structure and tunable 

surface acidity contribute to their widespread application in industry as ion-exchangers, 

molecular sieves, adsorbents and foremost catalysts.[2] Only a limited number of zeolites are 

used in practice. Among them, mordenite is extensively used as a catalyst for hydrocarbon 

conversion, i.e. (hydro)isomerization,[3] alkylation,[4] hydrocracking and dewaxing,[5] as well 

as in the synthesis of substituted amines.[6] 

 

Figure 2.1. Mordenite zeolite structure. 

Mordenite (MOR) zeolite contains primary parallel channels of 12-membered ring (6.5 

× 7.0 Å) and 8-membered ring (2.6 × 5.7 Å) size along the c-axis, which are connected via 

tortuous side pockets with an aperture of 3.4 × 4.8 Å in the b-direction[7,8] (Figure 2.1). The 

unidimensional (“tubular”) pores impose diffusion limitations, which may hinder the transport 

of reactant and product molecules from approaching and leaving the active sites inside the 

pores. This can result in a decreased utilization of the microporous space and prompt coke 

deposition.[9] The introduction of a second level of intracrystalline porosity to the MOR pore 

system would be advantageous to the many acid-catalyzed hydrocarbon conversion reactions 

that involve large paraffinic and aromatic molecules. A general “top-down” approach to 

prepare mesoporous mordenite zeolites via desilication,[4,10,11] dealumination[12–15] or a 

combination of these approaches[16–19] has been extensively examined. Even though these 

techniques are commercially available and can be scaled up, there is little control over the 
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textural and acidic properties of the final materials. Several groups applied a recrystallisation 

strategy where desilication occurs in the presence of organic surfactants such as 

cetyltrimethylammonium bromide[20] or tetrabutylammonium hydroxide.[21] While the degree 

of recrystallization is enhanced, formation of less active impurity phases such as MCM-41 

also takes place.[20] A direct synthesis in the presence of mesoporogen structure directing 

agents (SDA) molecules provides a possibility to overcome issues mentioned above.[22–24] 

These soft templating procedures offer the opportunity to tune the mesopore system.[25] 

The soft-templating approaches already known for the synthesis of hierarchical MOR 

zeolite are summarized in Table A.1. Generally, organosilanes and mono- or multi-quaternary 

ammonium salts have been employed to introduce mesoporosity in MOR zeolite. Nearly all of 

the described recipes involve the addition of a mesoporogen to a synthesis mixture which 

contains seeds,[26–28] conventional SDAs,[26,29,30] or require complex cationic surfactants with 

two or more ammonium ions.[29,31–34] There are only few reports that claim the formation of  

hierarchical MOR zeolite with a mono-quaternary ammonium surfactant or aniline as a single 

SDA.[35,36] The synthesis mesoporous MOR can also be achieved in a template-free synthesis 

under relatively harsh conditions (T ≥ 170 °C).[6,37,38] 

In this work, we synthesized hierarchical MOR with a nanorod-shaped morphology in a 

single step using N-cetyl-N-methylpyrrolidinium bromide. This organic template contains a 

bulky and polar mono-quaternary ammonium N-methylpyrrolidine head group and an alkyl 

(C16) chain as the hydrophobic tail. The synthesis procedure was optimized with respect to the 

mesoporogen concentration and the obtained zeolite samples were characterized for their 

textural and acidic properties. The catalytic performance of Pd-loaded mesoporous MOR 

catalyst in n-hexadecane hydroconversion in comparison to a conventional bulk MOR zeolite 

was used to evaluate the benefit of hierarchical structuring of MOR. 
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2.2. Experimental methods 

2.2.1 Preparation of N,N-methylhexadecylpyrrolidinium bromide (C16NMP) 

0.013 mol of 1-bromohexadecane (Sigma Aldrich, 98.0 %) and 0.016 mol N-

methypyrrolidine (Sigma Aldrich, 98.0 %) were dissolved in 50 ml ethanol (Biosolve, 99.9 

%) and heated at 70 °C for 20 h under nitrogen atmosphere. After evaporation of ethanol and 

addition of the diethyl ether (Biosolve, 99.5 %), a white powder precipitated. This solid 

product was filtered and dried in a vacuum oven at 50 °C for 12 h. The purity of the organic 

surfactant C16H33-[N
+-methylpyrrolidinium] bromide was analyzed by 1H, 13C NMR, gCOSY 

and gHSQC after dissolution in CDCl3 (Figures A.1-4). The product yield was 87 %. 

2.2.2 Preparation of MOR zeolite 

C16H33-[N
+-methylpyrrolidine] was used in the synthesis of MOR zeolite. We were inspired 

by the work of Ryoo and coworkers,[31] where MOR nanocrystals were obtained in the 

presence of a multivalent surfactant as an solitary capping agent. In the current work, the 

bromide form of C16NMP was dissolved in deionized water at room temperature. 

Subsequently, a sodium silicate solution (Merck, SiO2 27.0 %, Na2O 8.0 %) was added 

dropwise to this solution and stirred for 15 min. Then, NH4Y zeolite (Alfa Aesar, SiO2/Al2O3 

of 5.2) was suspended in the solution. The molar composition of the synthesis mixture was x 

C16NMP : 2.47 Na2O : 0.33 Al2O3 : 10 SiO2 : 256 H2O (x = 0.15, 0.20, 0.25, 0.30, 0.35, 0.40). 

After vigorous stirring for 1.5 h at ambient temperature, the resulting gel was transferred into 

a Teflon-lined stainless-steel autoclave and heated at 140 °C for 144 h under rotation at 50 

rpm. The resulting solid product was filtered, thoroughly washed with deionized water 

thoroughly and dried in air at 110 °C. Finally, the zeolites were calcined at 550 °C for 10 h in 

air. According to the quantity of surfactant in the gel composition, these zeolites were denoted 

as MOR-x (x = 0.15, 0.20, 0.25, 0.30, 0.35, 0.40). A conventional bulk mordenite sample was 

prepared without addition of C16NMP (MOR-C). 

2.2.3 Preparation of Pd/MOR catalyst 

Calcined zeolites samples were subsequently ion-exchanged three times with 1.0 M NH4NO3 

solutions followed by calcination at 550 °C for 8 h in flowing air in order to obtain their 

proton forms. Then, the samples were loaded with 1 wt% Pd by incipient wetness 
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impregnation with an aqueous Pd(NH3)4(NO3)2 solution. The resulting catalysts were calcined 

at 450 °C under flowing air for 4 h. 

2.2.4 Characterizations  

Basic characterization. The crystallinity of the zeolite samples was evaluated by recording 

X-Ray Diffraction (XRD) patterns on a Bruker D2 Endeavor powder diffraction system. Cu 

Kα radiation was used in the 2θ range of 5–60⁰ with a step size 0.02⁰ and the time per step of 

0.4 s. Textural properties were determined by Ar physisorption at -186 °C on a Micromeritics 

ASAP-2020 instrument. The zeolite powders were outgassed at 400 °C and a residual pressure 

of 5 μbar pressure for 8 h prior measurement. The microporous volume was calculated by the 

t-plot method using a thickness range from 3.5 Å to 7.5 Å. The total pore volume was 

measured at p/p0 = 0.95. The elemental composition of MOR zeolites was determined by ICP-

OES (inductively coupled plasma optical emission spectroscopy) by a Spectro CIROS CCD 

ICP spectrometer with axial plasma viewing. For this purpose, the samples were dissolved in 

an 1:1:1 (by weight) mixture of HF (40 %) : HNO3 (60 %) : H2O.  

Electron microscopy. Transmission electron microscopy (TEM) pictures were taken on a 

FEI Tecnai 20 at 200 kV. The samples were suspended in ethanol and dispersed over a 

carbon-coated holey Cu grid. Scanning electron microscopy (SEM) images were taken by a 

FEI Quanta 200F scanning electron microscope at an accelerating voltage of 3 kV and spot 

size 4.5.  

IR spectroscopy. IR spectra of the zeolites were recorded in the range of 4000–400 cm-1 on a 

Bruker Vertex 70v FTIR spectrometer. The spectra were acquired at a 2 cm−1 resolution and 

were obtained by averaging 64 individual scans. The samples were prepared as thin wafers of 

ca. 12 mg. The wafer with a diameter of 13 mm was placed inside a controlled-environment 

transmission IR cell. The samples were activated at 550 °C in air flow during 3 h and after 

cooling the cell to 150 °C, the spectra were measured under vacuum. Pyridine was introduced 

into the IR cell from an ampoule kept at room temperature. After exposure to pyridine for 10 

min, the sample was evacuated over three consecutive 1 h periods at 150 °C, 300 °C and 500 

°C. Each spectrum was recorded after cooling the cell to 150 °C. The spectra were normalized 

by the weight of the wafer. 

NMR spectroscopy. Magic-angle spinning (MAS) Nuclear Magnetic Resonance (NMR) 

spectra were recorded at room temperature with 11.7 Tesla Bruker DMX500 NMR 

spectrometer. 27Al MAS NMR spectra were recorded at 132 MHz with a spinning rate of 25 
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kHz and a single excitation pulse length of 1 μs with a 1 s repetition time. The 27Al, chemical 

shift was referenced to the signal of a saturated solution of Al(NO3)3. 

H2 Chemisorption. H2 uptake measurements were used to titrate the surface metal atoms and 

to provide an estimate of the active sites on the catalysts. Usually, 50 mg of the sample was 

loaded in a quartz reactor. Prior to dosing, samples were reduced in flowing H2 (1 h, 400 °C,  

3 °C/min), evacuated at 450 °C for 1 h to remove chemisorbed hydrogen and cooled to 80 °C 

under vacuum. Analysis was then performed at 80 °C by collecting an adsorption isotherm to 

determine the H2 uptakes. 

2.2.5 Catalytic activity measurements 

In order to determine the catalytic performance of the Pd-loaded zeolites in n-hexadecane (n-

C16) hydroconversion, the catalyst was dried in the reactor for 1 h in a He flow at 200 °C 

(atmospheric pressure) followed by reduction in a pure H2 flow at 60 bar. During reduction, 

the temperature was increased from 100 °C to 400 °C at a rate of 3 °C/min to 400 °C followed 

by an isothermal period of 1 h. Then, the temperature of the catalyst bed was lowered to 200 

°C and the packed bed was wetted by the n-C16 feed, maintaining a liquid flow rate of 1 

ml/min for 10 min. The reactor 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. The reaction temperature was increased 

stepwise and the reaction was equilibrated for 3 h before product sampling. The reactor 

effluent was analyzed by a gas chromatograph, which was equipped with an Rtx-1 column 

and a flame ionization detector. 
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2.3. Results and Discussion 

We employed a synthesis approach to obtain MOR zeolite that does not use an organic 

template. The precursor solution is obtained by mixing together faujasite (FAU) zeolite and 

sodium silicate as aluminum and silicium sources. Starting from a gel with a composition 2.47 

Na2O : 0.33 Al2O3 : 10 SiO2 : 256 H2O, we obtained a highly crystalline MOR zeolite (MOR-

C, Figure 2.2) after 6 days of hydrothermal synthesis at 140 
°C. Mesoporous zeolites were 

prepared by adding C16NMP (SDA/SiO2 = 0.015-0.04) to a similar synthesis gel. In most 

cases, pure crystalline MOR zeolite was obtained. Only at higher SDA concentration 

(SDA/SiO2 = 0.035-0.04), the solid product contained a small amount of FAU (Figure 2.2a). 

As compared to reference MOR-C, the diffraction lines of hk0 reflections of the C16NMP-

templated MOR zeolites were broadened, which can be attributed to a decreased size of the 

crystalline domains in ab-directions.[26] From the intensity of the h00 and 0k0 reflections, we 

can obtain information about the crystal orientation. The intensity of the diffraction line at 2θ 

= 9.75⁰ belonging to the [200] reflection is strongly decreased (Figure 2.2b) compared to 

MOR-C, while the intensity of the [020] reflection at 2θ = 8.61⁰ is less substantially affected. 

These differences show that the crystal size is more strongly reduced in the a-direction than in 

the b-direction. This effect is most pronounced for the MOR-0.25 sample. 

 

Figure 2.2. XRD patterns of MOR samples a) synthesized with different SDA concentration; b) 

represented in magnification of the 2θ range 8.0-10.5⁰. 

SEM images of the MOR zeolites prepared at low SDA/SiO2 ratio (Figure 2.3a-c) show 

a rod-like morphology with crystals with a length of 0.6-1 μm, organized into larger dense-

packed particles. The crystal sizes increase when more C16NMP is added to the synthesis gel 
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(Figure 2.3d-f). Without an organic SDA, the MOR crystals have the typical prismatic shape 

(Figure A.5).[39] 

 

Figure 2.3. SEM images of calcined MOR zeolites: a) MOR-0.15, b) MOR-0.20, c) MOR-0.25, d) 

MOR-0.30, e) MOR-0.35, f) MOR-0.40. 

The Ar physisorption isotherm for conventional MOR-C has the type I shape typical of 

microporous materials. The samples synthesized with C16NMP as SDA have a type IV 

isotherm, pointing to the additional presence of mesopores (Figure 2.4a). The microporous 

volumes of the hierarchical zeolites are comparable to the microporous volume of the bulk 

counterpart (~0.11 cm3 g-1). This is in keeping with the high crystallinity derived from XRD 

analysis. The largest mesoporous volume of 0.12 cm3 g-1 and the largest external surface area 

of 88.5 m2 g-1 are for the sample prepared with a SDA/SiO2 ratio of 0.025 (Table 2.1). A 

further increase of the SDA content led to a slightly lower mesoporous volume, likely due to 

the larger size of the crystals. Pore size distributions derived from the desorption-branch of 

the isotherm using the BJH method show relatively uniform mesopores of about 3.75 nm for 

all hierarchical materials (Figure 2.4b). At this stage, we decided to focus on MOR-0.25 as 

this sample combines optimal textural properties with high crystallinity and phase purity. 
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Figure 2.4. a) Ar physisorption isotherm and b) pore size distribution of calcined MOR samples at 

different concentration of C16NMP (the isotherms were vertically offset by equal intervals of 40 cm3 g-

1; the pore size distributions were calculated via BJH method and vertically offset by equal intervals of 

0.0011 cm3 g-1 nm-1). 

Table 2.1. Textural properties of MOR samples synthesized at different SDA concentration. 

Sample Vtot 

(cm3 g-1) 

Vmicro 

(cm3 g-1) 

Vmeso 

(cm3 g-1) 

SBET 

(m2 g-1) 

Sext  

(m2 g-1) 

MOR-C 0.16 0.15 0.01 371.5 4.8 

MOR-0.15 0.22 0.12 0.10 392.8 79.5 

MOR-0.20 0.22 0.11 0.11 378.2 78.8 

MOR-0.25 0.23 0.11 0.12 379.3 88.5 

MOR-0.30 0.22 0.11 0.11 371.7 76.8 

V tot total pore volume at p/p0 = 0.95 

Vmicro micropore volume calculated by the t-plot method 

Vmeso mesopore volume calculated by the BJH method 

SBET Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.25) 

Sext external surface area determined by the t-plot method. 

Elemental analysis of optimized MOR-0.25 sample showed a Si/Al ratio of 9.5 (Si/Al 

15 in the initial synthesis gel). To determine whether it is possible to synthesize a mesoporous 

MOR with lower Al content, we carried out a hydrothermal synthesis with an initial Si/Al 

ratio of 25. Although a pure MOR phase was obtained (Figure A.6a), the morphology of the 

material was very irregular, consisting of an agglomeration of non-uniform crystals (Figure 

A.6b). This sample only had a modest mesoporous volume of 0.04 cm3 g-1 (Figure A.7).     
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We also evaluated whether Al(OH)3 could serve as an aluminum source. While the 

morphology of the resulting crystals was the same as in the synthesis with FAU, larger 

particles (> 2 μm) with a lower Si/Al ratio of 7.2 were obtained (Figures A.8 and A.9). 

TEM analysis showed that the MOR-0.25 sample (Figure 2.5b) consists of well-defined 

stacks of nanorods with a width of about 30 nm.  

 

Figure 2.5. TEM images of calcined MOR zeolites: a) MOR-C and b) MOR-0.25. 

 

Figure 2.6. TEM images of the mesoporous MOR samples represented c-axis-oriented MOR nanorods 

(the observed lattice spacing of 1.33 nm and 0.9 nm belong to [110] and [200] planes respectively).
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From inspection of the d-spacings, we find that the nanorods are oriented parallel to the c-

axis, i.e. the 1.33 nm and 0.90 nm lattice distances visible in Figure 2.6 and attributed to the 

[110] and [200] planes, respectively. Such rod-like structures are likely formed because of the 

hydrophilic head group is located inside the micropores, for instance in the side-pockets or at 

the entrance of the side pockets, while the long hydrophobic tail is blocking crystal growth, 

resulting a smaller domain size in the ab-dimensions. This would constitute a similar growth 

mechanism as observed for nanosheets of ZSM-5 zeolite. On the contrary, the MOR-C 

sample consists of micrometer-sized crystals with 0.8-2 μm particle length (Figure 2.5a, 

Figure A.5). 

To evaluate the acidic properties of obtained MOR samples, the nature of the hydroxyl 

groups was investigated by IR spectroscopy (Figure 2.7). Several vibrational bands were 

identified in the νOH region: bridging hydroxyl groups at 3606 cm-1, external and internal 

silanols at 3745 cm-1 and 3733 cm-1, respectively.[40] The band at 3657 cm-1 can be assigned to 

OH groups connected to extraframework aluminum (EFAl) or Al-OH groups partially 

bounded to the zeolite lattice.[41]  

 
Figure 2.7. IR spectra obtained over H-MOR samples (spectra are normalized to the weight of the 

samples). 

MOR zeolite contains various types of Brønsted acid sites (BAS), which can be 

distinguished on the basis of the IR frequency of the hydroxyl groups.[42–45] Lukyanov et al. 

developed a three-band curve fitting procedure involving the deconvolution of the main 

bridging hydroxyl band. [42,45] The three types of acid sites (Figure 2.8) are (i) BAS located in 

the 8-membered ring (8MR) side-pockets of MOR, giving rise to a low-frequency (LF) band 
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at 3587 cm-1, (ii) BAS at the interface between 8MR and 12MR pores, resulting in a high-

frequency (HF) band at 3606 cm-1 and (iii) BAS in the main 12MR channels, leading to a top-

frequency (TF) band at 3619 cm-1. 

 

Figure 2.8. Scheme representation of MOR zeolite highlighting the locations of LF, HF and TF BAS. 

The LF sites are located in the 8MR side-pockets, the HF sites at the interface between 8MR and 

12MR channels and the TF in 12MR channels. 

Following this approach, we deconvoluted the hydroxyl region of the IR spectra and 

found considerable difference in the population of discrete BAS between MOR-C and MOR-

0.25 (Figure 2.9). The total amount of acid sites in MOR-0.25 sample is 25 % lower than that 

in MOR-C, which is consistent with the lower Al content of MOR-0.25 (Table 2.2) and the 

slightly larger amount of EFAl (Figure 2.9a,b). Figure 2.9c shows that the fraction of BAS 

located in 8MR side-pockets is higher for MOR-0.25 (47 %) than for MOR-C (31 %). At the 

same time, we detected a substantial reduction in BAS situated in the channel interfaces, 

whereas the number of acid sites in the main channels remained similar.  

 

Figure 2.9. Deconvoluted IR spectra of a) MOR-C and b) MOR-0.25; c) distribution of BAS in the 

different positions of the MOR structure (spectra were recorded at 150 oC). 
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This change in the Al distribution over the zeolite framework is most likely due to the 

presence of the charged C16NMP during hydrothermal synthesis. We speculate that the head 

group of the mesoporogen is located close to the Al in the side pockets, whereas other Al 

species placed in the large 12MR channels and/or the interface between 8MR and 12MR 

channels are instead stabilized by Na+ cation. This finding is supported by IR spectra of 

adsorbed pyridine (Figure A.10). We observed a decrease in the total amount of HF and TF 

types of BAS, which are most likely available for bulk pyridine molecule after the 

introduction of mesoporosity into MOR zeolite (Table 2.2). 

The 27Al MAS NMR spectra of the MOR samples in the proton form feature mainly a 

signal of tetrahedrally coordinated Al species (≥ 75 %) (Figure 2.10). The spectra also show a 

broad peak at ~0 ppm, which can be attributed to EFAl species.[46] Such a relatively large 

amount of EFAl species is usually observed for bulk MOR[18] as well as nanostructured MOR 

zeolites.[35,38] The broadening of the main signal is related to a different environment of AlIV 

and not the presence of penta-coordinated aluminum because a characteristic signal for such 

species (centered at ~30 ppm) is absent.[47,48] 

 

Figure 2.10. 27Al MAS spectra of hydrated H-MOR-C and H-MOR-0.25 zeolites (spectra are 

normalized by the weight of samples). 
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Table 2.2. Physico-chemical properties of MOR samples determined by ICP-OES elemental analysis, 27Al MAS NMR, IR spectroscopy of adsorbed 

pyridine and H2 chemisorption. Dispersion of palladium in the Pd/H-MOR catalysts. 

Sample Si/Al  

(ICP) 

Al distribution a (%) BAS (mmol g-1) LAS (mmol g-1) 
nPd/nH+ b,c 

Pd d 

(wt%) 

Pd e 

dispersion Al IV Al VI 150 °C 300 °C 500 °C 150 °C 300 °C 500 °C 

MOR-C 8.3 77.9 22.1 1.09 0.90 0.45 0.22 0.16 0.15 0.19 0.73 0.61 

MOR-0.25 9.5 75.0 25.0 0.49 0.44 0.25 0.19 0.14 0.12 0.44 0.91 0.64 

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 

b Pd active sites determined by H2 chemisorption 

c H+ determined from the concentration of BAS at 500 °C 

d Pd loading determined by ICP-OES analysis 

e H/Pd ratio based on H2 chemisorption and Pd metal loading. 
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The different zeolites were compared for their catalytic activity in the hydroconversion 

of n-hexadecane. n-Hexadecane conversion for the different MOR samples is presented as a 

function of the temperature in Figure 2.11. The zeolites were loaded with enough Pd to ensure 

a sufficient hydrogenation activity (enough metal nPd in comparison to acid nH+ sites) for 

intermediate olefin conversion reactions to be limiting the overall conversion rate. MOR-C 

and MOR-0.25 displayed similar apparent activation energies of 138 kJ/mol and 135 kJ/mol, 

respectively (Figure 2.12). The Pd metal dispersion was estimated by H2 chemisorption and 

the acid site density by IR spectroscopy of adsorbed pyridine (Table 2.2).[49] As the Pd 

dispersion in the reduced Pd/H-MOR catalysts is comparable, activity differences must be due 

to the changes in the concentration and/or the location of the BAS.  

 

Figure 2.11. a) Conversion of n-hexadecane as a function of the reaction temperature; b) selectivity of 

cracked products obtained at ca. 50 % n-hexadecane conversion. Product distribution (mono-branched 

and multi-branched isomers of n-hexadecane, cracked products) as a function of n-hexadecane 

conversion for c) MOR-C and d) MOR-0.25 zeolites. Experimental conditions: WHSV = 10 h-1, H2/n-

C16 molar ratio = 20, P = 60 bar, ̴ 1 wt% Pd. 
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Figure 2.12. Arrhenius plot of hierarchical and conventional MOR. 

The product distributions, which are also plotted in Figure 2.11, are strongly affected by 

the texture of the support. The MOR-C zeolite exhibits a high selectivity to cracked products, 

even at a low n-hexadecane conversion. The skewed cracked product distribution for this 

sample (Figure 2.11b) is indicative of secondary cracking, associated with a long residence 

time of olefinic intermediates in the zeolite domains.[50] On the contrary, the MOR-0.25 

sample exhibits a much higher selectivity to isomerization products at low conversion (< 10 

%) with a more symmetric distribution of cracked products, close to the pattern expected for 

ideal hydrocracking.[51]  

Taking into account that acid sites located in the 8MR side-pockets are not accessible to 

alkanes,[12,52,53] the improved catalytic behavior of MOR-0.25 can be explained by a decreased 

amount of BAS in the main 12MR channels, where the hydroconversion reaction of alkenes 

takes place. The lower accessible acidity of Pd/MOR-0.25 shifts the hydrogenation/acidity 

balance towards ideal hydrocracking behavior. This is in line with the results of a study of the 

hydroisomerization of n-pentane in which the Si/Al ratio for the Pt/MOR catalyst was 

varied.[48] An additional explanation can be the reduced zeolite domain size, which decreases 

the residence time of the reaction intermediates in the zeolite and, therefore, cracking. To 

fully understand whether reduced acidity or mesoporosity dominates the improvement of 

catalytic performance, a more relevant reference sample is required. Yet, preparation such a 

catalyst from parent mordenite, synthesized with a typical Si/Al ratio around 7 by 

dealumination would modify its textural and acidic properties simultaneously. We note that, 

despite the improved behavior due to the lowered acidity, the total cracking selectivity of 
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MOR-0.25 is still relatively high, when the aim is to achieve isomerization, for instance, for 

the reduction of the cloud point of diesel. Therefore, further strategies need to be developed to 

lower the framework Al density of these improved hierarchical MOR zeolites. 
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2.4. Conclusions 

We achieved the direct synthesis of hierarchical c-axis oriented MOR nanorods in the 

presence of an inexpensive C16NMP mesoporogen. Characterization shows that the use of the 

mesoporogen in addition the sodium as an inorganic template results in a reduction of the 

crystal growth in the ab-directions and redistribution of Al in the framework. Specifically, the 

use of C16NMP results in an increase of the amount of BAS in the side-pockets (8MR) of 

MOR at the expense of the BAS in 12MR. As these latter BAS are the ones involved in the 

conversion of alkene intermediates in the bifunctional hydroconversion of alkanes, an 

optimized hierarchical MOR prepared with C16NMP displays a more ideal hydrocracking 

selectivity than bulk MOR prepared solely with sodium as a template.  
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Appendix A 

 

Supporting information for Chapter 2 

 

Table A.1. Mesoporogen molecules reported for the synthesis of hierarchical MOR zeolite. 

Mesoporogen Second 

SDA 

Seeds  Reference 

Dimethyldodecyl-[(3-trimethoxysilyl) propyl] ammonium 

chloride 

 

TEABr* 

 

yes [26] 

Dimethyloctadecyl-[(3-trimethoxysilyl) propyl] ammonium 

chloride 

 

- yes 

 

[27] 

 

- [19] 

C12H25- N+(CH3)2-C2H4-N+(CH3)2-C12H25Br2  

 

TEAOH** 

 

- [29] 

C18H37- N+(CH3)2-C3H7-N+(CH3)2-C8H17Br2  

 

- - [33] 

N,N,N,N′,N′,N′-hexaethylpentanediammonium cations 

 

- - [34] 
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N,N,N,N-tetraethylbicyclo[2.2.2]oct-7-ene-2,3,5,6-

dipyrrolidinium  

 

  [32] 

C18H37N+( CH3)2C6H12N+( CH3)2C6H12-N+( CH3)2C18H37 

 

- - [31] 

Cetyltrimethylammonium bromide and/or polyethylene 

glycol  

 

 

- 

 

Yes 

 

[28] 

 

TEABr* 

 

- [30] 

N,N-dimethylaniline 

 

- - [36] 

C16H33-N+(CH3)2-C2H4-N(CH3)2Br  

 

- - [35] 

 

* - Tetraethylammonium bromide,  

** - Tetraethylammonium hydroxide.
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1H NMR (400 MHz, CDCl3, 23 °C) δ 3.96 – 3.69 (m, 4H, Pyrrolidine-N-CH2-), 3.69 – 3.52 

(m, 2H, C16 tail-N-CH2-), 3.30 (s, 3H, Pyrrolidine-N-CH3), 2.28 (m, 4H, Pyrrolidine-N- CH2-

CH2-), 1.83 – 1.64 (m, 2H, C16 tail N-CH2-CH2-), 1.44 – 1.14 (m, 26H, C16 tail N-CH2-CH2- 

(CH2)13-), 0.85 (t, 3JHH = 6.8Hz, 3H, C16 tail N-CH2-CH2- (CH2)13-CH3). 

13C NMR (101 MHz, CDCl3, 23 °C) δ 64.43, 64.16, 48.68, 31.91, overlapped peaks 29.70, 

29.69, 29.67, 29.65, 29.63, 29.59, 29.47, 29.38, 29.35, 29.26, 26.44, 24.12, 22.68, 21.69, 

14.11. 

 

Figure A.1. 1H NMR spectrum of C16NMP in CDCl3 at 23 ˚C. 

 

Figure A.2. 13C NMR spectrum of C16NMP in CDCl3 at 23 ˚C. 
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Figure A.3. gCOSY spectrum of C16NMP in CDCl3 at 23 °C. 

 

Figure A.4. Multiplicity-edited gHSQC spectrum of C16NMP in CDCl3 at 23 °C. 
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Figure A.5. SEM image of the MOR-C zeolite obtained without addition of SDA. 

 

Figure A.6. a) XRD pattern and b) SEM image of calcined MOR-0.25 zeolite with Si/Al ratio of 25. 

 

Figure A.7. a) Ar physisorption isotherm and b) pore size distribution of the MOR-0.25 zeolite with 

Si/Al ratio of 25 (the pore size distributions were calculated via BJH algorithm). 
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Figure A.8. XRD patterns of the mesoporous MOR-0.25 zeolite with different aluminum sources:     

a) FAU and b) Al(OH)3. 

 

Figure A.9. SEM images of the mesoporous MOR-0.25 zeolite obtained with a) FAU and b) Al(OH)3 

as aluminum source. 
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Figure A.10. Infrared spectra of pyridine adsorbed on the proton forms of a) MOR-C and b) MOR-

0.25 sample after evacuation at 150 ˚C, 300 ˚C and 500 ˚C (IR spectra were recorded at 150 ˚C). 
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Chapter 3 

 

Mild dealumination of template-stabilized zeolites by NH4F  

 

ABSTRACT: A novel method to remove aluminium from the framework of as-synthesized 

zeolite crystals is presented. Hydrothermal treatment in the aqueous ammonium fluoride 

solution leads to a selective dealumination of ZSM-5-TPA zeolite crystals. Optimized 

dealumination procedure results in 30-50 % removal of Al atoms without significant 

structural degradation. It is also shown that template stabilization by tetrapropylammonium 

cations or pentaerythritol plays a key role in the developed method, as template-free ZSM-5, 

treated under similar conditions, lose their crystallinity and microporosity. The mild 

dealumination was applied to as-synthesized hierarchical mordenite zeolite to obtain a much 

more effective catalyst in hydroconversion of heavy paraffin.The optimized Pd/MOR catalyst 

showed a low selectivity to cracked products up to 60 % of n-hexadecane conversion with 

product distribution closely to the ideal hydrocracking regime. 

 

 

 

 

 

This Chapter has been published in Catal. Sci. Technol. 2019, 9, 4239-4247.
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3.1. Introduction 

Fluorine is widely used in the synthesis and chemical modification of zeolites.[1] 

Remarkable progress in the field of zeolite synthesis has been achieved, since the flouride 

route method was reported in the 1970s.[2] New zeolite topologies,[3,4] large zeolite crystals[5,6] 

and various zeotype materials[7-9] could be synthesized under near-neutral pH conditions. A 

particular influence of the fluoride route is a significant reduction of the amount of silanol 

defects, resulting in more hydrophobic and hydrothermally stable materials in comparison to 

zeolites conventionally prepared in alkaline media.[10-12] More recently, it has also been 

reported that introduction of NaF during the synthesis of high-silica CHA zeolite results in 

additional (intracrystalline) microporosity, which can greatly enhance mass transport of 

reactants to active sites during catalysis.[13,14] Framework etching with HF or NH4HF2 is 

another method to introduce additional porosity in zeolites.[15-18] Furthermore, substitution of 

surface hydroxyls with fluoride groups involving for instance organosilane grafting can be 

employed to enhance the surface hydrophobicity.[19-20] Recently, Tuel and co-workers showed 

that it is also possible to “exchange” silanol defects (SiO-) in as-synthesized siliceous zeolite 

by F anions. This method heals defects in the zeolite framework. The reverse exchange of the 

fluoride form back to a defect form one by a hydrothermal treatment with NH4OH has also 

been described.[21] 

Fluoride compounds can also be used to dealuminate zeolites. Post-synthesis 

dealumination of zeolites is a versatile strategy to obtain model zeolite materials with 

particular physio-chemical properties. For instance, extraction of aluminum from low-silica 

zeolites is often necessary to increase the intrinsic Brønsted acidity of the zeolites and 

improve their the (hydro)thermal stability without destroying the framework.[22-24] The 

conventional method to dealuminate zeolite by steam calcination and acid leaching causes a 

significant number of lattice defects in the form of silanol nests and additional 

mesoporosity.[25,26] Another approach is to substitute zeolite framework aluminum for silicon 

using e.g. ammonium hexafluorosilicate (NH4)2SiF6, which allows obtaining nearly defect-

free zeolites with a lower aluminum content.[27] This method has a limited applicability due to 

the toxicity and cost of (NH4)2SiF6 reagent. Additionally, the big size of the SiF6
2- ion makes 

this approach only amenable to a limited number of zeolites topologies containing 12-

membered ring pores.[28,29] 
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In this work we demonstrate how hydrothermal treatment of as-synthesized TPA-ZSM-

5 crystals (TPA = tetrapropylammonium) using an aqueous solution of NH4F under 

autogenous pressure can result in the selective replacement of framework aluminum by 

silicon. We employ 27Al and 29Si MAS NMR spectroscopy, XRD, Ar physisorption, electron 

microscopy, XPS and ICP to characterize the samples before and after treatment. We optimize 

the treatment time, temperature and NH4F concentration. At optimized conditions, this 

approach can lower the amount of defects and increase the crystallinity of zeolites. We also 

show that the presence of charged or neutral template molecules inside the micropores is a 

prerequisite for this method. 
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3.2. Experimental methods 

3.2.1 Synthesis of materials 

ZSM-5-TPA zeolite was synthesized as follows. Sodium hydroxide (Sigma Aldrich, 99 %), 

tetrapropylammonium hydroxide (TPAOH, Merck, 40 wt%), sodium aluminate (Sigma 

Aldrich, technical) were mixed with deionized water and stirred for 20 min at room 

temperature. Subsequently, colloidal silica Ludox AS-40 (Sigma Aldrich, 40 wt%) was added 

quickly into the formed solution. The final synthesis gel had a molar composition of 3 

TPAOH : 0.7 Na2O : 0.5 Al2O3 : 20 SiO2 : 1500 H2O. After vigorous stirring at 25 ˚C during 5 

h, the resulting gel was transferred into a PTFE-lined stainless steel autoclave and crystallized 

at 160 ˚C for 120 h while tumbling at 60 rpm. 

For the synthesis of ZSM-5-PET sodium hydroxide (Sigma Aldrich, 99 %) and 

pentaerythritol (PET, Sigma Aldrich, 99 %) were used. Sodium aluminate, sodium hydroxide 

and pentaerythritol were mixed with deionized water in a PTFE beaker and stirred for 20 min. 

Afterwards, Ludox AS-40 was added quickly into the clear solution. The final gel had a molar 

composition of 6.7 PET : 3.25 Na2O : 0.5 Al2O3 : 20 SiO2 : 976 H2O. After vigorous stirring 

at room temperature for 2 h, the resulting gel was transferred into a PTFE-lined stainless-steel 

autoclave and crystallized at 175 ˚C for 48 h while tumbling at 60 rpm. 

3.2.2 Treatment with NH4F 

Fluoride treatment of the resulting zeolites was carried out in aqueous NH4F (Sigma Aldrich, 

98 %) solution using the following typical procedure. An amount of 0.55 g of as-synthesized 

ZSM-5 zeolite was dispersed in 38 ml of 1 M NH4F solution and reacted at 175 ˚C for 6 h into 

a PTFE-lined stainless-steel autoclave while tumbling at 60 rpm. The NH4F concentration 

was varied in the 0.2 - 5 M range, and the temperature and the treatment time were varied 

between 165 ˚C - 195 ˚C and 2 h - 168 h, respectively. The treated products were thoroughly 

washed with hot (~90 ˚C) deionized water and dried in air at 110 ˚C overnight. Finally, the 

samples were calcined at 550 ˚C for 5 h on air. 

3.2.3 Characterization  

Thermogravimetric analysis (TGA) analyses of the zeolites samples were performed on a 

Mettler Toledo TGA/DSC 1 instrument. About 10 mg of a catalyst sample was placed in an 
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alumina crucible. The uncovered crucible was heated up to 750 ˚C at a rate of 10 ˚C/min in 40 

ml/min He and 20 ml/min O2 flow. The surface of the materials was probed by X-ray 

photoelectron spectroscopy (XPS) using a Thermo Scientific K-alpha spectrometer 

equipped with a monochromatic Al Kα X-ray source (1486.6 eV) with a 180⁰ double-focusing 

hemispherical analyzer including a 128-channel detector. A spot size in all measurements was 

set to 400 µm. High resolution spectra of C 1s, Si 2p and Al 2p regions were recorded with a 

pass energy of 50 eV, while survey spectra were recorded with pass energy of 200 eV. XPS 

depth profiling (DP-XPS) was done by high-energy Ar+ sputtering (p = 1·10–7 mbar, 2 kV) 

with time steps of 20 s. XPS spectra were taken after each sputtering step. Based on the depth 

profiles, the Si/Al ratios were determined as a function of the depth. Textural properties were 

analyzed by Ar physisorption, which was carried out at -186 ˚C using a Micromeritics 

ASAP-2020 apparatus. The samples were outgassed at 400 ˚C in a dynamic vacuum (p < 5 

μbar) overnight prior to the measurements. The microporous volume was determined by the t-

plot method in a thickness range from 3.5 Å to 7.5 Å. The elemental composition of the 

zeolites was determined by ICP-OES (inductively coupled plasma optical emission 

spectroscopy) using a Spectro CIROS CCD ICP spectrometer with axial plasma viewing. 

Prior to analysis, the samples were dissolved in an 1:1:1 (by weight) mixture of HF (40 %) : 

HNO3 (60 %) : H2O. X-ray diffraction (XRD) patterns were recorded using a Bruker D2 

Endeavor powder diffraction system. Cu Kα radiation in the 2θ range of 5–60⁰ with a step 

size 0.02⁰ and the time per step of 0.4 s. Transmission electron microscopy (TEM) 

micrographs were taken on a FEI Tecnai 20 at 200 kV. The samples were suspended in 

ethanol and dispersed over a carbon coated holey Cu grid with a film prior to measurements. 

Scanning electron microscopy (SEM) images were taken by a FEI Quanta 200F scanning 

electron microscope at an accelerating voltage of 3 kV and spot size 4.5. Transmission IR 

spectra of the zeolites were recorded on a Bruker Vertex 70v spectrometer in the range of 

4000–400 cm-1. Spectra were acquired at 2 cm−1 resolution and 64 scans. The samples were 

prepared as thin wafers of ~12 mg and placed inside a controlled environment infrared 

transmission cell. After calcination at 550 ˚C in air flow the sample was cooled down till 150 

°C and measured in dynamic vacuum. NMR spectroscopy. Nuclear Magnetic Resonance 

(NMR) spectra were measured using a 11.7 Tesla Bruker DMX500 NMR spectrometer 

operating at 500 MHz, 470 MHz, 99 MHz and 132 MHz for 1H, 19F, 29Si and 27Al, 

respectively. 27Al and 19F MAS NMR spectra were recorded using a Bruker 2.5-mm MAS 

probe head spinning at 25 kHz and all other measurements were carried out using a Bruker 
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Triple Channel 4 mm MAS probehead spinning at rates between 8 and 10 kHz. 27Al NMR 

spectra were recorded with a single pulse sequence with a 18⁰ pulse duration of 1 μs and an 

interscan delay of 1 s. 19F NMR spectra were taken using a rotor-synchronized Hahn-echo 

pulse sequence p1-τ1-p2-τ2-aq with a 90o pulse p1 = 5 μs and a 180⁰ pulse p2 = 10 μs and an 

interscan delay of 5 s. Quantitative 29Si NMR spectra were recorded using a high power 

proton decoupling Direct Excitation (DE) pulse sequence with a 45⁰ pulse duration of 3 μs 

and an interscan delay of 180 s. 29Si{1H} CP MAS (CP = cross polarization) was recorded 

with a ramped contact pulse of 3 ms and an inerscan delay of 3 s. During the acquisition, 1H 

heteronuclear decoupling was applied using the spinal-64 pulse scheme. 1H and 29Si NMR 

shifts were calibrated using tetramethylsilane (TMS). The saturated Al(NO3)3 solution was 

used for 27Al NMR shift calibration. The 19F NMR chemical shift was referenced to CFCl3 

using C6F6 (-164.9 ppm) as the external standard. H2 chemisorption. H2 uptake 

measurements were used to titrate the surface metal atoms and to provide an estimate of the 

amount of active sites in reduced catalysts. Typically, 50 mg of the sample was loaded in a 

quartz reactor. Prior to dosing, samples were reduced in flowing H2 (1 h, 400 ˚C, 3 ˚C/min), 

evacuated at 450 ˚C for 1 h to remove chemisorbed hydrogen and cooled to 80 ˚C under 

vacuum. Analysis was then performed at 80 ˚C by collecting an adsorption isotherm to 

determine the H2 uptakes. 

3.2.4 Catalytic activity measurements 

Before performing of n-hexadecane hydroconversion activity tests, the Pd-loaded MOR 

catalysts were dried in situ at atmospheric pressure for 1 h in a He flow and 200 ˚C continued 

with a reduction in H2 flow at 60 bar. During reduction, the temperature was increased from 

100 ˚C to 400 ˚C (a rate of 3 ˚C/min) followed by an isothermal period of 1 h. Subsequently, 

the catalyst layer was cooled down until 200 ˚C and the packed bed was saturated by n-C16 

liquid feed for 10 min (a flow rate of 1 ml/min). The reactor 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. The reaction 

temperature was increased stepwise and the reaction was equilibrated for 3 h before product 

sampling. The reactor effluent was analyzed by gas chromatography equipped with an Rtx-1 

column and a flame ionization detector.  
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3.3. Results and Discussion 

3.3.1 Dealumination by hydrothermal NH4F treatment  

In order to optimize the NH4F treatment, we varied the temperature, duration and NH4F 

concentration of as-synthesized ZSM-5 zeolite. Figure 3.1a shows the influence of the 

temperature at a constant NH4F concentration of 1 M and a treatment time of 6 h. The Si/Al 

ratio does not change significantly for treatment temperatures between 175 ˚C and 195 ˚C 

(Figure 3.1a). Accordingly, we selected a temperature of 175 ˚C for further optimization. 

Figure 3.1b shows that dealumination at 175 ˚C using a 1 M NH4F solution leads to changes 

in the Si/Al ratio for the first 6 h. Notably, a small decrease of the Si/Al ratio was observed 

when the treatment was prolonged, which can be explained by a competition between 

dealumination and desilication as discussed in detail in the work of Qin et al..[30] Clearly, the 

rate of dealumination is substantially higher than the rate of desilication during the first 6 h in 

the slightly acidic 1 M NH4F solution (pH ~6 at 20 ˚C). In this approach, about 30 % of the Al 

atoms can be removed from the zeolite framework. It is likely that, at a particular 

concentration of framework Al, desilication starts to compete with the dealumination process. 

This can be explained by an increase in the pH of the solution due to slow release of NH3, 

resulting from the dissociation of ammonium ions. 

 

Figure 3.1. Si/Al ratio of MFI crystals, derived from ICP, after NH4F treatment: influence of a) 

temperature after 6 h of treatment in 1 M NH4F, b) time at 175 ˚C in 1 M NH4F and c) NH4F 

concentration at 175 ˚C and after 6 h of treatment. 

We also optimized the NH4F concentration at a constant temperature of 175 ˚C and a reaction 

time of 6 h (Figure 3.1c). Increasing the NH4F concentration expectedly resulted in a higher 

degree of dealumination. Using a solution of 5 M NH4F, about 90 % of framework Al could 
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be removed (Table 3.1). This degree of dealumination, however, had a negative effect on the 

crystallinity and the texture of the calcined zeolites. Table 3.1 and Figure 3.2 demonstrate 

that, when the NH4F concentration is raised above 1.5 M, the BET surface area and 

crystallinity of the zeolites is severely decreased due to increased desilication processes, 

provoked by enhanced dissociation of ammonium ions and/or higher concentration of e.g. HF 

and HF2
- that can dissolve Si and Al at equal rates. Below this concentration, the zeolite 

crystals remain almost completely intact with retention of the textural properties of the 

reference sample (not treated by NH4F). 

Table 3.1. Composition and textural properties of TPA-MFI samples after the hydrothermal treatment 

with varying concentration of NH4F. Treatment conditions: 175 ˚C, 6 h. 

NH4F 

treatment 

Si/Al 

(ICP) 

FAl removed 

NMR (%) 

EFAl 

NMR (%) 

Vmicro  

(cm3 g-1) 

SBET  

(m2 g-1) 

Sext  

(m2 g-1) 

Ref 21  0 7.5 0.12 391 55 

0.2 M 20  7 8.5 0.12 370 55 

1 M 28  33 7.2 0.10 337 78 

1.5 M 31  41 8.7 0.10 318 46 

2 M 45  48 9.9 0.08 240 44 

5 M 310  87 ~10 0.02 98 64 

FAl determined by integration of NMR signal between 20 and 100 ppm; EFAl determined by integration of 

NMR signal between 20 and -50 ppm 

Vmicro micropore volume calculated by the t-plot method 

SBET Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.25) 

Sext external surface area determined by the t-plot method. 
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Figure 3.2. a) XRD patterns and b) Ar physisorption isotherms of calcined MFI-TPA samples treated 

in NH4F solution of varying concentration. The isotherms are offset for clarity by 100 cm3 g-1 (closed 

symbols – adsorption branch, open symbols – desorption branch. Treatment conditions: 175 ˚C, 6 h). 

Electron microscopy shows that the treatment of the MFI–TPA sample in a 1 M NH4F 

solution did not lead to significant changes in crystal appearance (Figure 3.3). No apparent 

defects in the treated crystals, such as mesopores, cracks or, holes were observed upon careful 

examination by TEM and SEM images.  

 

Figure 3.3. (a,b) TEM and (c,d) SEM images of MFI-TPA samples before (a,c) and after (b,d) NH4F 

treatment. Treatment conditions: 175 ˚C, 6 h, 1 M NH4F. 
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As the morphology of the crystals remained unchanged, it is not likely that the sample 

has undergone a dissolution-recrystallization process in fluoride media, as earlier reported for 

template-free silicalite-1 zeolite.[31] At this stage, we cannot exclude that partial 

recrystallization occurs at the near-surface layers. To study the surface region in more detail, 

we employed surface-sensitive XPS in combination with Ar sputtering. The Si/Al ratio 

extracted from XPS spectra are shown in Figure 3.4. The Si/Al ratios of the parent MFI–TPA 

sample determined by both ICP and XPS are similar. The surface Si/Al ratio of the sample 

treated with NH4F is significantly higher (~40 %) than the value obtained after one minute of 

Ar etching. This finding points to preferential dealumination close to the surface, most likely 

caused by diffusion limitations experienced by the F- ions. It should be noted, that partial 

recrystallization of near surface layers might also explain this effect. The NH4F dealumination 

procedure therefore creates a certain gradient of Al concentration within the crystals, as 

depicted by the inset on Figure 3.4. 

 

Figure 3.4. Si/Al ratios derived from XPS for MFI samples before (blue) and after (red) NH4F 

treatment. Dashed lines represent Si/Al ratios from ICP. Inset illustrates gradient of Al concentration 

within the zeolite crystals. Treatment conditions: 175 ˚C, 6 h, 1 M NH4F. 

An increase of the Q3 signal at 100 ppm corresponding to (SiO)3Si-OH species in the 

29Si NMR spectra indicates that NH4F treatment of MFI–TPA crystals results in a small 

amount of silanol groups. This signal is visible as a shoulder in the direct excitationf spectrum 

and as a cross peak in the 1H-29Si CP spectrum (Figure 3.5a,b). It is not possible to quantify of 

these new silanol groups, as the Q3 and Q4 (1Al) signals could not be resolved. However, we 
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expect the number of such silanol defects to remain low, because the crystallinity and 

microporosity of the samples was high after optimized NH4F treatment. Overall, the 

formation of silanol groups suggests that the presence of aluminum in the framework 

influences the exchange of SiO- species with F-, as also shown by Tuel and co-workers for 

NH4F treatment of as-synthesized pure-silica zeolites.[21] The absence of fluoride signals in 

the 19F NMR spectrum of NH4F-treated and calcined ZSM-5 crystals (Figure B.2) evidences 

that during washing all weakly soluble AlF3, NH4[AlF4] and (NH4)3[AlF6] compounds were 

removed. The treatment did not lead to additional extraframework Al species during NH4F 

treatment as can be derived from the 27Al NMR spectra (Figure 3.5c). The main difference 

effected by the treatment is a decrease in the framework Al signal at 55 ppm. These results 

suggest that aluminum is mostly extracted from tetrahedral positions in the MFI framework 

rather than from octahedral positions. 

 

Figure 3.5. Weight-normalized 29Si NMR spectra of a) reference MFI and b) after NH4F treatment. 

Solid lines – direct excitation experiments, dashed lines – 1H-29Si cross polarization experiments. c) 

27Al NMR spectra of hydrated reference MFI (red) and after NH4F treatment (blue). Treatment 

conditions: 175 ˚C, 6 h, 1 M NH4F. 

Analysis of the OH stretching vibration bands in the 3400–3800 cm-1 region of IR spectra 

(Figure 3.6) confirms the above findings. A slight increase of the band at 3745 cm-1, 

accompanied by a small broadening of this signal, points at a larger amount of terminal 

silanol groups and a nearly negligible amount of silanol nests.[32] The band at 3660 cm-1, 

corresponding to extraframework Al-OH groups is only slightly affected by the treatment, 

while the concentration of bridging OH expectedly decreased due to the NH4F treatment. 
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Figure 3.6. Weight-normalized IR spectra of dehydrated reference and NH4F-treated ZSM-5 samples. 

Treatment conditions: 175 ˚C, 6 h, 1 M NH4F. 

3.3.2 Influence of the template stabilization 

Neither Ar physisorption (Figure 3.2b) nor electron microscopy (Figure 3.3) indicated 

that the dealuminated zeolites contain mesopores. This is the main difference between the 

treatment of template-free and template-stabilized zeolite crystals. Valtchev and co-workers 

reported that NH4F treatment of template-free ZSM-5 resulted in the non-selective extraction 

of Si and Al and formation of mesopores and revealed a mosaic structure of initially 

aggregated crystals.[30] The presence of template molecules before and after the treatment 

inside the pores of MFI, as shown by the thermogravimetric analysis (TGA) in Figure 3.7, 

results in strong stabilization of the zeolite framework and allows selective removal of Al 

atoms without formation of additional non-zeolitic pores. 

 

Figure 3.7. a) TGA and b) DTG profiles of MFI samples before (blue) and after (red) NH4F treatment 

and pre-calcined (black) sample. Treatment conditions: 175 ˚C, 6 h, 1 M NH4F. 
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To further explore the stabilizing role of TPA cations we performed several additional 

experiments. First, we calcined a parent MFI sample to remove TPA+ from the pores. Second, 

we prepared MFI crystals by replacing TPAOH in the synthesis gel with penthaerythritol 

(PET), an uncharged tetraol, which is geometrically similar to TPAOH and can act as an SDA 

for MFI growth (Figure 3.8a).[33] Both samples were treated under the earlier optimized 

conditions. The NH4F treatment of template-free MFI sample led to a severe degradation of 

the crystalline microporous structure (Figures 3.8b and B.3, Table 3.2) and formation of 

visible defects, imperfections and even amorphous domains (Figure 3.9). Yet, when the MFI-

PET sample was treated about 40 % of the Al atoms were removed (Figure 3.8c) without 

significant structural degradation (Figure B.4, Table 3.2). These results point to the pivotal 

role of the template in stabilizing the zeolite during NH4F dealumination. Indeed, the presence 

of PET molecules and especially charged TPA+ cations inside the MFI pores makes it 

possible to remove a significant fraction of Al atoms, while keeping the framework essentially 

intact. 

 

Figure 3.8. a) Tetrapropylammonium (TPA+) and pentaerythritol (PET) SDA applied for the synthesis 

of MFI zeolites. XRD patterns and Si/Al ratios of b) TPA and c) PET MFI zeolites before and after 

NH4F treatment. Treatment conditions: 175 ˚C, 6 h, 1 M NH4F. 
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Figure 3.9. SEM image of TPA-free MFI crystals after calcination on air and NH4F treatment. 

Treatment conditions: 175 ˚C, 6 h, 1 M NH4F. 

Table 3.2. Physico-chemical properties of the zeolites upon NH4F hydrothermal treatment with 

different stabilization cations. Treatment conditions: 175 ˚C, 6 h, 1 M NH4F. 

Sample Si/Al 

(ICP) 

Vmicro  

(cm3 g-1) 

SBET  

(m2 g-1) 

Sext  

(m2 g-1) 

Ref–TPA 21  0.12 391 55 

1 M–TPA 28  0.10 337 78 

1 M–no TPA 56  0.04 159 33 

Ref–PET 17  0.10 304 21 

1 M–PET 27  0.08 283 37 

Vmicro micropore volume calculated by the t-plot method 

SBET Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.25) 

Sext external surface area determined by the t-plot method. 

To summarize, mild dealumination with an aqueous NH4F solution of as-synthesized 

ZSM-5 zeolite constitutes a promising method for the synthesis of high-silica zeolite 

materials, particularly for topologies that are difficult to prepare in high-silica form directly. 

As high-silica zeolites are (hydro)thermally more stable and often preferred for catalytic and 

adsorptive applications[34.35] and membrane separations,[36] the developed NH4F 

dealumination of template-stabilized zeolite materials is a valuable addition to the existing 

synthetic repertoire.  
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3.3.3 Optimization NH4F treatment for MOR zeolite 

Compared to ZSM-5 zeolite which can be synthesized in a wide compositional 

range,[37,38] mordenite (MOR) zeolite crystallizes typically at a Si/Al ratio below 10.[39] The 

preferred ratio for catalytic applications is however usually higher than 10.[40] Accordingly, 

post-treatment dealumination of bulk MOR zeolite via steaming and leaching of bulk MOR 

zeolite is widely employed to reach the desired acidic properties.[41] These approaches usually 

also lead to formation of beneficial mesoporosity. Here, we employed our method of NH4F 

treatment to tune the Si/Al ratio of MOR zeolite. The starting material is a MOR zeolite 

prepared with a charged C16NMP (N-cetyl-N-methylpyrrolidinium cation) as SDA.[42] The use 

of this amphiphilic SDA results in a hierarchical pore structure with potential benefits to 

catalysis. We demonstrated that, after loading of Pd nanoparticles, this zeolite shows 

improved performance in bifunctional n-hexadecane hydroconversion compared to bulk MOR 

zeolite because of a reduced amount of acid sites in the main 12-membered ring channels as 

well as the presence of mesopores. A drawback of this material is that the concentration of 

Brønsted acid sites (BAS) is too high for hydroisomerization, resulting in a high extent of 

secondary cracking. We stress here that MOR zeolite is usually prepared using Na+ as the 

inorganic SDA. The synthesis without an organic void-filling SDA means that we cannot treat 

a bulk reference with NH4F as a reference. 

A conventional MOR sample denoted as MOR-H (hierarchical) was synthesized 

according to the procedure described in our previous report.[42] The sample constituted highly 

crystalline MOR zeolite with a Si/Al ratio of 9 (Figure 3.10). The duration and NH4F 

concentration were optimized for the mild dealumination treatment. An increase in the Si/Al 

ratio from 9.0 to 10.7 was observed after 2 h treatment using a 1 M NH4F solution (Figure 

3.10a). The fact that the Si/Al ratio remains similar during prolonged treatment might be due 

to competing desilication. Extensive dealumination up to 40 % was observed with an increase 

of the NH4F concentration from 1 M to 1.5 M (Figure 3.10b, Table 3.3). 27Al NMR spectra 

showed a decrease in the signal at 55 ppm due to framework Al (Figure B.5a). This finding is 

supported by IR spectra (Figure B.5b), where it is seen that the band at 3605 cm-1 attributed to 

bridging acidic hydroxyl groups decreases significantly due to the NH4F treatment. 
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Figure 3.10. Optimization of the treatment of MOR-H zeolite by NH4F. XRD patterns and Si/Al ratios 

MOR-H zeolite before and after NH4F treatment at different a) times and b) NH4F concentrations at 

175 ˚C. 

Table 3.3. Results of hydrothermal treatment with varying concentration of NH4F at 175 ˚C and 2 h 

reaction time. 

NH4F 

treatment 

Si/Al 

(ICP) 

FAl 

removed 

NMR (%) 

EFAl 

NMR (%) 

SBET  

(m2 g-1) 

Sext  

(m2 g-1) 

Vmicro  

(cm3 g-1) 

Vmeso 

(cm3 g-1) 

MOR-H 9.0  0 23.8 408 99 0.17 0.14 

1 M 10.7  24 24.8 413 240 0.16 0.20 

1.5 M 

C16NMP 

14.6  50 26.9 426 505 0.13 0.35 

1.5 M no 

C16NMP 

236.0  - - 26 29 - 0.05 

FAl determined by integration of NMR signal between 20 and 100 ppm; EFAl determined by integration of 

NMR signal between 20 and -50 ppm 

Vmicro micropore volume calculated by the NLDFT method 

Vmeso mesopore volume calculated by the BJH method 

SBET Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.25) 

Sext external surface area determined by the t-plot method. 
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Electron microscopy shows that the conventional MOR-H sample is comprised by 

stacked nanorods with a width of about 50 nm, resulting in agglomerations with a size of ~10 

μm (Figure 3.11a,d). In comparison to ZSM-5, dealumination of MOR results in more 

significant textural changes such as an increase of the external surface area, the mesoporous 

volume (Figure B.5c and Table 3.3) and partly alterations to the morphology of the zeolite 

with formation of some amorphous debris at the short edges of the crystals (Figure 

3.11b,c,e,f).  

 

Figure 3.11. (a,b,c) SEM and (d,e,f) TEM images of MOR samples before (a,d) and after treatment 

with (b, e) 1 M and (c,f) 1.5 M NH4F solution. Treatment conditions: 175 ˚C, 2 h. 

This might be due to the higher accessibility for F- ions of MOR-H nanorods stabilized by 

C16NMP. Deeper dealumination and desilication can also explain the formation of a 

secondary amorphous spherical aluminosilicate phase at increased NH4F concentration (1.5 

M, Figure B.6). As we only observe a minor increase of extraframework Al (Table 3.3), we 

infer that the formed amorphous phase is mainly consisting of silica with a low Al content. 

Accordingly, we assume that the acidity of this amorphous phase should be low compared to 

the zeolite part. Judging from the XRD pattern (Figure 3.10), the amount of this amorphous 

silica phase is small. However, its presence in the final product leads to some changes in 

textural properties e.g., an increase in BET and external surface areas while microporous MFI 

samples behaved differently (Tables 3.1 and 3.3). Based on TEM image (Figure B.6) and the 



Chapter 3 

66 
 

isotherm shape (Figure B.5c), this side-phase is most likely a mesoporous silica with high 

surface area. Additionally, increased dealumination leading to small increase in the number of 

EFAl explains the higher concentration of Lewis acid sites (LAS) (Table B.1). We also found 

that NH4F treatment of a calcined MOR-H sample led to complete destruction of the 

crystalline MOR structure (Figure B.7), emphasizing the key role of the organic template 

during mild dealumination with NH4F. 

3.3.4 Catalytic performance in n-hexadecane hydroconversion 

The catalytic performance in n-paraffin hydroconversion was determined for MOR-H 

before and after treatment in NH4F solutions with concentrations of 1 M and 1.5 M. The 

conventional and treated MOR zeolites were loaded with 1 wt% Pd, calcined at 450 ˚C in 

flowing air for 4 h and reduced prior to reaction. The conversion of n-hexadecane as a 

function of temperature is shown in Figure 3.12a. The ratio between metallic Pd and BAS 

(nPd/nH+ atomic ratio) varied between 0.16 and 0.25 (Table B.1), indicating that there is a 

proper balance between metal and acid sites in these catalysts.[43,44] We first compare MOR-H 

with the sample obtained after 1 M NH4F treatment in n-hexadecane hydroconversion. Both 

samples exhibit nearly similar apparent activation energies of 146 kJ/mol and 139 kJ/mol, 

respectively (Figure 3.12b). Thus, the lower conversion observed for the NH4F-treated sample 

is mainly due to the lower amount of BAS.  

 

Figure 3.12. a) Conversion of n-hexadecane as a function of the reaction temperature and                  

b) Arrhenius plot. 
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Figure 3.13. Total products selectivity as a function of n-hexadecane conversion for a) MOR-H,        

b) 1 M and c) 1.5 M catalysts; d) selectivity of cracked products obtained at ca. 50 % n-hexadecane 

conversion. 

Figure 3.13 shows the product distribution as a function of the temperature for these 

samples. Conventional MOR-H presents a high selectivity to isomers, especially multi-

branched isomers, at low conversion (< 20 %). At higher conversion, the selectivity to 

cracked products increases. The MOR-H sample treated with a 1 M NH4F solution exhibits a 

similar product distribution, although the high isomers selectivity is maintained in a wider 

conversion range (up to 40 %) consistent with the lower acidity. The MOR-H sample treated 

with 1.5 M NH4F behaves substantially different as a catalyst. The apparent activation energy 

of this catalyst is significantly lower (114 kJ/mol). Despite having the lowest acidity, the 

conversion of n-hexadecane is nearly similar to the MOR-H sample at temperatures below 

280 ˚C. As it is well-known that the rate of n-paraffin hydroconversion for tubular MOR 

zeolite is limited by mass transport limitations, we speculate that the increased activity of this 

sample is due to higher accessibility of the MOR micropores provoked by changes in the 

morphology of the MOR nanorods after the treatment. This sample also exhibits a higher 
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selectivity to mono-branched isomers at low conversion, while a high multi-branched isomers 

selectivity is maintained up to a conversion of 60 %. These selectivity differences in 

isomerization products between the three MOR zeolites likely originate from variations in 

diffusion rates. While the distribution of cracked paraffins for MOR-H shifted slightly to 

lighter paraffins (Figure 3.13d) indicative of a contribution of secondary cracking, the two 

NH4F-samples showed a more symmetric distribution of cracked products, closely resembling 

the distribution expected for the ideal hydrocracking regime.[45] This can be attributed to the 

lower acidity of these materials. 
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3.4. Conclusions 

In this work we described a method to dealuminate high-silica zeolites by a hydrothermal 

treatment with an aqueous solution of NH4F. At optimized conditions, it is possible to remove 

30-50 % of Al atoms from the ZSM-5 zeolite framework and significantly more than 50 % of 

Al from the crystal surface without structural degradation or formation of extraframework Al 

species. Template stabilization by an organic template such as tetrapropylammonium or 

pentaerythritol is essential to avoid complete degradation of the zeolite crystals. We applied 

this dealumination approach to MOR zeolite, which cannot be prepared at high Si/Al ratio. As 

an example, we dealuminated hierarchical MOR zeolite prepared with the SDA C16NMP, 

which also acts as a mesoporogen. Optimizing the NH4F treatment led to a reduction of the 

Si/Al ratio from 9 to nearly 15 and the generation of more favourable textural properties. 

When loaded with Pd, this zeolite performed substantially better in the bifunctional n-

hexadecane hydroconversion than the reference mesoporous MOR sample. The higher 

accessibility of BAS for the reactant led to a higher activity despite the lower acidity. The 

improved balance between acid sites and metal hydrogenation sites also suppressed secondary 

cracking, yielding a nearly ideal hydrocracking pattern for the optimized sample.  
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Appendix B 

 

Supporting information for Chapter 3 

 

 
Figure B.1. XRD patterns of reference ZSM-5 and ZSM-5 treated by NH4F for different periods of 

time. Treatment conditions: 175 ˚C, 1 M NH4F. 

 
Figure B.2. 19F NMR spectrum of NH4F treated and calcined ZSM-5 crystals. Treatment conditions: 

175 ˚C, 6 h, 1 M NH4F.  
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Figure B.3. Ar adsorption isotherms of parent MFI-TPA sample (black), MFI-TPA (blue) and 

calcined MFI (red) samples after NH4F treatment. Treatment conditions: 1 M NH4F, 175 ˚C, 6 h. 

 
Figure B.4. SEM images of MFI-PET samples a) before and b) after NH4F treatment. Treatment 

conditions: 175 ˚C, 6 h, 1 M NH4F. 
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Figure B.5. a) 27Al NMR spectra, b) weight normalized transmission FTIR spectra and c) Ar 

adsorption analysis of the MOR samples treated in NH4F solution with varying concentrations. The 

isotherms are offset for clarity by 50 cm3 g-1. Treatment conditions: 175 ˚C, 2 h. 

 

Figure B.6. TEM image of the second phase of MOR-H sample detected after NH4F treatment. 

Treatment conditions: 175 ˚C, 2 h, 1.5 M NH4F. 

 

Figure B.7. a) XRD patterns and Si/Al ratios of the MOR zeolites before and after NH4F treatment;  

b) SEM image of MOR crystals after calcination on air and NH4F treatment. Treatment conditions: 

175 ˚C, 2 h, 1.5 M NH4F. 
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Table B.1. Acidic properties of the MOR-H before and after the treatment with 1 M and 1.5 M of 

NH4F solution determined by IR spectroscopy of adsorbed pyridine and H2 chemisorption. Treatment 

conditions: 175 ˚C, 2 h.  

Sample 
BAS (mmol g-1) LAS (mmol g-1) 

nPd/nH+ a,b 
150 ˚C 300 ˚C 500 ˚C 150 ˚C 300 ˚C 500 ˚C 

MOR-H 0.67 0.57 0.31 0.15 0.13 0.15 0.19 

1 M 0.58 0.50 0.28 0.20 0.16 0.14 0.16 

1.5 M 0.41 0.35 0.18 0.20 0.16 0.16 0.25 

a Pd active sites determined by H2 chemisorption 

b H+ determined from the concentration of BAS at 500 ˚C. 
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Chapter 4 

 

A versatile mono-quaternary ammonium salt as mesoporogen for 

the synthesis of hierarchical zeolites 

 

ABSTRACT: Here we report a versatile method to synthesize hierarchically porous zeolites 

with FER, CHA and MFI topologies by using inexpensive mono-quaternary ammonium N-

cetyl-N-methylpyrrolidinium (C16NMP) as mesoporogen. Extensive characterization revealed 

that the mesoporous zeolites are crystalline, possess a high mesoporous volume and exhibit 

comparable Brønsted acidity as their bulk counterparts. Due to the improved accessibility of 

the microporous domains, these hierarchical zeolites display enhanced performance as 

catalysts in various reactions such as the dehydration-isomerization of n-butanol to iso-butene 

(FER) and methanol-to-hydrocarbons reaction (CHA and MFI). 

 

 

 

 

 

This Chapter has been published in Catal. Sci. Technol. 2019, DOI: 10.1039/c9cy02001b.  
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4.1. Introduction 

Crystalline porous materials and in particular zeolites applied as molecular sieves, 

sorbents, supports and heterogeneous catalysts are a substantial part of the modern chemical 

industry.[1] Zeolites are crystalline microporous aluminosilicates with regular microporous 

structural features such as channels, cages and pockets, constructed by SiO4 and AlO4
-  

tetrahedra.[2,3] Some of the 248 zeolite topologies known today[4] have become indispensable 

heterogeneous catalysts for many industrial processes due to their strong acidity, high surface 

area and high (hydro)thermal stability.[5–7] At the same time, the shape selectivity of zeolites 

with pores typically smaller than 1 nm comes at the price of inefficient pore space utilization 

due to severe diffusion limitations and rapid coke formation resulting in deactivation.[5,8] One 

of the most effective approaches to overcome this issue is the incorporation of a secondary 

system of mesopores in a zeolite structure.[9] A larger external surface and a decrease in 

diffusion lengths in the microporous domains can effectively mitigate micropore mass 

transport limitations.[10–13]  

There exist two strategies to integrate the mesoporosity into zeolite crystals, namely 

“top-down” and “bottom-up” approaches. While economically feasible and scalable “top-

down” methods such as desilication,[14] and dealumination,[15] are broadly applied in industry, 

the “bottom-up” methods[13,16–18] afford better control over the mesoporous structure of the 

final catalyst by applying soft-templates, such as cationic surfactants,[19,20] soluble 

polymers[21,22] and amphiphilic organosilanes.[23,24] These soft-templates usually make the 

“bottom-up” approach more costly than the “top-down” one. 

Nowadays, there is increased attention to develop economically attractive 

mesoporogens that can be employed to prepare hierarchical zeolites at an industrial scale. One 

of the first successful examples of the synthesis of hierarchically porous ZSM-5 zeolite (MFI 

topology), with truly interconnected micro- and mesopores, was reported by Ryoo and co-

workers in 2006 and involved the use of 3-(trimethoxysilyl) propyl-

hexadecyldimethylammonium chloride (TPHAC).[25] The affinity of the template’s silyl group 

to the growing crystalline porous silica network resulted in the inclusion of the mesoporogen 

in the hybrid organic-inorganic precursor that after calcination gave a microporous-

mesoporous zeolite.[11,18] Besides MFI, organosilanes have also been successfully applied in 

the synthesis of other zeolite topologies, such as MWW,[26] LTA,[27] FAU[28] and MOR.[29] 

However, the resulting zeolites typically contain some amorphous silica phase and the high 
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cost of organosilanes and problems associated with organosilane hydrolysis limit the 

implementation of this approach on a practical scale.[9] 

In recognizing that the hydrophilic head group should sufficiently interact with the 

silicate species, organic templates were designed and synthesized with more than one 

quaternary ammonium center. The first successful zeolite synthesis with such a template, a 

diquaternary ammonium surfactant C22H45–N+(CH3)2–C6H12–N+(CH3)2–C6H13(2Br), was also 

reported by the Ryoo group, who obtained MFI nanosheets with a crystal size along the b-axis 

of just a few unit cells.[30] The same group used similar surfactants[31] for the synthesis of 

MOR, FAU(X), CHA, MFI[32] and Beta, MTW, MRE, and MFI[33] zeolites. Despite the 

possibility to obtain different highly-crystalline zeolites via a one-pot synthesis approach, 

these multi-quaternary ammonium templates are expensive to synthesize, which leads to an 

unreasonably high cost of the final material.[11,19] In some cases, hierarchical zeolites can also 

be obtained by combining multi-quaternary ammonium mesoporogens with conventional 

structure directing agents (SDA), e.g. with N,N,N-1-trimethyladamantammonium hydroxide 

(TMAdaOH) and tetrapropylammonium bromide (TPABr), providing, respectively, an access 

to CHA and MFI.[32] Che and co-workers showed another approach for the formation of 

hierarchical MFI nanosheets in a single step in the presence of a mono-quaternary ammonium 

salt through the π-π interactions between aromatic (biphenyl and naphthyl) groups of the 

organic molecule and aluminosilicates species in the initial synthesis gel.[34–36] Yet, also in 

this case, the high cost of template synthesis precludes commercialization. 

A synthesis strategy using two templates can offer a better control of the different 

porosity levels and reduce the final cost of the material by decreasing amount of expensive 

mesoporogen. As such, it has been reported that mixing of zeolite-providing SDAs with a 

simple mono-quaternary ammonium surfactant containing a N-methylpiperidine as a directing 

head group and a cetyl (C16) carbon tail allows introducing a second level of porosity in 

MFI,[37,38] CHA[37] and FER zeolites.[39] Recently, we already reported that using a single 

mesoporogen with N-methylpyrrolidine as hydrophilic group directs MOR growth into 

nanorods.[40] An approach that allows obtaining several zeolites topologies using relatively 

simple organic molecules would be attractive from the practical and economic point of view. 

Notably, applying the commercially available surfactant cetrimonium hydroxide (CTAOH) as 

a SDA that acts to start zeolite crystallization but also introduces mesopores is limited to 

mesoporous ZSM-5 zeolite.[41] 
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In this work, we successfully report the synthesis of hierarchically porous zeolites with 

MFI, FER and CHA topologies in a single step using N-cetyl-N-methylpyrrolidinium bromide 

(further denoted as C16NMP). The easy preparation and relatively low price of C16NMP 

(estimated 300 US$/kg), combined with an opportunity to fabricate several commercially 

relevant zeolite topologies using the same mesopogen, and the benefit of such materials in 

hydrocarbon conversion is a promising starting point for further scaling-up studies. 
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4.2. Experimental methods 

4.2.1 Synthesis of materials 

4.2.1.1 Synthesis of N,N-methyl-hexadecylpyrrolidinium bromide (C16NMP) 

The synthesis of C16NMP was based on a procedure reported in the Chapter 2. N,N-methyl-

hexadecylpyrrolidinium bromide was prepared by mixing 0.013 mol of bromohexadecane 

(Sigma Aldrich, 98.0 %) and 0.016 mol N-methypyrrolidine (Sigma Aldrich, 98.0 %) in 50 

ml ethanol (Biosolve, 99.9 %). The solution was refluxed in an oil bath at 70 °C for 20 h 

under inert atmosphere. After removal of the ethanol by a rotary evaporator, the white powder 

was precipitated with the diethyl ether (Biosolve, 99.5 %). The obtained solid product was 

filtered and dried in a vacuum oven at 50 °C for 12 h to completely remove the solvents. The 

molecular structure of the synthesized organic compound was confirmed by 1H and 13C NMR 

spectroscopy after dissolution in CDCl3. The product yield was 87 %. 

1H NMR (400 MHz, CDCl3, 23 °C) δ 3.96 – 3.69 (m, 4H, Pyrrolidine-N-CH2-), 3.69 – 3.52 

(m, 2H, C16 tail-N-CH2-), 3.30 (s, 3H, Pyrrolidine-N-CH3), 2.28 (m, 4H, Pyrrolidine-N- CH2-

CH2-), 1.83 – 1.64 (m, 2H, C16 tail N-CH2-CH2-), 1.44 – 1.14 (m, 26H, C16 tail N-CH2-CH2- 

(CH2)13-), 0.85 (t, 3JHH = 6.8Hz, 3H, C16 tail N-CH2-CH2- (CH2)13-CH3). 

13C NMR (101 MHz, CDCl3, 23 °C) δ 64.43, 64.16, 48.68, 31.91, overlapped peaks 29.70, 

29.69, 29.67, 29.65, 29.63, 29.59, 29.47, 29.38, 29.35, 29.26, 26.44, 24.12, 22.68, 21.69, 

14.11. 

4.2.1.2 Ferrierite (FER) zeolite 

The synthesis procedure of mesoporous ferrierite samples was as follows.                             

N-methylpyrrolidine (NMP) and C16NMP were dissolved in deionized water at room 

temperature. The obtained solution was mixed with aluminum hydroxide (Sigma-Aldrich, 

reagent grade) and sodium hydroxide (EMSURE, 50 wt%). Subsequently, 

tetraethylorthosilicate (TEOS, Merck, 99 %) was added dropwise and the gel was stirred 

vigorously for 2 h, at ambient temperature to remove ethanol after hydrolysis of TEOS. The 

molar composition of the synthesis gel was (1-x) NMP : x C16NMP : 0.22 Na2O : 0.1 Al2O3 : 

2 SiO2 : 100 H2O, where x is 0.1, 0.15, 0.2. The resulting gel was loaded into a Teflon lined 
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stainless-steel autoclave and tumbled at 50 rpm in an oven heated at 140 °C for 312-528 h. 

These zeolites were denoted as FER-x (x = 0.10, 0.15, 0.20) in accordance with the amount of 

C16NMP that partially substitutes NMP. Conventional ferrierite zeolite was synthesized 

without an addition of C16NMP (x = 0, FER-C).  

The solid products were collected by filtration, followed by washing with distilled water until 

pH < 8, and drying at 110 °C overnight. The organic compounds were removed by calcination 

in air at 550 °C for 7 h. 

4.2.1.3 Chabazite (CHA) zeolite 

Hierarchical CHA zeolites were prepared by mixing of aluminium hydroxide (Aldrich, 

reagent grade), sodium hydroxide (EMSURE, 50 wt%), N,N,N-1-

trimethyladamantammonium hydroxide, i.e. TMAdaOH (SACHEM Inc. 25 wt%), C16NMP 

(bromide form) and distilled water in a Teflon beaker. After the surfactant and Al(OH)3 were 

fully dissolved, Ludox AS-40 (Aldrich, 40 wt%) was added dropwise into the clear solution. 

The final gel composition was as follows (1-x) TMAdaOH : x C16NMP : 0.375 Na2O : 0.125 

Al2O3 : 5 SiO2 : 220 H2O (x = 0.1, 0.2, 0.3, 0.4, 0.5). After vigorous stirring at room 

temperature for 2 h, the resulting gel was transferred into a 45 ml Teflon lined steel autoclave 

and crystallized at 160 °C for 168 h under rotation at 50 rpm. The obtained solids are 

represented as CHA-x (x = 0.1, 0.2, 0.3, 0.4, 0.5), where x indicates the percentage of 

C16NMP that replaces TMAdaOH. The CHA bulk (CHA-C) sample was synthesized without 

an addition of the mesoporogen surfactant. After a crystallization process occurred, the 

products were filtered, washed with a copious amount of water and dried overnight at 110 °C. 

The zeolites were calcined at 550 °C for 7 h under flowing air. 

4.2.1.4 MFI zeolite 

In a synthesis of mesoporous MFI zeolite, aluminium hydroxide (Sigma Aldrich, reagent 

grade), pottasium hydroxide (VWR, 85 wt%), 1,6-diaminohexane, i.e. DAH (Sigma Aldrich. 

98 wt%), C16NMP (bromide form), distilled water and Ludox AS-40 (Aldrich, 40 wt%) were 

mixed to obtain a gel with molar composition (1-x) DAH : x C16NMP : 1 K2O : 0.066 Al2O3 : 

6.67 SiO2 : 280 H2O (x = 0.1, 0.2, 0.3, 0.4). The resulting gel was stirred at room temperature 

for 4 h and then transferred into a Teflon lined steel autoclave and crystallized at 140 °C for 

144 h under rotation at 50 rpm. The obtained solids are represented as MFI-x (x = 0.1, 0.2, 
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0.3, 0.4), where x indicates the percentage of C16NMP that replaces DAH. The MFI bulk 

(MFI-C) sample was synthesized without an addition of the mesoporogen surfactant. After a 

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

dried in air overnight at 110 °C. Finally, the zeolites were calcined at 550 °C for 7 h under 

flowing air. 

4.2.2 Preparation of catalysts 

The protonated form of the zeolites was obtained by three subsequent steps of ion-exchange 

of calcined samples with 1.0 M solutions of NH4NO3 (1 g of the solid per 100 ml) for 3 h at 

70 °C. The NH4-form of the zeolites were dried overnight at 110 °C and then calcined at 550 

°C for 7 h to obtain the acidic form. 

4.2.3 Characterization  

Basic characterization. Crystallinity and phase purity of the samples was determined by X-

ray diffraction (XRD) conducted on a Bruker D2 Endeavor powder diffraction system. Cu Kα 

radiation was used in the 2θ range of 5–60⁰ with a step size 0.02⁰ and the time per step of    

0.4 s. The Ar adsorption/desorption isotherms were measured at -186 °C with a Micromeritics 

ASAP-2020 instrument after pretreatment the zeolite powders at 400 °C for 8 h under a high 

vacuum (5-7 μbar). The t-plot method was used to calculate the microporous volume (a 

thickness range of 3.5-7.5 Å) and the total pore volume (at p/p0 = 0.95). The composition 

(Si/Al molar ratio) was determined by inductively coupled plasma, optical emission 

spectrometer (ICP-OES) (Spectro CirosCCD ICP machine with axial plasma viewing). The 

zeolite samples were preliminarily dissolved in a 1:1:1 (by weight) mixture of HF (40 %) : 

HNO3 (60 %) : H2O. The morphology of the zeolite crystals was observed by Scanning 

electron microscopy (SEM, FEI Quanta 200F scanning electron microscope at an accelerating 

voltage of 3 kV and spot size 4.5) and Transmission electron microscopy (TEM, FEI Tecnai 

20 at 200 kV). Thermogravimetric analysis (TGA) of the zeolites samples was performed on a 

Mettler Toledo TGA/DSC 1 instrument. About 10 mg of a catalyst sample was placed in an 

alumina crucible and heated up to 750 ˚C at a rate of 5 ˚C/min in 40 ml/min He and 20 ml/min 

O2 flow. To determine differences in the adsorption behavior, the uptake of n-butanol and 

benzene was followed by TGA for FER and FER/CHA/MFI zeolites, respectively. The 

samples were dehydrated at 550 °C before the exposure to the adsorbates. Adsorption was 
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performed at 30 °C during 1 h in a He flow (20 ml/min) which was fed through a saturator 

kept at 20 °C (pn-butanol = 6.4 mbar; pbenzene = 100.2 mbar).  

IR spectroscopy. Transmission IR spectra of the zeolites were recorded on a Bruker Vertex 

70v spectrometer in the range of 4000–400 cm-1. Spectra were acquired at 2 cm−1 resolution 

and 64 scans. The samples were prepared as thin wafers of ~12 mg and placed inside a 

controlled environment infrared transmission cell. After calcination at 550 °C in air flow the 

sample was cooled down till 150 °C and measured in dynamic vacuum. Pyridine adsorption-

desorption experiments were conducted on thin self-supported zeolite pellets (~12 mg) 

preliminarily activated at 550 °C in artificial air flow during 3 h. After recording the 

background spectrum at 150 °C and pressure < 10-5 mbar, pyridine was introduced to the IR 

cell and adsorbed onto the zeolites until equilibrium was achieved. Desorption was carried out 

under vacuum in three continuous one-hour periods of heating at 150 °C, 300 °C and 500 °C. 

All IR spectra were measured at set temperature 150 °C. For CO adsorption, the sample was 

cooled to -196 °C and CO was introduced into the cell via a sample loop connected to a Valco 

six-port valve. After each dosage, a spectrum was recorded at -196 °C.  

Solid-state Nuclear Magnetic Resonance (NMR) measurements were performed using 11.7 

Tesla Bruker DMX500 NMR spectrometer operating at 500 MHz for 1H and 132 MHz for 

27Al. 27Al MAS NMR spectra were recorded using a single pulse sequence with a 18⁰ pulse 

duration of 1 μs and an interscan delay of 1 s at a spinning rate of 25 kHz. The 1H 

measurement was carried out using a 4 mm MAS probe head with sample rotation rate of 10 

kHz. 1H NMR spectra were recorded with a Hahn-echo pulse sequence p1-τ1-p2-τ2-aq with a 

90⁰ pulse p1 = 5 μs and a 180⁰ p2 = 10 μs. The interscan delay was set to 120 s for quantitative 

spectra. 1H NMR shifts were calibrated using tetramethylsilane (TMS) and a saturated 

aqueous Al(NO3)3 solution was used for 27Al NMR shift calibration. Prior to 1H NMR 

measurement, the zeolite sample was dehydrated at 400 °C and 5 μbar pressure for 8 h. 

4.2.4 Catalytic activity measurements  

4.2.4.1 Dehydration and isomerization of n-butanol to iso-butene 

An amount of 5 mg of the catalyst granules (0.25-0.5 mm size) diluted with quartz beads of 

0.125-0.25 mm size was loaded in a quartz tubular fixed bed reactor (4 mm internal diameter). 

Before reaction, the catalyst was pre-activated at 550 °C for 2 h in artificial air flow (30 

ml·min−1). n-Butanol was fed into the reactor by passing helium as the diluent (70 ml·min−1) 
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through a saturator at 40 °C. The reactions were performed at 300 °C and WHSV of 69.1 g g−1 

h−1. The products was analyzed by online gas chromatography (Interscience CompactGC 

equipped with thermal conductivity detector (TCD) (Molsieve 5A and RT-Q-BOND 

columns) and flame ionization detector (FID) detector with an Rtx-1 column). 

4.2.4.2 Methanol to hydrocarbons (MTH) reaction  

Catalytic activity tests of the CHA and MFI samples were performed in quartz tubular fixed-

bed reactor with a 4 mm internal diameter. 50 mg of the catalyst loading (sieved fraction 0.25-

0.5 mm) was activated by calcination at 550 °C in artificial air flow (30 ml/min) for 2 h. The 

methanol-to-hydrocarbons reaction was carried out at 350 °C/400 °C in the feed flow (WHSV 

of 0.93 g g−1 h−1/6.0 g g−1 h−1) obtained by passing He stream (30 ml/min) through a saturator 

with methanol (Merck, 99 %) at -12 °C/19 °C for CHA/MFI catalysts respectively. The outlet 

flow was analyzed with online gas chromatography (Compact GC Interscience equipped with 

TCD and FID with RT-Q-Bond and Al2O3/KCl columns). For the methanol conversion and 

product selectivity calculations, dimethyl ether was considered as a reactant. 
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4.3. Results and Discussion 

Several industrially important zeolites with different topologies and channel systems 

were chosen as the objects for our investigations of the versatility of C16NMP as a 

mesoporogen for zeolite synthesis. We started with the hydrothermal synthesis of a 

conventional FER, MFI and CHA zeolite in the presence of N-methylpyrrolidine (NMP), 1,6-

diaminohexane (DAH) and N,N,N-1-trimethyladamantammonium hydroxide (TMAdaOH), 

respectively, as SDAs. Then, a dual-templating approach was used where the SDA was 

partially substituted for C16NMP in the initial gel. Using the same C16NMP as a single SDA in 

the hydrothermal synthesis resulted in the formation of MOR nanorods. After loading Pd 

metal, Pd/H-MOR catalyst displayed a more ideal hydrocracking selectivity than bulk MOR 

prepared solely with Na+ as template.[40] 

4.3.1 Ferrierite zeolite  

We prepared bulk ferrierite zeolite using N-methylpyrrolidine as the SDA and explored 

the use of C16NMP to introduce mesopores. Ferrierite (framework type FER) is a medium-

pore zeolite characterized by a two-dimensional (2D) pore system consisting of 10-ring (4.2 × 

5.4 Å) channels intersected by 8-ring (3.5 × 4.8 Å) channels.[4] Highly crystalline materials 

were obtained after 17 days of hydrothermal synthesis by substituting 10 or 15 mol% of NMP 

with C16NMP (Figure 4.1).  

 

Figure 4.1. XRD patterns of the calcined ferrierite samples at different concentration of the C16NMP.
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A further increase in the C16NMP concentration resulted in the formation of an amorphous 

material, even during a prolonged synthesis time of 22 days (Figure 4.1). When compared to 

the reference bulk FER-C, the mesoporous samples displayed less strong XRD peaks, 

particularly Bragg reflections at 2θ = 9.45⁰ belonging to [200] planes. The decreasing 

intensity of the [200] reflections can be attributed to the reduction of crystalline domain size 

in the a-direction. 

Electron microscopy was used to detect the changes in the zeolite morphology after 

partial substitution of the NMP template for the C16NMP mesoporogen. The SEM and TEM 

images of FER-C (Figure 4.2a,d) displayed plate-like crystal morphology typical for ferrierite 

with a size of 1.5-2 μm,[42] while mesoporous FER samples are made up from sheet-like 

structures of 0.6-0.8 μm in length (Figure 4.2e,f). They are arranged in 3 μm and 5 μm 

agglomerates for FER-0.10 and FER-0.15, respectively (Figure 4.2b,c).  

 

Figure 4.2. (a-c) SEM and (d-f) TEM images show the morphology of calcined FER zeolite samples: 

(a, d) FER-C, (b, e) FER-0.10 and (c, f) FER-0.15. 

A careful TEM analysis of FER-0.15 sample showed that the sheets are stacks with a width of 

about 15 nm (Figure 4.3). The measured lattice distance of 0.91 nm can be attributed to [200] 

planes, which establishes the relation between the final structure and the direction of crystal 

growth. Formation of b-oriented nanosheets proceeds with the long hydrophobic tail sticking 
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out the 10-membered ring channels, limiting the crystal growth in the c-direction. This result 

correlates well with the XRD data. 

 
Figure 4.3. TEM image of the mesoporous FER-0.15 sample, consisting of b-oriented FER 

nanosheets. The indicated lattice distance of 0.91 nm corresponds to [200] planes. 

Thermogravimetric analysis (Figure 4.4) of as-synthesized FER samples showed several 

combustion stages: (i) 150 °C - 380 °C due to decomposition and C-C bond breaking of the 

surfactant in mesopores[43] and (ii) diffusion-limited combustion of organic molecules 

confined in micropores at 380 °C - 700 °C.[44] The FER-C zeolite exhibited the weight loss of 

12.4 % corresponds to SDA located in the FER channels. An increase in the concentration of 

C16NMP in the initial gel led to the removal of more template in the “low temperature” 

regime (~16 % for FER-0.10 and ~22 % for FER-0.15) (Figure 4.4b).  

 

Figure 4.4. a) Thermogravimetric analysis (TGA) and b) derivative thermogravimetry (DTG) of the 

as-synthesized FER samples obtained at different concentration of C16NMP (the weight losses for 

FER-C, FER-0.10 and FER-0.15 are 12.4 %, 27.3 % and 32.6 %, respectively). 
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Ar physisorption results demonstrated the formation of a second level of porosity in the 

samples synthesized in presence of C16NMP (Figure 4.5a). The isotherms can be 

characterized by a type IV indicative of mesopores. Conventional FER-C has a type I 

isotherm, which is typical for microporous materials.[45] 

 

Figure 4.5. a) Ar physisorption isotherms and b) pore size distributions of calcined FER samples at 

different concentration of C16NMP (the isotherms are vertically offset by equal intervals of 50 cm3 g-1; 

the pore size distributions were determined by the NLDFT method and vertically offset by equal 

intervals of 0.006 cm3 g-1 nm-1). 

Table 4.1. Textural properties of FER samples synthesized at different SDA concentration. 

Sample 
Vtot 

(cm3 g-1) 

Vmicro 

(cm3 g-1) 

Vmeso 

(cm3 g-1) 

SBET  

(m2 g-1) 

Sext  

(m2 g-1) 

FER-C 0.16 0.11 0.05 343.1 38.3 

FER-0.10 0.30 0.09 0.21 341.2 130.2 

FER-0.15 0.33 0.085 0.25 316.3 153.8 

V tot total pore volume at p/p0 = 0.95  

Vmicro micropore volume calculated by the t-plot method 

Vmeso mesopore volume calculated by the BJH method 

SBET Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.25) 

Sext external surface area determined by the t-plot method. 

The microporous volume of the obtained samples is in 0.08-0.11 cm3 g-1 range, confirming 

their high crystallinity. An increase in the concentration of C16NMP resulted in a higher 

mesoporous volume (0.21 cm3 g-1 and 0.25 cm3 g-1 for FER-0.10 and FER-0.15, respectively) 
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and a more than three times higher external surface area (Table 4.1) of the hierarchical 

zeolites. The pore size distributions determined using the NLDFT method show a broad 

distribution of mesopores (5-47 nm) for both mesoporous materials (Figure 4.5b).  

27Al MAS NMR spectroscopy was used to examine the local environment of Al in the 

calcined zeolites (Figure 4.6).  

 

Figure 4.6. 27Al MAS NMR spectra of hydrated H-FER zeolites. 

The spectra can be characterized by two resonances: the first one at 56 ppm, typical for 

framework Al atoms in tetrahedral position (AlIV), and the second at 0 ppm for 

extraframework (AlVI).[46] Deconvolution of the spectra revealed that Al is mainly 

incorporated into the ferrierite framework during the hydrothermal synthesis (> 72 % 

framework Al) (Table 4.2). The increased amount of EFAl in mesoporous samples (~28 vs. 21 

% for FER-C) can be explained by the easier extraction of framework Al atoms from the 

structure of the thin sheets during ion-exchange and calcination at 550 °C.[47] The ICP-OES 

elemental analysis of all samples showed similar Si/Al ratios of ~10 (Table 4.2). 

Table 4.2. Properties of synthesized samples determined by ICP-OES analysis and 27Al MAS NMR.  

 

* AlIV determined by integration of NMR signal between 20 and 100 ppm; AlVI determined by integration of 

NMR signal between 20 and -50 ppm.

Sample Si/Al  

(ICP) 

Al distribution* (%) 

Al IV Al VI 

FER-C 9.9 78.7 21.3 

FER-0.10 9.4 72.1 27.9 

FER-0.15 10.5 71.6 28.4 
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The nature of hydroxyl groups in the calcined FER samples was analyzed by IR 

spectroscopy of adsorbed pyridine and CO (Figure 4.7). IR spectra indicate the presence of 

several types of OH groups: bands at 3748 cm−1, 3720 cm−1 and 3606 cm−1 relate to external 

and internal (only in FER-C) silanols (Si-OH) and bridging hydroxyl groups (Si-OH-Al), 

resceptively.[48,49] A shoulder at 3648 cm-1 can be attributed to the OH groups of 

extraframework aluminum (EFAl) and -OH species, which are grafted to the lattice.[49–51] 

After adsorption of pyridine at 150 °C, the characteristic signals corresponding to N-H 

vibrations appeared in the 1600-1400 cm-1 range. The bands at 1545 cm-1, at 1455 cm-1 with a 

shoulder at 1445 cm-1 are related to pyridine interaction with strong Brønsted acid sites 

(BAS), Lewis acid sites (LAS) and terminal silanols, respectively (Figure C.1). The band 

observed at 1490 cm-1 can be related to both types of acid sites.[52,53] As bulk pyridine 

molecules cannot penetrate the small 8-ring FER channels[52,54] and adsorb only on BAS 

located in 10-membered channels and the external surface of the zeolites, we did not observe 

complete disappearance of the bridging OH groups in the micro- and mesoporous FER 

samples (Figure 4.7a). The calculated concentration of BAS after pyridine desorption showed 

a reduction (20-40 %) after the introduction of the mesoporogen in the zeolites (Table C.1). 

This can be explained by a lower amount of framework Al in the hierarchical FER materials. 

 
Figure 4.7. IR spectra of the proton form of the FER zeolites in the OH stretching region after a) 

pyridine and b) CO adsorption on the FER samples at 150 °C and -196 °C, respectively. The solid lines 

represent the spectra recorded at 150 °C under vacuum, while dashed lines show the changes after 

adsorption of the probe molecules (spectra are normalized to the weight of the samples). 

In contrast to pyridine, the smaller CO probe molecule can reach all acid sites, which 

was confirmed by the complete disappearance of bands at 3648 cm-1 and 3606 cm-1 upon CO 
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exposure at low temperature (Figure 4.7b). The strength of the Brønsted acid sites was 

estimated by determining the shift of the bridging hydroxyl groups upon interaction with CO, 

which, as usual, was shifted to around 3300 cm-1 for zeolites.[55,56] All zeolite samples 

exhibited a CO-perturbed OH band at ~3311 cm-1 and the formation of the CO stretching 

band at ~2170 cm-1 (Figure C.2). The ∆νOH of 295 ± 2 cm-1 indicates a similar acid strength of 

the bridging hydroxyl groups for all samples (Figure C.2 left). Another CO-perturbed band at 

~3460 cm-1 was observed (Figure C.2 left), which is likely due to bridging hydroxyls partially 

linked to the framework.[49,50] Garrone and coworkers[57,58] reported that such grafted 

SiOAl(OH)OSi groups possess much higher acidity than Al-OH species (∆νOH ~210 cm-1 for 

MCM-22 and ITQ-2 zeolites) and are able to protonate ammonia.[57] Upon CO adsorption, the 

strength of these grafted acidic -OH groups was measured by their shift to a region at ~3455 

cm-1 with ∆νOH of 190 ± 2 cm-1 for all FER samples. Detailed analysis of the νCO region 

revealed the initial appearance of the main band at 2172 cm-1, corresponding to CO adsorption 

on bridging hydroxyl groups together with grafted SiOAl(OH)OSi species, supported by a 

slight shift to the low frequency (2168 cm-1) at high CO coverage. The presence of Lewis Al3+ 

sites with a different strength (bands at 2190 cm-1, 2205 cm-1 and 2233 cm-1) was also 

detected, indicative of the presence of extra-framework Al (Figure C.2 right).[56]  

Rapid diffusion and desorption of products from the zeolite pores can also contribute to 

lowering the rate of coke formation.[59] Shorter residence times of reactants and products 

within the pores generally imply a lower conversion into consecutive reaction products that 

cannot leave the pores. To probe the influence of intra-crystalline mesoporosity on the 

accessibility of the FER pores, the uptake of the two model organic molecules was followed 

for 1 h at 30 °C (Figure 4.8). Benzene was chosen as a bulky molecule (kinetic diameter of 

5.85 Å[60]), which only fits in 10MR channels (4.2 × 5.4 Å) and not in the 8MR ones. In turn, 

the linear n-butanol probe molecule can fit both types of FER pores.[61]  

Figure 4.8a shows the uptake curves of benzene in the three different FER samples. A 

very steep uptake (stage I) is followed by a slower one (stage II) up to the point where the 

materials were flushed by pure He. Flushing in He led to a rapid desorption of part of 

benzene. The three times higher uptake during stage I for the two mesoporous samples is due 

to the much higher external surface area of these zeolites (Figure C.3), which increases the 

surface area relevant to adsorption in the micropores. During stage II benzene uptake is 

limited by the slow diffusion of benzene through the 10MR channels. As a consequence, the 
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uptake rate is independent of the texture of the material. Likely not all micropores are 

occupied after exposure to He/benzene flow for 1 h.  

 

Figure 4.8. a) Benzene (pbenzene = 100.2 mbar) and b) n-butanol (pn-butanol = 6.4 mbar) uptake 

experiments performed at 30 °C on FER zeolites: FER-C (black curve), FER-0.10 (blue curve) and 

FER-0.15 (red curve). The samples were dehydrated before the adsorption.  

The total benzene adsorption capacity amounted to 0.024 cm3 g-1, 0.051 cm3 g-1 and 0.055 cm3 

g-1 for FER-C, FER-0.10 and FER-0.15, respectively. These values correspond to 20 % (bulk 

FER-C) and 60-65 % (hierarchical FER materials) of the microporous volumes (Table 4.1). 

Desorption in He leads to a similar residual level of ~20 mg g-1, suggesting that predominantly 

benzene remains in the micropores as can be expected from the stronger adsorption in 

micropores. With n-butanol, the uptake profiles were qualitatively similar (Figure 4.8b). The 

total uptake of n-butanol is higher in all cases, which is due to the possibility to also adsorb n-

butanol in the 8MR channels. The maximum observed butanol uptakes correspond to 41 % 

(FER-C), 100 % (FER-0.1) and 100 % (FER-0.15) of respective microporous volumes. 

Altogether these findings point at a significantly improved accessibility of both 10MR and 

8MR pores in hierarchical FER materials. This higher accessibility will improve the 

utilization degree of the microporous domains in catalytic reactions. 

FER zeolites are promising catalysts for the skeletal isomerization of n-butenes. Iso-

butene is a useful intermediate in the production of methyl-tert-butyl-ether (MTBE), amongst 

other applications.[62] Recently, Chadwick and co-workers[63] reported an alternative approach 

for C4-olefins production on acid sites of zeolites such as Theta-1, ZSM-23 and FER via one-

step dehydration and isomerization of n-butanol (BuOH). As BuOH can be obtained by 

fermentation of biomass, a route to biobased iso-butene is became available. The authors 
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reported that FER exhibited the highest iso-butene selectivity. A problem is that dealuminaton 

takes place under reaction conditions (400 °C), induced by water generated from butanol 

dehydration, resulting in catalyst deactivation. Given this issue, we compared the performance 

of FER-0.15 with that of FER-C in the combined dehydration and isomerization of n-butanol 

to iso-butene reaction at a lower temperature of 300 °C. FER-0.15 was chosen because it had a 

higher external surface area (Sext = 153.8 m2 g-1) than FER-0.10. Figure 4.9a shows the          

n-butanol conversion as a function of time on stream.  

 

Figure 4.9. a) Conversion as function of time-on-stream for the n-butanol to iso-butene for FER-C and 

FER-0.15 (reaction conditions: WHSV = 69.1 h-1, 300 °C); b) Butenes product distribution at 90 %    

n-butanol conversion. 

At the start of the reaction, FER-C converts the n-butanol feed completely, whereas the initial 

conversion for FER-0.15 was 96 %. The lower activity can be explained by the lower BAS 

concentration in the mesoporous sample, as followed from our characterization. Comparing 

the time-on-stream behavior of these two catalysts shows that the deactivation for FER-0.15 is 

much lower than FER-C. After 4.5 days, the conversion was still 86 % for FER-0.15. We 

explain the lower rate of deactivation due to a shorter residence of the C4-products in the 

zeolite pores, thereby lowering the rate of oligomerization and coke deposition.[53] The lower 

rate of coke deposition is confirmed by thermogravimetric analysis (TGA) (Figure C.4), 

demonstrating that FER-C contains a higher amount of coke after 4.5 days than FER-0.15. 

The prepared FER catalysts were very selective towards the formation of C4 olefins with a 

total C4 product selectivity of ~99 % (Figure 4.9b). The selectivity to iso-butene was 48 ± 2%, 

nearly similar for bulk and hierarchical ferrierite catalysts. 
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4.3.2 CHA and MFI zeolites  

SSZ-13 is a zeolite with the chabazite (CHA) topology, which has a three-dimensional 

pore system with cages of 6.7 × 10.9 Å size interconnected through 8-membered ring 

windows with pore apertures of 3.8 Å.[4,64] ZSM-5 (MFI topology) is characterized by         

10-membered ring pores and two types of channel systems with straight channels of 5.4 × 5.6 

Å and sinusoidal channels of 5.1 × 5.5 Å.[4,65] We used N,N,N-1-trimethyladamantammonium 

hydroxide (TMAdaOH) and 1,6-diaminohexane (DAH) as SDAs for obtaining bulk forms of 

CHA and MFI, respectively. 1,6-diaminohexane was chosen for this dual-templating 

approach, because the commonly SDA tetrapropylammonium hydroxide (TPAOH) was 

reported not to be compatible in an earlier report.[38] Highly crystalline mesoporous SSZ-13 

and ZSM-5 zeolites were obtained after 6 days of synthesis by partial substitution of the 

original SDA for C16NMP in the range from 10-50 mol%. All samples were phase-pure, as 

judged from the XRD patterns in Figure 4.10. 

 

Figure 4.10. XRD patterns of calcined a) CHA and b) MFI samples at different concentration of the 

C16NMP. 

The morphology of the samples was investigated by electron microscopy (Figures 4.11 

and 4.12). Conventional CHA-C sample is composed of typical cube-shaped crystals[66] with a 

size of ~6 μm (Figure 4.11a) with a rough surface attributed to primary intergrown 

microporous particles (Figure 4.12a). Addition of C16NMP to the gel led to a reduction of the 

crystal size to the 0.5-1.5 μm range with a higher amount of the mesoporogen giving smaller 

crystals (Figure 4.11b-d). A further increase in the substitution level resulted in agglomeration 

of the primary crystals into 3-4 μm particles (Figure 4.11e,f).  
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Figure 4.11. SEM images of calcined CHA zeolite samples: a) CHA-C, b) CHA-0.1, c) CHA-0.2,     

d) CHA-0.3, e) CHA-0.4 and f) CHA-0.5. 

 

Figure 4.12. TEM images of calcined CHA zeolites: a) CHA-C, b) CHA-0.1 and c) CHA-0.3. 

TEM images of the CHA samples showed that the crystals were constructed from 

stacked crystallites with ~50 nm size separated by mesoporous voids (Figure 4.12b,c). The 

CHA structure allows the location of the hydrophilic head group in its supercages (6.7 × 10.9 

Å), while the long hydrocarbon tail can protrude the 8MR windows. The crystals of 

conventional ZSM-5 are characterized by round-edged hexahedrons of 1-1.5 μm size (Figure 

4.13a,d).  
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Figure 4.13. (a-c) SEM and (d-f) TEM images of calcined MFI zeolite samples: (a, d) MFI-C, (b, e) 

MFI-0.1, (c, f) MFI-0.2.  

Addition of mesoporogen resulted in agglomeration of uneven in size nanocrystals (Figure 

4.13b,e) or nano-needles of 15-30 nm width (Figure 4.13c,f) by preserving the morphology of 

the conventional MFI sample. We speculate here, that the pyrrolidine head can fit in both the 

straight and zig-zag 10MR pores of the MFI structure, resulting in non-uniform nano-

crystals/needles. An increasing C16NMP concentration in the initial gel leads to the formation 

of an amorphous phase (Figure C.5). 

Similar to results obtained for FER synthesis, C16NMP molecule starts to decompose 

between ~200 °C and 380 °C (Figure C.6b,d), while of SDA/surfactant mixture in micropores 

combusts at a higher temperature (> 380 °C). Substitution of more than 20 % of the 

TMAdaOH for the mesoporogen in the synthesis gel did not lead to significant incorporation 

of C16NMP molecules in the CHA structure (mass loss in mesopores: CHA-0.1 - 2.8 %, CHA-

0.2 - 15.4 %, CHA-0.3 - 17.4 %, CHA-0.4 - 20.5 %) (Figure C.6b). We observed a gradual 

increase in the weight loss in the “low temperature” regime (~230 °C) for hierarchical MFI 

samples with increasing of the amount of C16NMP in the initial gel up to 30 % (Figure C.6d).  

Figure 4.14 presents Ar physisorption isotherms and NLDFT-derived pore size 

distributions for the CHA and MFI samples. The isotherms of the conventional CHA-C and 



Chapter 4 

98 
 

MFI-C materials obtained without adding C16NMP are of type I[45] (Figure 4.14a,c). The 

isotherms of the mesoporous samples (Figure 4.14a,c) evidenced a larger pore volume, a shift 

of uptake to higher pressure and the development of hysteresis loops due to the capillary 

condensation in the mesopores. These features correspond to the type IV isotherm.[67]  

 

Figure 4.14. (a,c) Ar physisorption isotherm and (b,d) pore size distribution of calcined CHA and MFI 

samples as a function of C16NMP substitution (the isotherms were vertically offset by equal intervals 

of 100 cm3 g-1 (CHA) and 40 cm3 g-1 (MFI); the pore size distributions were calculated by the NLDFT 

method and vertically offset by equal intervals of 0.008 cm3 g-1 nm-1 and 0.003 cm3 g-1 nm-1 for CHA 

and MFI zeolites, respectively). 

The microporous volumes of hierarchical CHA (0.18-0.19 cm3 g-1) and MFI (0.12-0.13 

cm3 g-1) samples are similar to those of the crystalline bulk materials. The mesoporous volume 

of CHA zeolites increased when more C16NMP was added and attained a maximum of      

0.24 cm3 g-1 for CHA-0.5 (Table 4.3). The highest external surface area (211 m2 g-1) was 

obtained for CHA-0.3. On the other hand, the external surface area of CHA-0.5 was lower 



Chapter 4 

99 
 

compared to the reference (Table 4.3), which is due to morphological changes. The EM 

images show the development of additional inter-crystal voids formed through an 

agglomeration of the particles (Figures 4.11 and 4.12). These results are also supported by the 

presence of the secondary mesopores with a size in the 30-50 nm range for CHA-0.4 and 

CHA-0.5, together with rather uniform pores of ~5-7 nm calculated by NLDFT method 

(Figure 4.14b). The largest mesoporous volume of 0.17 cm3 g-1 was obtained for MFI-0.2 

(Table 4.3).  

Table 4.3. Textural properties of CHA and MFI samples synthesized at different SDA concentration. 

Sample 
Vtot 

(cm3 g-1) 

Vmicro 

(cm3 g-1) 

Vmeso 

(cm3 g-1) 

SBET 

(m2 g-1) 

Sext 

(m2 g-1) 

CHA-C 0.28 0.25 0.03 736.6 26.9 

CHA-0.1 0.31 0.19 0.11 672.3 132.6 

CHA-0.2 0.33 0.19 0.13 689.5 166.9 

CHA-0.3 0.36 0.18 0.17 668.1 210.7 

CHA-0.4 0.43 0.18 0.24 682.1 180.4 

CHA-0.5 0.44 0.18 0.24 679.6 162.4 

 

MFI-C 0.18 0.16 0.02 317.1 6.6 

MFI-0.1 0.25 0.13 0.13 315.8 61.0 

MFI-0.2 0.28 0.12 0.17 317.4 104.5 

MFI-0.3 0.25 0.10 0.15 316.4 118.2 

V tot total pore volume at p/p0 = 0.95 

Vmicro micropore volume calculated by the t-plot method 

Vmeso mesopore volume calculated by the BJH method 

SBET Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.25) 

Sext external surface area determined by the t-plot method. 

A further substitution of the SDA with the mesoporogen led to slightly worse textural 

properties. This is likely due to the formation of the amorphous phase as suggested by SEM 

analysis (Figure C.5). The amount of this phase is too small to be picked up by XRD. The 

pore size distributions exhibited a broad mesopores range (5-45 nm) for all hierarchical MFI 

samples (Figure 4.14d).  
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Based on these results, several CHA and MFI samples were chosen for the further 

characterization. 27Al MAS NMR spectra of these zeolites showed two signals of framework 

(AlIV) and extraframework (AlVI) aluminum [46] (Figure 4.15). Table 4.4 shows that over 80 % 

of the Al ended up in the zeolite framework. 

 

Figure 4.15. 27Al MAS NMR spectra of hydrated a) CHA and b) MFI zeolites. 

1H MAS NMR spectroscopy was employed to characterize the Brønsted acid sites, non-

framework aluminum species and structural defects in the zeolites. This method is more 

suitable for characterization of CHA and MFI zeolites when compared to adsorption of probe 

molecules because some of these molecules cannot enter the pores. For instance, pyridine 

does not fit into 8-ring channels of CHA topology.[37] 1H MAS NMR spectra contain several 

features that can be assigned to hydroxyl groups with different surroundings: silanol groups 

Si-OH at 1.3-2.3 ppm, Al-OH group at 2.6-3.6 ppm and bridged Si-O(H)-Al groups at 3.8-6.0 

ppm.[68–71] Moreover, external and internal silanols groups can be distinguished, characterized 

by chemical shifts of 2.0 ppm and 1.8 ppm, respectively.[72,73]  

All mesoporous CHA and MFI zeolites contain more external silanols than the 

corresponding bulk references zeolites (Figure 4.16). This effect is most pronounced for MFI 

zeolites, where the external Si-OH probed by 1H NMR increased 3-fold compared to the MFI-

C (Figure 4.16d). Further analysis of 1H NMR spectra in the 3.5-8.5 ppm range revealed the 

presence of different  Si-O(H)-Al groups: the shift of 4.1 ppm in the CHA samples is 

attributed to isolated groups, while the presence of hydrogen-bonded bridged hydroxyls at  

5.4 ppm[71,74] were observed in the MFI zeolites. The total concentration of BAS was slightly 

lower for the mesopores samples (Table 4.4), which can be explained by a higher amount of 

EFAl. 
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Figure 4.16. 1H MAS NMR spectra of dehydrated a) CHA and d) MFI zeolites and deconvolution of 

1H MAS NMR spectra of b) CHA-C, c) CHA-0.3, e) MFI-C and f) MFI-0.2 zeolite (spectra were 

normalized to the sample weight). 

Table 4.4. Physico-chemical properties of CHA and MFI zeolites determined by ICP-OES elemental 

analysis and 27Al-, 1H MAS NMR spectroscopy. 

Sample Si/Al  

(ICP) 

Al distribution a (%) BAS b 

(mmol g−1) Al IV Al VI 

CHA-C 18.7 88.3 11.7 0.70 

CHA-0.1 19.8 81.4 18.6 0.40 

CHA-0.3 21.2 86.8 13.2 0.61 

CHA-0.4 23.2 83.8 16.2 - 

 

MFI-C 38.6 90.2 9.8 0.37 

MFI-0.1 40.7 86.8 13.2 0.30 

MFI-0.2 40.9 89.3 10.7 0.27 

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 

b  density of Brønsted acid sites calculated from 1H MAS NMR spectra.
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The accessibility of pores in these CHA and MFI samples was studied by following 

benzene uptake at 30 °C (Figure 4.17). Benzene fits in the 10MR channels of the MFI 

structure,[75,76] but its diffusion through small 8MR pores of CHA framework is restricted. 

This difference can explain the slow uptake to a low level of ~10 mg g-1 for microporous 

CHA (Figure 4.17a, stage I and II) and the much faster uptake of benzene in MFI sample to a 

higher adsorption capacity of ~80 mg g-1 (Figure 4.17b, stage I). Although benzene should in 

principle not be able to adsorb in CHA, slow adsorption of molecules inside CHA zeolite with 

a larger kinetic diameter than the 8MR pore windows (3.8 × 3.8 Å) has been reported. For 

instance, n-butane (kinetic diameter of 4.3 Å),[77] n- and iso-butanol (kinetic diameter of > 5.0 

Å)[54,78] could adsorb small amounts (up to ~10 % of total pore volume) in CHA zeolite. 

 

Figure 4.17. Benzene uptake experiments performed at 30 °C on a) CHA and b) MFI zeolites. The 

samples were dehydrated before the adsorption. 

The introduction of secondary porosity in CHA zeolites substantially changed the 

uptake behavior: (I) rapid adsorption, (II) slow diffusion and (III) partial desorption obtaining 

the same uptake level as for the CHA-C reference (Figure 4.17a). The smaller crystallites of 

the hierarchical SSZ-13 zeolites led to a higher accessibility, explaining the higher initial 

uptake of benzene, which is indeed proportional to the external surface area (Figure C.3). A 

very slow adsorption during stage II with similar rates for all samples can be ascribed to very 

slow diffusion in SSZ-13 micropores. The maximum capacity values reached after 1 h of 

He/benzene exposing correspond to 5 % (CHA-C), 11 % (CHA-0.1) and 19 % (CHA-0.3) of 

the respective microporous volumes (Table 4.4). Quick benzene desorption (stage III) on 

hierarchical CHA samples to the same residual benzene amounts as bulk CHA-C indicates 

that some benzene molecules remain the micropores. The uptake curves for hierarchical and 
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bulk MFI zeolites behaved very similar (Figure 4.17b). The presence of mesopores did not 

significantly change the total amount of adsorbed benzene of 0.09 cm3 g-1 and 0.10 cm3 g-1 for 

MFI-0.1/0.2 and MFI-C, corresponding to a high degree of saturation of MFI micropores  

(63-82 %). Moreover, the uptake rates are very similar which can be related to a high 

diffusion rate of benzene through the 10MR pores. However, the rate of desorption from the 

nearly saturated micropores in hierarchical samples was higher than in the microporous 

sample (Figure 4.17b stage III).  

These CHA and MFI zeolites were evaluated for their performance in the methanol to 

hydrocarbons (MTH) reaction, an important chemical process to produce light olefins from 

methanol.[79–83] The activity tests were carried out at a temperature of 350 °C and a WHSV of 

0.93 h-1 for CHA and a temperature of 400 °C and a WHSV of 6.0 h-1 for MFI samples. Figure 

4.18 shows the methanol conversion as function of the time of the stream. 

 

Figure 4.18. Methanol conversion as function of time-on-stream a) CHA zeolites (reaction conditions: 

WHSV = 0.93 h-1, 350 °C) and b) MFI zeolites (reaction conditions: WHSV = 6.0 h-1, 400 °C). 

We defined the catalyst lifetime as the time to reach a methanol conversion of 50 % (t50). The 

resulting activity and selectivity data are given in Tables C.2 and C.3. All tested zeolites 

completely converted the methanol feed at the start of the reaction (Figure 4.18). While CHA-

C zeolite showed rapid decrease in methanol conversion after 4 h, deactivation of mesoporous 

CHA-0.1 and CHA-0.3 was more gradual and occurred after longer time on stream (Figure 

4.18a). This difference is pronounced by a higher crystal utilization degree due to the 

shortened microporous domains and the improved transport of reactants and products to and 

from the active sites (Figure 4.12).[84] As a result, less coke was formed in hierarchical CHA 



Chapter 4 

104 
 

samples during the methanol conversion reaction (Figure C.7). We cannot exclude that the 

difference in catalytic performance of CHA-0.1 sample is also caused by its lower Brønsted 

acidity (BAS 0.4 vs. 0.6-0.7 mmol g−1). A higher density of acid sites can lead to the fast 

formation of aromatic intermediates, which not only act as reaction intermediates but also as 

precursors in coke formation.[85] A previous study revealed that the coke deposition decreased 

only ~10 % when the number of BAS was decreased by a factor of 2 in ZSM-5 zeolite.[86] 

Thus, we suspect that the influence of acidity differences on the coking behavior for the CHA 

samples is also less pronounced than the influence of pore hierarchization. Similar results 

were observed for the MFI zeolites (Figure 4.18b). Mesoporous MFI-0.1 and MFI-0.2 

samples have lifetimes of 75.9 h and 63.7 h, respectively, that is about three times higher than 

for bulk MFI-C (t50 =26.0 h). The MFI catalysts are selective to a fraction of C4+ hydrocarbons 

(> 50 %), which together with propylene constitutes more than 85 % of the total product yield 

(Table C.3). The small-pore CHA zeolites, on the other hand, are very selective to the light 

olefins, mainly ethylene and propylene (Table C.2). The introduction of mesopores does not 

significantly influence on the product distribution (propylene/ethylene ratio ~0.9). This latter 

finding emphasizes that the main methanol conversion reaction takes place in the micropores, 

where the arene cycle dominates.[87] 
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4.4. Conclusions 

In this work, we showed that dual-template approach in the presence of inexpensive C16NMP 

as mesopogen is an efficient method for obtaining hierarchically porous zeolites with FER, 

CHA and MFI topologies. Varying substitution levels of the zeolite-providing SDA with 

C16NMP (10-30 mol%) allows controlling the morphology and textural properties of the final 

materials. All prepared zeolites are highly crystalline, contain mesopores and strong Brønsted 

acid sites. Significantly improved catalytic performance of FER and CHA/MFI in the direct 

conversion of n-butanol to iso-butene and MTH reaction, respectively, can attribute to shorter 

diffusion lengths in the microporous domains, resulting in more effective utilization of the 

microporous space in comparison with the bulk counterparts. Current results combined with 

our previous work, where MOR nanorods were also synthesized using the same mesoporogen, 

confirm that relatively inexpensive C16NMP template is a promising agent for the synthesis of 

various hierarchically porous zeolites. 
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Appendix C 

 

Supporting information for Chapter 4 

 

 

Figure C.1. IR spectra of pyridine adsorbed on the proton forms of a) FER-C, b) FER-0.10 and         

c) FER-0.15 sample after evacuation at 150 °C, 300 °C and 500 °C (IR spectra were recorded at 150 

°C). 

Table C.1. Acidic properties of the zeolites determined by IR spectroscopy of adsorbed pyridine and 

H2 chemisorption. 

Sample BAS (mmol g-1) LAS (mmol g-1) 

150 °C 300 °C 500 °C 150 °C 300 °C 500 °C 

FER-C 0.45 0.45 0.33 0.06 0.06 0.09 

FER-0.10 0.36 0.32 0.20 0.07 0.06 0.08 

FER-0.15 0.31 0.26 0.16 0.07 0.06 0.07 
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Figure C.2. (Left) hydroxyl and (right) CO stretch regions of FTIR spectra of a) FER-C, b) FER-0.10 

and c) FER-0.15 as a function of the CO coverage.  
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Figure C.3. Correlation between the external surface area of FER (black) and CHA (red) samples and 

initial uptake of benzene after 2 minutes of He/benzene exposure. 

 
Figure C.4. Thermogravimetric analysis (TGA) of the spent FER catalysts after 108 h of butanol 

conversion (the weight losses for FER-C and FER-0.15 are 9.5 % and 6.9 %, respectively). 
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Figure C.5. SEM images of calcined MFI zeolites: a) MFI-0.3 and b) MFI-0.4. 

 

Figure C.6. a,c) Thermogravimetric analysis (TGA) and b,d) derivative thermogravimetry (DTG) of 

the as-synthesized CHA (a,b) and MFI (c,d) samples obtained at different concentration of C16NMP 

(the weight losses for CHA-C, CHA-0.1, CHA-0.2, CHA-0.3 and CHA-0.4 are 22.9 %, 24.2 %, 34.1 

%, 36.3 % and 39.3 %, respectively; the weight losses for MFI-C, MFI-0.1, MFI-0.2, MFI-0.3 and 

MFI-0.4 are 14.6 %, 15.5 %, 16.7 %, 19.9 % and 21.0 %, respectively). 
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Figure C.7. Thermogravimetric analysis (TGA) of the spent CHA catalysts after 16.8 h of methanol 

conversion (the weight losses for CHA-C, CHA-0.1 and CHA-0.3 are 18.6 %, 17.4 % and 16.5 %, 

respectively). 

Table C.2. Lifetime, product selectivity of MTH reaction after 2 h time on stream over CHA samples. 

Sample t50 
a (h) Selectivity (%) 

C2 C2
= C3 C3

= C4-C6 

CHA-C 5.2 1.0 42.4 1.9 37.6 17.1 

CHA-0.1 12.0 0.9 43.1 0.4 39.4 16.2 

CHA-0.3 14.0 1.0 43.7 0.3 39.0 16.0 

a lifetime taken as time to reach methanol conversion of 50 %. 

Table C.3. Lifetime, product selectivity of MTH reaction after 2 h time on stream over MFI samples. 

Sample t50 
a (h) Selectivity (%) 

C2 C2
= C3 C3

= C4+ Aromatics 

MFI-C 26.0 0.2 8.6 1.8 35.9 50.3 3.2 

MFI-0.1 75.9 0.2 7.6 1.7 33.5 52.7 4.3 

MFI-0.2 63.7 0.2 7.8 2.2 31.4 53.9 4.5 

a lifetime taken as time to reach methanol conversion of 50 %. 



115 
 

Chapter 5 

 

Hierarchically porous (alumino)silicates prepared by an 

imidazole-based surfactant and their application in acid-catalyzed 

reactions 

 

ABSTRACT: In this work, we developed a novel strategy to synthesize porous 

(alumino)silicate materials using a single structure-directing agent composed of an imidazole 

unit with a hydrophobic tail, namely 1,2-dimethyl-3-hexadecyl-1H-imidazol-3-ium bromide 

(C16dMImz). A wide range of products such as ordered mesoporous silicas, layered silica-

alumina and hierarchically porous mordenite zeolite were obtained by varying synthesis 

parameters such as temperature and aluminum concentration. By changing crystallization 

temperature, we could control the degree of silica condensation and tune the textural and 

morphological properties of the final materials. By varying the aluminum concentration in the 

gel, we can obtain mesoporous amorphous silica-alumina or crystalline mordenite zeolite 

with, respectively, weak and strong Brønsted acid sites. Obtained acidic silica-alumina 

materials displayed promising performance in catalytic reactions of linear paraffin 

hydroisomerization and Friedel-Crafts alkylation of benzene with benzyl alcohol. 

.  

This Chapter has been published in ACS Appl. Mater. Interfaces. 2019, 11, 40151-40162.
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5.1. Introduction 

Porous silicas and their aluminum-containing analogues are widely used in many 

technological settings mainly in adsorption[1] and catalysis,[2–6] but also in drug delivery[7–9] 

and other biomedical applications.[10] These materials can be synthesized with a very high 

surface area (> 800 m2 g-1) and their surface properties can be tuned to favor catalytic 

performance, where the shape selective nature of the micro- and mesoporores is often 

beneficial.[11,12] 

One of the most important contributions to the field of porous silicas was the discovery 

of MCM-41, an ordered mesoporous silica in which cylindrical pores are organized in 

hexagonal arrays.[13] MCM-41 can be synthesized by condensation of silica around organic 

micelles, formed by a cationic surfactants e.g. cetyltrimethylammonium bromide (CTAB), in 

a basic aqueous medium.[14] Changing the length of the hydrophobic carbon tail of the 

surfactant allows tuning the pore size in a range from 2 to 6.5 nm.[15,16] In turn, variation of 

the surfactant concentration leads to different pore arrangements, such as cubic (MCM-

48)[17,18] and lamellar (MCM-50)[14,19] phases. By including Al in the synthesis mixture, 

Brønsted and/or Lewis acid sites can be introduced in these materials.[20,21] Yet, the apparent 

Brønsted acidity and thermal stability of the resulting amorphous mesoporous silica-alumina 

remain much lower than of crystalline zeolites.[20–22] Zeolites are crystalline microporous 

aluminosilicates and widely used as solid acid catalysts in the petrochemical and oil refining 

industry[23] in virtue of their strong acidity, high surface area, shape selectivity and high 

(hydro)thermal stability.[24–26] Unlike mesoporous silicas, the zeolite structure is usually 

formed by the condensation of silica around small organic or inorganic cations that act as 

structure-directing agents (SDA). The microporous channels (typically smaller than 1 nm) can 

impose severe intra-crystalline diffusion limitations[27] which can be overcome by introducing 

a secondary level of mesoporosity.[28] For this purpose many techniques have been developed 

including bottom-up and top-down approaches.[29–31] 

One particularly interesting approach to introduce this additional porosity is to use a 

single cationic surfactant, e.g. mono- or diquaternary ammonium salts,[32–34] to direct at the 

same time the growth of the microporous network and to generate the mesopores/voids within 

the zeolite crystal.[35] There are only few examples of such successful direct single-template 

synthesis of mesoporous zeolite. Complex quaternary ammonium salts[32,36] have been 

employed to obtain several topologies e.g. FAU (X), MOR and MFI zeolites. On the other 
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hand, the use of a simple surfactant (e.g. cetyltrimethylammonium hydroxide (CTAOH)) 

usually results only in the formation of silicalite-1[37] or ZSM-5.[38] We recently demonstrated 

that an inexpensive mono-quaternary ammonium salt, containing a cyclic N-

methylpyrrolidinium head group, can be an efficient surfactant for the direct synthesis of 

hierarchically porous mordenite (MOR) zeolite.[39]  

In this work, we developed a novel strategy to obtain several ordered mesoporous 

materials using 1,2-dimethyl-3-hexadecyl-1H-imidazol-3-ium bromide (C16dMImz) as an 

organic SDA. Amorphous layered silica with a high surface area (1200 m2 g-1) was obtained 

in the absence of aluminum. Addition of a small amount of Al resulted in a layered silica-

alumina (800 m2 g-1) with weak acidity, while at higher Al content a highly crystalline 

hierarchically porous MOR zeolite (Vmeso = 0.08 cm3 g-1) was obtained. The synthesis 

procedure was optimized with respect to the aluminum concentration and temperature, and the 

obtained materials were characterized in detail for their chemical, textural and acidic 

properties. The obtained amorphous silica-alumina with weak Brønsted acidity displayed a 

promising catalytic performance in n-hexadecane hydroisomerization reaction. Moreover, 

strongly Brønsted acidic mordenite nanorods were found to be efficient for the Friedel-Crafts 

alkylation of benzene with benzyl alcohol.  
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5.2. Experimental methods 

5.2.1 Preparation of SDA 

1,2-dimethyl-3-hexadecyl-1H-imidazol-3-ium bromide (C16dMImz) 

0.013 mol of 1-bromohexadecane (Sigma Aldrich, 98.0 %) and 0.016 mol 1,2-

dimethylimidazole (Sigma Aldrich, 97.0 %) were dissolved in a 50 ml mixture of ethanol 

(Biosolve, 99.9 %) and acetonitrile (Biosolve, 99.9 %) (1 : 5 molar ratio) and heated at 70 °C 

for 16 h under nitrogen atmosphere. After evaporation of the solvents and addition of diethyl 

ether (Biosolve, 99.5 %), a white powder precipitated out of solution. This solid product was 

filtered and dried in a vacuum oven at 50 °C for 12 h. The purity of the organic surfactant 

C16H33-[1,2-dimethyl-3-imidazolium] bromide was analyzed by 1H, 13C, gHSQC and gCOSY 

NMR after dissolution in CDCl3 (Figures D.1-4). The product yield was 75 %. 

5.2.2 Synthesis of materials 

Firstly, the bromide form of C16dMImz was dissolved in deionized water at room 

temperature. To synthesize of aluminum-free silica, sodium silicate (Merck, SiO2 27.0 %, 

Na2O 8.0 %) was used. We added the silica source dropwise to template solution while 

stirring. Aluminum-containing silica was obtained by adding Al(OH)3 (Sigma Aldrich, 99.8 

% reagent grade) to the template solution under continuous stirring.  The molar composition 

of the synthesis gel was 0.2 C16dMImz : 2.70 Na2O : x Al2O3 : 10 SiO2 : 300 H2O (x = 0.0-

0.5). After vigorous stirring for 2 h at ambient temperature, the resulting gel was transferred 

into a Teflon-lined stainless-steel autoclave and heated at temperatures in the 105-170 °C 

range for 24-144 h under rotation (50 rpm). The resulting solid product was filtered, 

thoroughly washed with deionized water and dried in air at 110 °C before calcination in air at 

550 °C for 6 h. Amorphous products were denoted according to the established morphology: 

ordered mesoporous silica – OMS, layered silica – LS, layered silica-alumina – Al-LS. 

Depending on the Si/Al ratio of the synthesis gel, as-synthesized mesoporous zeolites were 

denoted as mMOR-10 and mMOR-15. Conventional bulk mordenite reference samples were 

also prepared without addition of C16dMImz and denoted as MOR-10 and MOR-15. 
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5.2.3 Catalyst preparation 

Al-containing samples were converted to their protonated form by ion exchange, which was 

performed in three consecutive steps with an aqueous 1.0 M NH4NO3 solution (1 g of the 

solid per 100 ml of the solution, 3 h, 70 °C). Then, the ammonium form of the product was 

separated from the solution via centrifugation followed by drying at 110 °C and calcination at 

500 °C for 4 h (heating rate of 0.5 °C/min) to obtain the final proton form. The proton forms of 

the amorphous silica-alumina samples were then loaded with 1 wt% Pd by incipient wetness 

impregnation using an aqueous Pd(NH3)4(NO3)2 solution of appropriate concentration. The 

resulting catalysts were calcined in air at 450 °C under flowing air for 4 h. 

5.2.4 Characterization  

Basic Characterisation: The crystallinity and phase purity of all samples was determined by 

X-ray diffraction (XRD) with a Bruker D2 Phaser powder diffractometer with Cu Kα 

radiation. XRD patterns were obtained in the 2θ range of 5-60⁰, with a step size of 0.02⁰. 

Small-angle XRD patterns were recorded in the 2θ range of 0.7-7⁰ with a step size of 0.004⁰. 

Textural properties of the samples were investigated using Ar physisorption. Adsorption and 

desorption isotherms were recorded at -186 °C on a Micrometrics ASAP-2020 apparatus. 

Prior to measurement, the samples were outgassed at 400 °C to a residual pressure of 5 µbar 

for 8 h. The microporous volume was calculated by the t-plot and NLDFT methods using the 

3.5-8.0 Å thickness range. The mesoporous volume was determined from the adsorption 

branch of the isotherms by the Barrett−Joyner−Halenda (BJH) method. The pore size 

distribution was derived using the NLDFT method. The total pore volume was recorded at 

p/p0 = 0.95. The elemental composition of aluminum-containing products was analyzed by 

ICP-OES (inductively coupled plasma optical emission spectroscopy) using a Spectro CIROS 

CCD ICP spectrometer with axial plasma viewing. For these measurements the samples were 

dissolved in a 1:1:1 (by weight) mixture of HF (40 %) : HNO3 (60 %) : H2O. 

Electron Microscopy: Scanning electron microscopy (SEM) images were obtained using a 

FEI Quanta 200F scanning electron microscope at an accelerating voltage of 3 kV and a spot 

size of 4.5. Transmission electron microscopy (TEM) images were recorded on a Tecnai 20 

(type Sphera, FEI, now Thermo Fischer Scientific) operated at 200 kV. TEM sample 

preparation involved sonication of the samples in pure ethanol (Biosolve, extra dry, 99.9 %) 
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and applying a few droplets of the suspension to a 200 mesh Cu TEM grid with a holey 

carbon support film.  

FTIR Spectroscopy: All IR spectra were recorded on a Bruker Vertex 70v FTIR 

spectrometer in the range of 4000-400 cm-1. The spectra were recorded at a 2 cm-1 resolution 

and as an average of 64 scans. The samples were prepared as thin wafers of ca. 10-12 mg with 

a diameter of 13 mm and placed inside a controlled-environment transmission IR cell. The 

samples were then activated at 550 °C in air flow for 3 h before cooling the cell to 150 °C and 

measuring the spectra under vacuum. Pyridine was then introduced into the IR cell from an 

ampule kept at room temperature. After exposure for 10 mins to pyridine, the sample was 

evacuated over three consecutive 1 h periods at 150 °C, 300 °C and 500 °C, with a spectrum 

taken after each hour and cooled to 150 °C. All spectra were normalised by the weight of the 

wafer. 

NMR spectroscopy: Magic Angle Spinning Nuclear Magnetic Resonance (MAS-NMR) 

spectra were recorded at room temperature with a 11.7 Tesla Bruker DMX500 NMR 

spectrometer. 27Al MAS-NMR spectra were recorded at 132 MHz with a spinning rate of 25 

kHz and a single excitation pulse length of 1 µs with a 1 s repetition time. The reference 

signal for the 27Al chemical shift was a saturated solution of Al(NO3)3. 

Thermogravimetric analysis (TGA): TGA analysis was performed on a Mettler Toledo 

TGA/DSC 1 instrument. About 10 mg of the sample was placed in an alumina crucible. The 

uncovered crucible was heated to 750 °C at a rate 5 °C/min in 40 ml/min He and 20 ml/min O2 

flow. 

H2 Chemisorption: H2 uptake measurements were used to titrate the surface metal atoms and 

to provide an estimate of the number of active sites on the catalyst. 50 mg of the sample was 

loaded in a quartz reactor. Prior to dosing, samples were reduced in flowing H2 (1 h, 400 °C,  

3 °C/min), evacuated at 450 °C for 1 h to remove chemisorbed hydrogen and cooled to 80 °C 

under vacuum. Analysis was then performed at 80 °C by collecting an adsorption isotherm to 

determine the H2 uptake. 

5.2.5 Catalytic activity measurements 

Hydroconversion of n-hexadecane: To determine the catalytic performance of Pd-loaded 

silica-alumina in n-hexadecane (n-C16) hydroconversion, the catalyst was pretreated in a He 

flow at 200 °C under atmospheric pressure for 1 h followed by reduction in a pure H2 flow at 

60 bar. During reduction, the temperature was increased from 100 °C to 400 °C at a rate of     
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3 °C/min to 400 °C followed by an isothermal period of 1 h. The temperature of the catalyst 

bed was then lowered to 200 °C, and the packed bed wetted by the n-C16 feed, maintaining a 

liquid flow rate of 1 ml/min for 10 min. The reactor 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. The reaction 

temperature was increased stepwise and the reaction equilibrated for 3 h before product 

sampling. The reactor effluent was analysed by a gas chromatograph, which was equipped 

with an Rtx-1 column and a flame ionization detector. 

Friedel-Crafts alkylation reaction of benzene with benzyl alcohol: The liquid phase 

Friedel-Crafts alkylation reaction of benzene (B) with benzyl alcohol (BA) was carried out in 

a glass flask equipped with a PTFE septum. The reaction took place under atmospheric 

pressure and magnetic stirring at 900 rpm. The flask was placed in a temperature-controlled 

oil bath. Before reaction, 0.1 g of catalyst (activated at 500 °C in air for 4 h) was mixed with 

benzene (25.7 ml) in an Ar glovebox. After reaching the reaction temperature of 80 °C and 

depressurizing the reactor through a side vessel, the reaction was maintained for 30 min. 

Then, 0.6 ml of BA was added and this action was taken as the start of the reaction. Reaction 

mixture aliquots of 150 μl were taken at regular time intervals during the reaction and were 

separated from the zeolite catalyst by filtration. The samples were further analyzed by a gas 

chromatograph (GC, Shimadzu GC-17A) equipped with a flame ionization detector (FID) and 

an Rxi-5ms capillary column (30-m long, 0.25-mm i.d., and 0.5 μm thickness).  
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5.3. Results and Discussion 

In this work, we employed an approach, where only one cationic surfactant (C16dMImz) 

was used for the synthesis of different (alumino)silicate products, ranging from amorphous 

mesoporous silica to hierarchically porous crystalline zeolite. The overall strategy and the 

types of prepared materials are shown in Scheme 5.1. 

 

Scheme 5.1. Strategy in the synthesis of porous silica(alumina) and zeolite materials. 

5.3.1 Ordered mesoporous silica (OMS) 

An ordered mesoporous silica with hexagonal pore structure was formed after 1 day of 

hydrothermal synthesis at 105 °C in the presence of C16dMImz (Figure 5.1). Prolonging the 

synthesis time to 6 days led to the shift of the XRD peak belonging to the [100] reflection of 

the hexagonal structure to a lower angle (from 2θ = 2.77⁰ to 2θ = 2.72⁰). This can be related 

to a slight increase in the pore size. Additionally, after extending the synthesis time the [100] 

peak became less symmetric, and the [200] reflection at 2θ = 5.42⁰ almost disappeared after 6 

days of synthesis, indicating some structural disordering. The d-spacings (d100) were 

calculated using Bragg's law after 1 and 6 days synthesis, to be 32.0 Å and 32.5 Å, 

respectively. The obtained products were denoted as OMS (ordered mesoporous silica). 

 + Al(OH)
3

  + Al(OH)
3
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Figure 5.1. a) Small and b) wide angle XRD patterns of calcined mesoporous silica at different 

synthesis time at 105 °C. 

The Ar physisorption isotherms of the samples are of the type IV shape, typical for 

mesoporous materials (Figure 5.2a).[40] The calcined products are characterized by large total 

pore volume (~0.76 cm3 g-1) and BET surface area (~1100 m2 g-1) (Table D.1). In the line 

with XRD, these values are slightly lower after 6 days than after 1 day synthesis. The pore 

size distributions show relatively uniform mesopores of about 2.9 nm for both products with 

comparable (~0.80 nm) wall thickness (Figure 5.2b and Table D.1).  

 
Figure 5.2. a) Ar physisorption isotherms and b) pore size distribution of calcined OMS samples after 

different hydrothermal synthesis times at 105 °C (the pore size distributions were calculated via the 

NLDFT approach and vertically offset by equal intervals of 0.003 cm3 g-1 nm-1). 
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TEM analysis of OMS-1d and OMS-6d samples revealed a hexagonal array of pores 

(Figure 5.3b). The pore sizes are in a narrow range from 2.8 nm to 3.1 nm determined by 

inspection of several TEM images and supported by XRD and Ar physisorption data. In turn, 

SEM images revealed the different morphologies of the samples at different synthesis times 

(Figure 5.3c,d). Agglomerations without specific shape with a smooth outer surface were 

detected for the one-day sample, while longer synthesis time leads to the formation of a more 

“jagged” phase. 

 

Figure 5.3. TEM and SEM images of calcined mesoporous silicas after (a,c) 1 day and (b,d) 6 days of 

hydrothermal synthesis at 105 °C. 

5.3.2 Layered silica  

The Ar physisorption, XRD and SEM results revealed a possible transition of the 

initially formed ordered mesoporous silica to a denser phase, the formation of which was 

driven by a longer synthesis. Such phase transformations of MCM-41/MCM-48 to semi-

crystalline layered silica during hydrothermal synthesis have been reported before.[18,41,42] 

Typically, high temperature (135-150 °C) and/or longer synthesis (> 5 days) are required for 

this transformation. Therefore, we investigated the influence of synthesis temperature (115-

170 °C) on the structural changes of the OMS materials. 
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XRD of the obtained materials pointed to a structural evolution from amorphous silica 

with a hexagonal structure at 105 °C (Figure 5.1a), via several layered silica intermediates 

with a different degree of crystallinity at 115-160 °C for 6 days (Figure 5.4), to a crystalline  

α-quartz phase at 170 °C after 13 days (Figure D.5). The obtained layered silica (LS) at 115-

140 °C are characterized by single diffraction peak at 2θ = 2.28⁰ (d100 = 38.53 Å) at small 

angle (Figure 5.4a) and the presence of some short-range order, confirmed by a broad 

diffraction feature at 2θ ~13.0⁰ (Figure 5.4b). The increase in temperature to 160 °C resulted 

in a more ordered material. The LS (160 °C) material has a similar XRD pattern as magadiite 

silicate (reflections at 2θ ~5.2⁰, 10.4⁰, 26.0⁰, and 49.4⁰).[43–45] A further increase in 

temperature led to the development of sharp diffraction lines of α-quartz,[46–48] with some 

magadiite phase still being present (Figure 5.4b). 

 
Figure 5.4. a) Small and b) wide angle XRD patterns of calcined silica materials obtained after 6 days 

of hydrothermal crystallization at different temperature. 

Clearly, with increasing temperature the influence of C16dMImz on the structure of the final 

silica material diminishes. This observation is also confirmed by the gradual decrease in the 

amount of SDA occluded in the pores with increasing synthesis temperature (Figure D.6). At 

high temperature the formation of layered silicates such as magadiite and α-quartz can occur 

without addition of organic molecules[46] in a thermodynamically controlled process.[21] 

The morphology changes of the obtained materials were examined by SEM and TEM 

(Figures 5.5 and 5.6). Formation of a layered silica structure with sheets of 1-1.5 μm in size 

was first detected at 115 °C (Figures 5.5a and 5.6a). Increasing the temperature at the fixed 

synthesis time led to the gradual formation of larger agglomerates of thicker sheets at 160 °C 

(Figures 5.5b-e and 5.6b). Two different phases were detected at 170 °C, according to XRD 
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these separate phases were attributed to magadiite and α-quartz (Figure 5.5e). Eventually 

crystalline α-quartz was obtained, reverting to the stalk-like phase made up of particles of     

1-1.5 μm size (Figure 5.5f), which occurred at higher temperature and during prolonged 

synthesis. 

 
Figure 5.5. SEM images of calcined silica samples after 6 days of synthesis at different temperature: 

a) 115 °C, b) 125 °C, c) 140 °C, d) 160 °C and e) 170 °C; f) The α-quartz synthesized after 13 days at 

170 °C. 

 

Figure 5.6. TEM images of calcined layered silica samples obtained after 6 days of synthesis at a) 115 

°C and at b) 160 °C. 
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Figure 5.7 depicts the Ar physisorption isotherms and the NLDFT-derived pore size 

distributions of the layered silica samples synthesized at different temperatures. The LS 

synthesized in the 115-140 °C range contains micropores (Vmicro ~0.05 cm3 g-1), with a size of 

around 0.58 nm (Figure 5.7b) together with mesopores. These mesopores are quite narrowly 

distributed for the sample synthesized at 115 °C (2-5 nm, centered at 3.45 nm) and broadened 

with increasing temperature (2-9 nm) (Figure 5.7b). At the same time, the layered magadiite 

precursor (formed at 160 °C) has larger micropores (0.68 nm) and some broadly distributed 

additional mesoporosity (Vmeso ~0.09 cm3 g-1) (Figure 5.7b). Also changing the degree of 

silica condensation through varying the synthesis temperature[49,50] led to changes in the 

textural properties of the obtained silicas, e.g. a reduction in the BET surface area from 1183 

m2 g-1 at 115 °C to 65 m2 g-1 at 160 °C (Table 5.1). The layered silica products obtained at low 

temperature (115-125 °C) are promising for adsorption and catalytic applications, because of 

the large surface areas (~1000 m2 g-1) and the narrow distribution of mesopores. 

 

Figure 5.7. a) Ar physisorption isotherms and b) pore size distribution of calcined layered silica 

samples after 6 days at different synthesis temperature (the pore size distributions are calculated via 

NLDFT approach and vertically offset by equal intervals of 0.011 cm3 g-1 nm-1). 
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Table 5.1. Textural properties of calcined silica and layered silica-alumina samples. Experimental conditions: T = 115-170 °C, 6-13 days, 50 rpm. 

Sample Vtot 

(cm3 g-1) 

t-plot 

V tot 

(cm3 g-1) 

NLDFT 

Vmicro 

(cm3 g-1) 

t-plot 

Vmicro 

(cm3 g-1) 

NLDFT 

Vmeso 

(cm3 g-1) 

SBET 

(m2 g-1) 

LS (115 °C, 6d) 0.82 0.72 - 0.05 0.87 1183 

LS (125 °C, 6d) 0.61 0.54 0.02 0.05 0.61 937 

LS (140 °C, 6d) 0.53 0.36 0.03 0.04 0.65 641 

LS (160 °C, 6d) 0.09 0.05 - - 0.09 65 

α-quartz (170 °C, 13d) 0.02 0.02 - - 0.03 8 

 

Al-LS (105 °C) 0.75 0.74 - 0.002 1.02 943 

Al-LS (115 °C) 0.76 0.67 - 0.03 0.93 932 

Al-LS (125 °C) 0.68 0.52 - 0.03 0.84 820 

Vtot total pore volume calculated by the t-plot or NLDFT method  

Vmicro micropore volume calculated by the t-plot method 

Vmicro micropore volume calculated by the NLDFT method (considering pores < 0.8 nm size) 

Vmeso mesopore volume calculated by the BJH method 

SBET Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.25). 
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5.3.3 Mesoporous silica-alumina  

As a next step, we incorporated Al in the synthesis gel, in order to introduce acidic 

properties into the final materials.[51,52] Initially, we carried out the same syntheses as above 

but at a Si/Al gel ratio of 100. A wide range of products, including ordered amorphous (105 

°C) and partially crystallized materials (115-125 °C), were obtained upon variation of the 

synthesis temperature (Figure 5.8). The transformations were similar to those observed in the 

siliceous system, except for the formation of a crystalline mordenite (MOR) phase at 140 °C 

(Figure 5.8b).[53]  

 

Figure 5.8. a) Small and b) wide angle XRD patterns of calcined silica-alumina obtained after 6 days 

of hydrothermal synthesis at 105-140 °C. 

SEM analysis (Figure 5.9) demonstrated these morphological changes with increasing 

temperature. Two different phases were present at 105 °C (Figure 5.9a), with one layered 

silica-alumina (Al-LS) observed at 125 °C (Figures 5.9d) supported by XRD results. Further 

inspection of the samples by TEM, however, revealed the presence of the second phase on the 

edges of the fibrous structure at 125 °C (Figure 5.9c, inset). A higher synthesis temperature of 

140 °C was sufficient for the formation a crystalline mordenite phase with crystal sizes of   

~1-2 µm and a typical prismatic shape,[54] observed in both SEM (Figure 5.9e) and TEM 

(Figure 5.9f) images. This was possible as mordenite can form with an assistance of either the 

imidazolium salts[55,56] or the Na+ cation[57] acting as organic and inorganic SDA, respectively.  
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Figure 5.9. (a,b,d,e) SEM and (c,f) TEM images of calcined silica-alumina samples after 6 days of 

hydrothermal synthesis at different temperature: a) 105 °C, b) 115 °C, c,d) 125 °C and e,f) 140 °C. 

The Ar physisorption isotherms for the obtained silica-alumina are of the type IV, 

isotherm as for the previous samples, pointing to the presence of mesopores (Figure 5.10a). 

The amorphous Al-LS synthesized at 105 °C had a large surface area (943 m2 g-1) and 

contained uniform mesopores of ~3.3 nm (Figure 5.10b). A further temperature increase led 

to a higher degree of silica condensation,[49,50] which results in the formation of materials with 

micropores (d = 0.58 nm, Vmicro = 0.03 cm3 g-1), alongside the mesoporous network. This 

process is accompanied by broadening of the mesopore size and a reduction of the surface 

area to 820 m2 g-1 at a synthesis temperature of 125 °C (Figure 5.10b and Table 5.1).
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Figure 5.10. a) Ar physisorption isotherms and b) pore size distribution of calcined layered silica-

alumina samples after 6 days of the synthesis at different temperature (the isotherms are offset for 

clarity by 200 cm3 g-1; the pore size distributions are calculated via NLDFT approach and vertically 

offset by equal intervals of 0.04 cm3 g-1 nm-1). 

Despite the high Si/Al ratio in the gel, the final materials contained a significant amount 

of Al. Si/Al ratios of 11.7 and 15.3 were determined by ICP analysis for Al-LS samples 

prepared at 115 °C and 125 °C, respectively. 27Al NMR spectroscopy showed that the Al 

atoms were mainly in tetrahedral coordination in the silica matrix (> 65 %) (Figure 5.11 and 

Table 5.2), making them potential Brønsted acid porous catalysts.  

 

Figure 5.11. 27Al MAS spectra of the proton form of hydrated layered silica-alumina samples after 6 

days of hydrothermal synthesis at different temperature (spectra are normalized by the sample weight). 
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The acidic properties of the Al-LS (125 °C) sample were investigated by IR 

spectroscopy (Figure 5.12a). Two vibrational bands were observed at 3745 cm−1 and 3606 

cm−1 in the νOH region, which can be assigned to external silanols (Si-OH) and bridging 

hydroxyl groups (Si-OH-Al),[58,59] respectively. Pyridine was used as a probe molecule to 

quantify the acid sites. After pyridine adsorption at 150 °C, the following characteristic signals 

appeared in 1400–1600 cm−1 region: the band at 1545 cm-1 is due to the interaction of pyridine 

with strong Brønsted acid sites (BAS) and the band at 1455 cm-1 relates to pyridine bonded to 

Lewis acid sites (LAS) (Figure 5.12b).[60,61] The band at 1490 cm-1 is assigned to pyridine 

molecules on both types of acid sites.[62,63] After evacuation at 300 °C for 1 h, we could still 

observe the presence of chemisorbed pyridine molecules on both types of acid sites. A BAS 

concentration of ~50 µmol g-1 probed by pyridine after evacuation at 300 °C (Table 5.2) is 

typical for amorphous silica-alumina (ASA) materials.[64] However, at 500 °C nearly no 

pyridine adsorbed on Brønsted acid sites was detected. 

 

Figure 5.12. IR spectra obtained a) over H-Al-LS (125 °C) sample and b) of pyridine adsorbed on the 

sample after evacuation at 150 °C, 300 °C and 500 °C (IR spectra were recorded at 150 °C). 

Bifunctional catalysts based on a metal such as Pt or Pd and amorphous silica-alumina 

are considered as an alternative to broadly used zeolite ones in the hydroconversion of          

n-paraffins due to their high surface area and milder Brønsted acidity suitable for obtaining 

middle distillates during gas oil hydrocracking.[65,66] Therefore, the catalytic activity of the H-

Al-LS sample was compared to a commercial amorphous silica-alumina (Com-ASA) in the 

hydroconversion of n-hexadecane. The two samples exhibited similar acidic properties (Table 

5.2). Prior to the activity tests, the protonated forms of the amorphous silica-alumina were 

loaded with 1 wt% Pd followed by calcination at 450 °C in air.  
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Table 5.2. Physico-chemical properties of the (alumino)silicates determined by ICP-OES elemental analysis, 27Al MAS NMR, IR spectroscopy of 

adsorbed pyridine and H2 chemisorption. Dispersion of palladium in the Pd/H-MOR catalysts. 

Sample Si/Al  

(ICP) 

Al distribution a (%) BAS (mmol g-1) LAS (mmol g-1) 
nPd/nH+ b,c 

Al IV Al VI 150 °C 300 °C 500 °C 150 °C 300 °C 500 °C 

Al-LS (115 °C) 11.7 65.0 35.0 - - - - - - - 

Al-LS (125 °C) 15.3 68.0 32.0 107 43 - 180 140 80 0.20 

Com-ASA 2.6 - - 66 45 - 94 74 34 0.16 

 

MOR-10 6.7 76.2 23.8 - - - - - - - 

MOR-15 7.5 76.3 23.7 1.38 1.18 0.43 0.13 0.15 0.13 - 

mMOR-10 6.8 77.2 22.8 - - - - - - - 

mMOR-15 7.1 75.9 24.1 0.93 0.72 0.31 0.22 0.16 0.12 - 

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 

b Pd active sites determined by H2 chemisorption 

c H+ determined from the concentration of BAS at 300 °C. 
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The results of H2 chemisorption after reduction (Pd dispersion) and the BAS concentration 

(Table 5.2) confirmed an adequate balance between the metal and acid sites. This ratio of 

metal hydrogenation sites to BAS is sufficiently high for acid-catalyzed reactions to be rate-

controlling in the overall hydroconversion reaction.[67,68] The conversion of n-hexadecane as a 

function of temperature is shown in Figure 5.13a. The Pd/Al-LS catalyst displayed a lower 

apparent activation energy (163 kJ/mol) than the commercial counterpart (188 kJ/mol) (Figure 

5.13b).  

 

Figure 5.13. a) Conversion of n-hexadecane as a function of the reaction temperature and b) 

Arrhenius plot; c) total products selectivity as a function of n-hexadecane conversion for Pd/Al-LS 

(125 °C) and Pd/Com-ASA catalysts; d) selectivity of cracked products obtained at ca. 50 % n-

hexadecane conversion. 
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The samples exhibited similar catalytic behavior, namely a low selectivity to cracking 

products up to n-hexadecane conversion of 80 % (Figure 5.13c), explained by the relatively 

weak acidity[39] of the amorphous materials (Table 5.2). The Pd/Com-ASA displayed a 

slightly “M-shaped” distribution of cracked product (Figure 5.13d), whereas the Pd/Al-LS 

sample showed a more symmetric distribution of cracked products at 50 % conversion. The 

latter distribution is closer to the cracking pattern expected for the ideal hydrocracking 

regime.[69] Taking into account the similar concentration of Brønsted acid sites (BAS ~45 

µmol/g) and a proper amount of Pd per acid sites, we associate the improved catalytic 

performance of the Pd/Al-LS material to its more beneficial textural properties. This can also 

be supported by the smaller size of the Pd particles (determined by CO chemisorption) for 

Pd/Al-LS sample (~1.1 nm) in comparison with Pd/Com-ASA (~3.5 nm). A shorter distance 

between the two catalytic functions can lead to a lower contribution of secondary cracking on 

BAS,[66,70] in agreement with the bifunctional hydrocracking mechanism.[71,72] The used 

Pd/Al-LS and Pd/Com-ASA samples were additionally tested in their ability to reach 40 % 

conversion at the same temperature as the fresh one (Figure 5.13a). The catalysts showed 

comparable activity during the second run. 

5.3.4 Hierarchical MOR nanorods 

In the previous section, we observed the formation of mordenite crystals in the sample 

synthesized at 140 °C after the introduction of aluminum source into the gel. In order to obtain 

a fully crystalline zeolite phase, a higher Al content is needed, because MOR zeolite is 

typically synthesized with Si/Al ratio of around 7–10.[73,74] We started with a Si/Al ratio of 20, 

which is relevant for crystallization of mordenite assisted by imidazolium salts[55] and Na+ 

ions.[75] XRD analysis showed the typical diffraction pattern of MOR (Figure D.7a). 

However, SEM images revealed the presence of an additional amorphous phase (Figure 

D.7b). Gradually increasing the Al content to Si/Al ratios of 15 and 10 resulted in the 

formation of highly crystalline mordenite (Figure D.8), denoted as mMOR-15 and mMOR-10, 

respectively. The complete conversion into crystalline MOR took place after 6 days of the 

synthesis at 140 °C as confirmed by SEM and TEM analysis (Figure 5.14) of the products 

after 6 days of the synthesis at 140 °C. Along with these hierarchically porous zeolite 

materials, conventional bulk analogues were also synthesized by the same method but without 

addition of an organic SDA (MOR-15 and MOR-10).  
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Figure 5.14. (a,b,d,e) SEM and (c,f) TEM images of calcined MOR zeolite samples: a,c) mMOR-15; 

b) mMOR-10; d,f) MOR-15 and e) MOR-10.  

Both samples obtained in the presence of C16dMImz consist of uniform crystals of 2-2.5 

μm size (Figure 5.14a,b), while the microporous references appeared differently. MOR-15 

had uniform particles with a smooth surface (4-4.5 μm) and MOR-10 contained typical prism-

shaped crystals together with deformed smaller ones (Figure 5.14d,e). Further, the TEM 

images of mMOR-15 revealed a complex structure, which consisted of stacked nanorods with 

a width of ~20 nm, separated by mesoporous voids (Figure 5.14c). An observed lattice 

distance of 1.33 nm is attributed to the [110] plane (Figure 5.14c, insert) and points to 

nanorods oriented parallel to the c-axis.[39,76,77] As discussed in our previous work,[39] the 

hydrophilic head group of the SDA molecule is likely located in the 8 MR side-pockets or at 

the interface between 8MR and 12MR channels, while the hydrophobic tail is blocking crystal 

growth in the a- and b-directions.  

Ar physisorption results for the products synthesized in the presence of C16dMImz 

display the type IV isotherm, whereas the conventional MOR-15 and MOR-10 samples have 

the type I isotherm, which is typical for exclusively microporous materials (Figure 5.15a).[78] 

The hierarchical mordenite products were highly crystalline (Vmicro = 0.11-0.12 cm3 g-1) and 

characterized by a small volume of mesopores (0.08-0.09 cm3 g-1) combined with a large 

external surface area (70.4-79.7 m2 g-1) (Table D.2). The pore size distributions derived from 
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the NLDFT method showed that uniform pores of ~5.5 nm in size were formed in all the 

mesoporous MOR materials (Figure 5.15b). 

 
Figure 5.15. a) Ar physisorption isotherms and b) pore size distribution of calcined MOR samples. 

The isotherms are offset for clarity by 50 cm3 g-1 (the pore size distributions are calculated via NLDFT 

approach and vertically offset by equal intervals of 0.005 cm3 g-1 nm-1). 

As typical for MOR, Si/Al ratios of 7 ± 0.5 were observed for the all materials. 27Al 

NMR spectra displayed a high degree of Al incorporation into the framework (> 75 %) 

(Figure 5.16 and Table 5.2). The spectra also showed a broad peak at ~0 ppm, which can be 

attributed to the extraframework aluminum (EFAl) species.[79] 

 

Figure 5.16. 27Al MAS spectra of the proton forms of hydrated MOR samples (spectra are normalized 

by the weight of samples). 

Considering the small differences regarding the crystallinity and textural properties between 

the hierarchical MOR samples, we selected mMOR-15 for further characterization and 
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catalytic testing. Along with external silanols (Si-OH) and the bridging hydroxyl groups (Si-

OH-Al) observed in the silica-alumina (Figure 5.12a), the mordenite samples displayed 

features such as internal silanols at 3733 cm-1 (MOR-15) and the band at 3658 cm-1, assigned 

to OH groups connected to extraframework aluminum (EFAl) (Figure 5.17).[80] The fact that 

the number and apparent strength of the Brønsted acid sites increased, when compared to the 

layered products, was supported by the retention of some BAS, even after pyridine desorption 

for 1 h at 500 °C (Figure D.9 and Table 5.2). The decreased amount of BAS (~30 %) available 

for a bulk pyridine molecule in the mMOR-15 sample can be attributed to the reduced number 

of acid sites located in the main 12 MR channels, due to a particular Al distribution in the 

presence of C16dMImz. We have observed similar behavior in our previous work, where 

MOR nanorods were synthesized in the presence of a pyrrolidine-based mesoporogen.[39] 

 

Figure 5.17. IR spectra of the proton form of the MOR samples in the OH stretching region (spectra 

are normalized to the weight of the samples). 

Hierarchical zeolites are promising catalysts for Friedel-Crafts alkylation/acylation 

reactions with bulky reactants and/or products due to their strong acidity and the presence of a 

second level of porosity, which helps to overcome the diffusion limitations.[81–83] We 

evaluated the obtained MOR zeolites in the model alkylation reaction of benzene (B) with 

benzyl alcohol (BA) that leads to diphenylmethane (DPM) in the presence of acid forms of 

MOR-15 and mMOR-15 catalysts (Scheme 5.2).  
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Scheme 5.2. The overall reaction of benzene with benzyl alcohol. B – benzene BA – benzyl alcohol 

DPM – diphenylmethane DBE – dibenzyl ether. 

The activity tests were carried out at 80 °C and under stirring (900 rpm).[84] Figure 5.18 

displays the conversion of benzyl alcohol as a limiting reagent (B/BA 50 mol/mol) as a 

function of the reaction time. While conventional MOR did not display any BA conversion to 

the products even after 30 h of the reaction, the conversion of BA over hierarchical MOR 

reached 14.5 % (selectivity DPM 58 %). Since both catalysts contain a comparable amount of 

acid sites, we attribute the very different catalytic behavior to the improved textural and 

diffusion properties of the mesoporous MOR sample. 

 

Figure 5.18. Catalytic conversion of benzyl alcohol over the mordenite samples at 80 °C. 

The one-dimensional channel system of MOR is characterized by a pore size of 6.5 × 7.0 Å. 

This size is smaller than necessary for the transition state of the studied benzylation 

reaction.[84] This leads to a low activity of the exclusively microporous MOR catalyst. As 
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TEM results showed mMOR-15 sample has additional pores of 5.5 nm running along the c-

axis, together with the microporous channels. The enhanced catalytic activity of hierarchical 

mordenite can therefore be explained by the reaction taking place at the mesopore walls 

and/or on BAS located in the micropore openings, accessible for BA through the mesoporous 

network. This conclusion is also supported by other studies,[77,84] where hierarchical 

mordenite catalysts displayed enhanced performance in similar reactions. 
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5.4. Conclusions 

In this work, we described the synthesis of several mesoporous materials such as amorphous 

silica and silica-alumina and crystalline zeolites, using C16dMImz as a single SDA. 

Controlling the degree of silica condensation, by changing the temperature, allowed the 

tuning of the textural and morphological properties (surface areas in the 65–1200 m2 g-1 

range) of silica. When aluminum is introduced, two types of acidic materials can be obtained, 

i.e. ordered silica-alumina with weak Brønsted acid sites and hierarchical mordenite zeolite 

with strong Brønsted acid sites. These acidic catalysts displayed promising catalytic 

performance in the hydroisomerization of n-hexadecane with Pd/Al-LS and the Friedel-Crafts 

alkylation of benzene with benzyl alcohol with MOR zeolite. 
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Appendix D 

 

Supporting information for Chapter 5 

 

1H NMR (400 MHz, CDCl3, 23 °C) δ 7.72 (d, 1JHH = 2.1Hz, 1H, Imidazole =N-CH=), δ 7.41 

(d, 1JHH = 2.1Hz, 1H, Imidazole =N-CH=CH-), 4.20 – 4.08 (m, 2H, C16 tail =N-CH2-), 3.98 

(s, 3H, Imidazole =N-CH=CH-N-CH3), 2.76 (s, 3H, Imidazole -N=C-CH3), 1.82 – 1.66 (m, 

2H, C16 tail =N-CH2-CH2-), 1.35 – 1.09 (m, 26H, C16 tail =N-CH2-CH2-(CH2)13-), 0.81 (t, 
3JHH = 6.7Hz, 3H, C16 tail =N-CH2-CH2- (CH2)13-CH3). 

 

Figure D.1. 1H NMR spectrum of C16dMImz in CDCl3 at 23 °C. 
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13C NMR (101 MHz, CDCl3, 23 °C) 143.76, 123.15, 121.02, 49.05, 36.28, 31.91, overlapped 

peaks 29.88, 29.69, 29.68, 29.67, 29.64, 29.62, 29.59, 29.51, 29.38, 29.35, 29.05, 26.40, 

22.68, 14.12, 11.10. 

 

Figure D.2. 13C NMR spectrum of C16dMImz in CDCl3 at 23 ˚C. 

 

Figure D.3. gCOSY spectrum of C16dMImz in CDCl3 at 23 ˚C. 
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Figure D.4. Multiplicity-edited gHSQC spectrum of C16dMImz in CDCl3 at 23 ˚C. 

Table D.1. Textural properties of OMS samples synthesized at 105 °C at different synthesis time. 

Sample Vtot 
a  

(cm3 g-1) 

Vmeso 
b  

(cm3 g-1) 

SBET 
c  

(m2 g-1) 

ao
d  

(nm) 

W e  

(nm) 

OMS-1d 0.80 1.03 1133 3.70 0.79 

OMS-6d 0.73 0.89 1070 3.75 0.84 

a Vtot total pore volume calculated by the NLDFT method; b Vmeso mesopore volume calculated by the BJH 

method; c SBET Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.21); d ao -the centre-to-centre distance 

between the hexagonally arranged channels in the MCM-41 matrix ao=2d100/√3; e W -wall thickness (W = ao-D) 

D -pore diameter calculated by the NLDFT method. 
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Figure D.5. Wide angle XRD pattern of calcined α-quartz after 13 days of hydrothermal 

crystallization at 170 °C.  

 
Figure D.6. a) Thermogravimetric analysis (TGA) and b) derivative thermogravimetry (DTG) of the 

as-synthesized LS samples after 6 days at different synthesis temperature (the dotted curve is initial 

C16dMImz surfactant).  The weight losses for LS samples at 115 °C- 50.3 %; 125 °C- 48.4 %; 140 °C- 

44.8 %; 160 °C- 23.5 % and 115 °C- 10.3 %. Before measuring the samples was preliminary washed 

with ethanol for 0.5 h at room temperature to remove organics physically adsorbed on the material 

surface. 
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Figure D.7. a) XRD pattern and b) SEM image of calcined mMOR-20 sample (experiment conditions: 

140 °C, 6 days, Si/Al ratio 20). 

 

Figure D.8. XRD patterns of calcined MOR samples synthesized with different alumina 

concentration. 
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Table D.2. Textural properties of the mordenite samples. Experimental conditions: T = 140 °C, 6 days, 

50 rpm. 

Sample Vtot 

(cm3 g-1) 

Vmicro 

(cm3 g-1) 

Vmeso 

(cm3 g-1) 

SBET 

(m2 g-1) 

Sext 

(m2 g-1) 

MOR-10 0.14 0.13 0.01 270.6 8.8 

MOR-15 0.16 0.13 0.02 294.4 11.9 

mMOR-10 0.20 0.11 0.08 302.2 70.4 

mMOR-15 0.19 0.12 0.09 305.5 79.7 

Vtot total pore volume calculated p/p0 = 0.95  

Vmicro micropore volume calculated by the t-plot method 

Vmeso mesopore volume calculated by the BJH method 

SBET Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.25) 

Sext external surface area determined by the t-plot method. 

 

Figure D.9. Infrared spectra of pyridine adsorbed on the proton forms of a) MOR-15 and b) mMOR-

15 sample after evacuation at 150 °C, 300 °C and 500 °C (IR spectra were recorded at 150 °C). 
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Chapter 6 

 

Hierarchically porous FER zeolite obtained via FAU 

transformation for fatty acid isomerization  

 

ABSTRACT: We report a method for the synthesis of hierarchically porous FER zeolite via 

transformation of FAU precursor driven by N-methylpyrrolidine (NMP) and amphiphile 1,2-

dimethyl-3-hexadecyl-1H-imidazol-3-ium bromide (C16dMImz) as the structure-directing 

agent (SDA) and a mesoporogen, respectively, under hydrothermal conditions (11 days at 125 

°C). This dual-template approach allows tuning the morphological and textural properties of 

the mesoporous FER materials by varying the concentration of the mesoporogen in the initial 

synthesis gel. The optimized FER sample is characterized by a high mesoporous volume (0.19 

cm3 g-1), large external surface area (~120 m2 g-1) and reduced crystal size in the a- and c-

dimensions. A microporous reference was synthesized from a similar gel without C16dMImz 

at 140 °C for 8 days. These modifications led to a significantly enhanced catalytic 

performance of hierarchical FER zeolite in the isomerization of fatty acids in comparison with 

bulk FER catalyst. 

 

 

 

This Chapter has been accepted in Appl. Catal. B. Environ., 2019.  
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6.1. Introduction 

The annual global production of oils (mainly palm, soybean and rapeseed) and 

(recycled) fats is estimated to be more than 160 million metric tonnes.[1,2] The use of these 

biobased products can contribute to sustainability targets. Branched-chain saturated fatty 

acids (BSFA), which are typically iso-stearic acids, are widely used by the chemical industry 

for the production of personal care products and biodegradable lubricants.[3–5] The key 

advantages of such BSFA over unsaturated or linear fatty acids (FA) are their better thermal 

and oxidative stability and lower melting and cloud points.[6,7] One of common strategy to 

obtain iso-stearic acids is skeletal isomerization of unsaturated fatty acids (FA) such as oleic 

acid (OA) followed by hydrogenation.[8]  

Previous research has already shown the utility of acidic medium- and large-pore 

zeolites such as ZSM-5, Mordenite and Beta in catalyzing the isomerization of OA to 

branched products.[3,6,9] The limited space inside the micropores of zeolites hinders the 

formation of oligomeric products which would deactivate the catalyst.[10] Promising results 

for the OA isomerization reaction were described by Ngo et al., who used ferrierite (FER) 

zeolite as the catalyst.[7] In particular, it was possible to achieve a high OA conversion in 

combination with a good selectivity to branched-chain unsaturated fatty acids (BUFA).[3,11,12] 

These BUFA are the intermediates to the formation of BSFA. Ferrierite (FER) is a medium-

pore zeolite characterized by a two-dimensional (2D) pore system consisting of 10-membered 

ring (4.2 × 5.4 Å) channels intersected by 8-membered ring (3.5 × 4.8 Å) channels.[13] 

Typically, FER is synthesized by hydrothermal synthesis using appropriate silicon and 

aluminum sources and small structure directing agents (SDAs) in the form of organic 

molecules such as ethylenediamine[14] or pyrrolidine.[15] Another approach is to prepare 

ferrierite using zeolite Y (FAU) as a source of silicon and aluminum. This preparation is 

described as a transformation of FAU into FER, although the underlying transformation 

mechanism is not well understood.[16–18]  

The use of zeolites in which the pore diameters are usually much smaller than the 

zeolite crystals often leads to mass transport limitations. This is because the rate of 

intracrystalline diffusion can be slow compared to the rate of adsorption and desorption 

to/from the crystals. In particular, the formation of molecules that cannot diffuse out of the 

zeolite and therefore deactivate the catalyst is a common problem. A common approach to 

overcome such diffusion limitations is to reduce the crystal domain size of the zeolite and 
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many methods have been established for this purpose.[19–22] The crystal size reduction is 

preferably brought about by introducing mesoporosity in zeolite crystals, either in top-down 

or bottom-up approaches. Thus, it may be expected that pore hierarchization of ferrierite can 

help to improve the performance for OA isomerization. In the former class, post-synthesis 

dealumination[23,24] and desilication[25,26] are efficient and easy to scale up, but drawbacks 

include poor control over acidic and textural properties of the final porous materials.[27–30] 

Alternatively, in a bottom-up approach the mesopores are introduced during the preparation 

of the zeolite crystals. There are many methods to achieve this, which often depend on the use 

of a mesoporogen in the zeolite synthesis gel. Typically, structure-directing agents are 

combined, one conventional SDA for zeolite formation (nanoscale structure direction) and 

another one to introduce intracrystalline mesopores (mesoscale structure direction). Several 

successful  examples of this dual-templating strategy have been demonstrated.[31–33] Recently, 

several research groups successfully obtained hierarchical FER using typical aluminum and 

silicon sources such as sodium silicate - aluminum sulfate and silica - sodium aluminate.[34–37] 

Important aspects to take into account in the further development of hierarchically-porous 

FER zeolites are the long hydrothermal synthesis of FER, usually exceeding two weeks,[34] 

the relatively high SDA concentration (SDA/Si ≥ 0.25)[36,38] and specific ageing steps.[37,39]  

In this work, we developed a method for the one-pot (bottom-up) synthesis of 

hierarchically porous FER zeolite via FAU reconstruction in the presence of N-

methylpyrrolidine (NMP) and 1,2-dimethyl-3-hexadecyl-1H-imidazol-3-ium bromide 

(C16dMImz) as, respectively, nano- and mesoscale SDAs. FAU was found to be an effective a 

silica-alumina precursor for preparation of microporous FER zeolite, templated by NMP in a 

synthesis of 8 days at 140 °C. The formation of FER took place via a layered intermediate 

phase. Addition of C16dMImz in the initial gel resulted in mesoporous ferrierite (Vmeso = 0.09-

0.28 cm3 g-1) with high crystallinity and different morphologies depending on the 

concentration of C16dMImz. Optimized hierarchically porous FER zeolite with strong 

Brønsted acidity displayed improved properties in the isomerization of fatty acids compared 

to microporous FER zeolite.  
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6.2. Experimental methods 

6.2.1 Synthesis of chemicals 

1,2-dimethyl-3-hexadecyl-1H-imidazol-3-ium bromide (C16dMImz) 

The synthesis of C16dMImz was based on a procedure reported in the Chapter 5. 0.013 mol of 

1-bromohexadecane (Sigma Aldrich, 98.0 %) and 0.016 mol 1,2-dimethylimidazole (Sigma 

Aldrich, 97.0 %) were dissolved in a 50 ml mixture of ethanol (Biosolve, 99.9 %) and 

acetonitrile (Biosolve, 99.9 %) (1 : 5 molar ratio) and heated at 70 °C for 16 h under nitrogen 

atmosphere. After evaporation of the solvents and addition of diethyl ether (Biosolve, 99.5 

%), a white powder was seen to precipitate. The solid product was filtered and dried in a 

vacuum oven at 50 °C for 12 h. The purity of C16H33-[1,2-dimethyl-3-imidazolium] bromide 

was verified by 1H and 13C NMR after dissolution in CDCl3. The product yield was 75 %. 

1H NMR (400 MHz, CDCl3, 23 °C) δ 7.72 (d, 1JHH = 2.1Hz, 1H, Imidazole =N-CH=), δ 7.41 

(d, 1JHH = 2.1Hz, 1H, Imidazole =N-CH=CH-), 4.20 – 4.08 (m, 2H, C16 tail =N-CH2-), 3.98 

(s, 3H, Imidazole =N-CH=CH-N-CH3), 2.76 (s, 3H, Imidazole -N=C-CH3), 1.82 – 1.66 (m, 

2H, C16 tail =N-CH2-CH2-), 1.35 – 1.09 (m, 26H, C16 tail =N-CH2-CH2-(CH2)13-), 0.81 (t, 

3JHH = 6.7Hz, 3H, C16 tail =N-CH2-CH2- (CH2)13-CH3). 

13C NMR (101 MHz, CDCl3, 23 °C) 143.76, 123.15, 121.02, 49.05, 36.28, 31.91, overlapped 

peaks 29.88, 29.69, 29.68, 29.67, 29.64, 29.62, 29.59, 29.51, 29.38, 29.35, 29.05, 26.40, 

22.68, 14.12, 11.10. 

6.2.2 Synthesis of zeolites  

N-methylpyrrolidine (NMP) and the bromide form of C16dMImz were first dissolved in 

deionized water at room temperature. Then, a sodium silicate solution (Merck, SiO2 27.0 %, 

Na2O 8.0 %) was added dropwise to the template solution under stirring. Subsequently, NH4Y 

zeolite (Alfa Aesar, SiO2/Al2O3 of 5.2) was suspended in the obtained mixture followed by 

vigorous stirring for 4 h at ambient temperature. The molar composition of the synthesis gel 

was (1-x) NMP: x C16dMImz: 1.82 Na2O : 0.25 Al2O3 : 7.7 SiO2 : 231 H2O (x = 0.01-0.25). 

The resulting gel was transferred into a 45 ml Teflon-lined stainless-steel autoclave and 

heated at 125 °C for 264 h under rotation (50 rpm). These zeolites were denoted as FER-x     
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(x = 0.01, 0.025, 0.05, 0.1, 0.15, 0.20, 0.25) in accordance with the amount of the 

mesoporogen that partially substitutes NMP. A conventional bulk FER zeolite was 

synthesized from the same gel without addition of C16dMImz (x = 0, FER-C) followed by 

hydrothermal synthesis at 140 °C for 192 h under rotation at 50 rpm. The resulting solid 

product was filtered, thoroughly washed with deionized water until pH < 8, and dried in air at 

110 °C overnight before calcination in the air at 550 °C (1 °C/min) for 7 h.  

6.2.3 Catalyst preparation 

Na-FER samples were converted to the proton form by ion exchange, which was performed in 

three consecutive steps with fresh aqueous 1.0 M NH4NO3 solutions (1 g of the solid per 100 

ml of the solution, 3 h, 70 °C). Then, the ammonium form of the product was separated from 

the solution via centrifugation followed by drying at 110 °C and calcination at 550 °C for 5 h 

(heating rate of 0.9 °C/min), in order to obtain the final proton form (H-FER). 

6.2.4 Characterization  

Basic Characterisation: The crystallinity and phase purity of all samples were determined by 

X-ray diffraction (XRD). XRD patterns were collected on a Bruker D2 Endeavour powder 

diffraction system with Cu Kα radiation. Patterns were obtained in the 2θ range of 5-60⁰, with 

a step size of 0.02⁰ and duration of 0.4 s. Textural properties were examined through Ar 

physisorption. Adsorption and desorption isotherms were measured at -186 °C on a 

Micrometrics ASAP-2020 machine. The powders were outgassed at 400 °C with a residual 

pressure of 5 µbar for 8 h prior to measurement. The microporous volume was calculated by 

the t-plot method using the 3.5-7.5 Å thickness range. The mesoporous volume was 

determined from the adsorption branch of the isotherms by the Barrett−Joyner−Halenda 

(BJH) method. The total pore volume was recorded at p/p0 = 0.95. The elemental composition 

of aluminium-containing products was determined by ICP-OES (inductively coupled plasma 

optical emission spectroscopy) through a Spectro CIROS CCD ICP spectrometer with axial 

plasma viewing. For these measurements the samples were dissolved in a 1:1:1 (by weight) 

mixture of HF (40 %) : HNO3 (60 %) : H2O. Thermogravimetric analysis (TGA) analysis was 

performed on a Mettler Toledo TGA/DSC 1 instrument. About 10 mg of the sample was 

placed in an alumina crucible. The uncovered crucible was heated to 750 °C at a rate 5 °C/min 

in 40 ml/min He and 20 ml/min O2 flow. 
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Electron Microscopy: Scanning electron microscopy (SEM) micrographs were obtained 

using a FEI Quanta 200F instrument with an acceleration voltage of 3 kV and a spot size of 

4.5 Transmission electron microscopy (TEM) images were recorded on a Tecnai 20 (type 

Sphera, FEI, now Thermo Fischer Scientific) operated at 200 kV. TEM sample preparation 

involved sonication of the samples in pure ethanol (Biosolve, extra dry, 99.9 %) and applying 

a few droplets of the suspension to a 200 mesh Cu TEM grid with a holey carbon support 

film. ImageJ software was used to determine a size of ferrierite crystals and lattice 

parameters. 

IR Spectroscopy: IR spectra of the zeolites were recorded on a Bruker Vertex 70v FTIR 

spectrometer in the range of 4000-400 cm-1. The spectra were acquired at a 2 cm-1 resolution, 

as an average of 64 scans. The samples were prepared as thin wafers of 10-12 mg with a 

diameter of 13 mm and placed inside a controlled-environment transmission IR cell. The 

samples were then activated at 550 °C (2 °C/min) in air flow for 3 h before cooling the cell to 

150 °C and measuring the spectra under vacuum. Pyridine was then introduced into the IR cell 

from an ampoule kept at room temperature. After exposure for 10 mins to pyridine (enough to 

reach equilibrium), the sample was evacuated over three consecutive 1 h periods at 150 °C, 

300 °C and 500 °C, with a spectrum taken after each hour and cooled to 150 °C. The spectra 

were normalized by the weight of the wafer. 

NMR spectroscopy: Magic angle spinning (MAS) nuclear magnetic resonance (NMR) 

spectra were performed at room temperature with a 11.7 Tesla Bruker DMX500 NMR 

spectrometer operating at 500 MHz for 1H and 132 MHz for 27Al. 27Al MAS-NMR spectra 

were recorded with a spinning rate of 25 kHz and a single excitation pulse length of 1 µs with 

a 1 s repetition time. 27Al 3QMAS NMR spectra were recorded by use of the three-pulse 

sequence p1-t1-p2-τ-p3-t2 for triple-quantum generation and zero-quantum filtering (strong 

pulses p1 = 3.4 μs and p2 = 1.4 μs at v1 = 100 kHz; soft pulse p3 = 11 μs at v1 = 8 kHz; filter 

time τ = 20 μs; interscan delay 0.2 s). The 1H measurement was carried out using a 4 mm 

MAS probe head with sample rotation rate of 10 kHz. 1H NMR spectra were recorded with a 

Hahn-echo pulse sequence p1-τ1-p2-τ2-aq with a 90⁰ pulse p1 = 5 μs and a 180⁰ p2 = 10 μs. The 

interscan delay was set to 120 s for quantitative spectra. 1H NMR shifts were calibrated using 

tetramethylsilane (TMS) and a saturated aqueous Al(NO3)3 solution was used for 27Al NMR 

shift calibration. Prior to 1H NMR measurement, the zeolite sample was dehydrated at 400 °C 

and 5 μbar pressure for 8 h. 
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6.2.5 Skeletal isomerisation of fatty acids 

The liquid-phase isomerisation of FA to BUFA was chosen as a model reaction to determine 

the catalytic performance of the synthesized H-FER zeolites (Scheme 6.1). 

 

Scheme 6.1. Skeletal isomerisation of cis-linear fatty acids (oleic (OA), linoleic (LA) and α-linolenic 

(ALA) acids) in the presence of H-FER catalyst. 

The FA mixture with the trade name Priolene™ 6926 (Croda), composed of 88-89 % oleic 

(OA), 5-6 % palmitic, 3-4 % linoleic (LA), < 0.5% α-linolenic (ALA) and ~2 % stearic (SA) 

acid was supplied by Croda. The isomerisation reaction was carried out in a 50 ml mini-

PARR® autoclave (Series 5500 High Pressure Compact) equipped with a 4848 Reactor 

Controller (Parr Instrument Company). After purging with nitrogen three times, the FA 

mixture (25 g), H-FER catalyst (0.25 g) and demineralised water (0.4 g) were mixed together, 

and then the system was pressurised with nitrogen to ~1 bar. The reaction took place at a 

stirring rate of 800 rpm and a temperature of 260 °C (heating rate of ~7 °C/min), which leads 

to a pressure of ~6.5 bar in the autoclave. After completing the activity test (between 0.42 and 

6 h), the reactor was cooled to below 80 °C and the reaction mixture was separated from the 

zeolite catalyst by filtration.  

Analysis of products: The composition of the crude reaction mixtures was determined using 

high-temperature GC (HT-GC). The GC was equipped with a cold on-column injection and a 

metal column with a non-polar stationary phase Cp-SimDist Ultimetal (Chrompack WCOT,  

5 m × 0.53 mm × 0.17 μm) and the components were detected with a flame ionisation 

detector (FID) based on retention time. The carrier gas was N2 with a constant flow of 10 

ml/min. The temperature program was as follows: initial temperature of 60 °C, hold for 1 min; 

temperature increase of 30 °C/min until 150 °C; hold 0 min; temperature increase of 12 °C/min 

until 375 °C; hold 5 min. The detector was operated at 375 °C. The injection volume was 1 μl 

for a concentration of 10 mg/ml. The hydrogenated monomer fractions were analyzed by GC 
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after methylation. The GC was equipped with a split injection and a fused silica capillary 

column with a polar stationary phase FFAP-CB (Chrompack WCOT, 25 m x 0.32 mm x 0.30 

μm), and the components detected with FID based on retention time. The carrier gas was H2 

with a constant pressure of 8 Psi, an inlet temperature of 275 °C and a split ratio of 1/30. The 

temperature program used was: initial temperature of 120 °C, hold for 0 min; temperature 

increase of 8 °C/min until 250 °C; hold 7 min. The detector was set at 275 °C. The injection 

volume was 1 μl for a concentration of 10 mg/ml. 

Taking into account the large difference in molecular weight of as-synthesized products, their 

determination required two further steps. The oligomer concentration was directly determined 

from the crude reaction mixture by high-temperature gas chromatography GC. The monomer 

fraction was then separated from the crude reaction mixture by vacuum distillation at 260 °C 

at a pressure lower than 1 mbar). To use the GC method for BUFA characterization, the fatty 

acids were preliminarily converted to their respective methyl esters according to ISO 12966-

2:2017 method. Firstly, the aliquots of the monomer fraction were diluted in ethyl acetate and 

hydrogenated in situ over Adam’s catalyst (PtO2, Sigma Aldrich, Pt 80-85 %) at 25 °C. After 

solvent evaporation, the saturated acids were then methylated with BF3/methanol to the 

corresponding esters. 

The initial mass fraction of the oleic (χOA,0), linoleic (χLA,0) and α-linolenic (χALA,0) acids 

(including positional and cis/trans isomers) were considered as the reactive components of the 

FA mixture. Their mass conversion (XFA,t) is determined by quantification of the mass 

fraction of stearic acid (χSA,t) in the hydrogenated monomer fraction as a function of time (t) 

and is given by 

 XFA,t  = 1 −  
[(χSA,t + χOA,t) × YM,t − χSA,0]

[χOA,0 + χLA,0 + χALA,0]
   (E 1) 

The onset of the reaction (t = 0) is the time at which the temperature reached 260 °C. (YM,t) is 

the distillation yield of the monomeric species determined by HT-GC analysis and (χSA,0) the 

amount of unreacted stearic acid in the initial FA mixture. The selectivity towards BUFA 

(SB,t) was derived from the mass fraction of all hydrogenated BUFA (χBUFA,t) in the 

hydrogenated monomer fraction. Again, a correction was made for the distillation yield of the 

monomeric species (YM,t): 

SB,t =  
[χBUFA,t × 𝑌M,t]

[(χOA,0 + χLA,0 + χALA,0) × XFA,t]
   (E 2)  
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6.3. Results and Discussion 

6.3.1 FAU to FER transformation in the presence of NMP 

In the current work we employed a synthesis approach where faujasite (NH4-FAU, 

Si/Al 2.6) and sodium silicate were used as silica-alumina and silica sources, respectively, to 

obtain FER zeolite. Figure 6.1 shows XRD patterns as a function of the synthesis time for the 

synthesis of bulk FER zeolite (FER-C) in the presence of NMP at 140 °C. The contributions 

of FAU and FER phases are indicated. After 6 days of the synthesis, FAU is the only 

crystalline phase present. During the first 5 days, only a minor decrease in the amount of FAU 

is observed by XRD. The first indication of the presence of FER zeolite is after 7 days and the 

sample is fully crystalline after another day of synthesis (Figure 6.1a). Based on literature, it 

is likely that slow dissolution of the starting zeolite produces locally ordered aluminosilicate 

blocks containing five-ring building units needed for the crystallization of FER zeolite.[40,41]  

 

Figure 6.1. a) XRD patterns of calcined samples obtained as a function of synthesis time;                    

b) Crystallinity changes of FAU and FER phases during zeolite synthesis (relative crystallinity of the 

samples was calculated as changes in the area of the diffraction peak at 2θ = 6.2⁰ for FAU and 2θ = 

9.5⁰ for FER, respectively; the peak areas at 2θ = 6.2⁰ and 2θ = 9.5⁰ of respectively the parent NH4-

FAU and bulk FER zeolite were taken as reference values). 

When the concentration of such units becomes high enough, ferrierite starts 

crystallizing driven by the organic SDA. As shown in our previous work, the hydrothermal 

synthesis at a nearly similar gel composition and crystallization conditions (140 °C, 6 days) 

but without NMP as the SDA led to the formation of mordenite (MOR) zeolite.[42] FER seeds 

were also successfully applied to direct the inter-zeolite conversion of ultra-stable Y zeolite to 
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FER at 150 °C.[18,41] Using Al(OH)3 instead of FAU as Al source resulted first in MOR zeolite 

after a short synthesis time, followed by ferrierite formation, which started after 5 days 

(Figures E.1 and E.2). It is therefore important to ensure a slow release of alumina-containing 

species from the FAU precursor into the reaction mixture to selectively crystallize FER 

zeolite.  

The obtained samples were further examined by electron microscopy (Figures 6.2 and 

6.3). The starting FAU zeolite consists of typical octahedral crystals[43] with a size smaller 

than 1 μm. The first morphology changes were observed after 5 days of hydrothermal 

synthesis, when a layered material (Figure E.3a) was seen on the surface of FAU crystals 

(Figure 6.2c). The interlayer distance of this phase of about ~1.1 nm is similar to that of 

PREFER, which is a known lamellar precursor of FER.[44,45] Further, we detected an 

intermediate XRD-invisible flake-like phase (Figures 6.2d and 6.3b), which is composed of 

PREFER sheets and faujasite fragments (Figure E.3b).  

 

Figure 6.2. SEM micrographs of a) parent FAU and the calcined samples obtained at different 

synthesis time: b) 3 days, c) 5 days, d) 6 days, e) 7 days and f) 8 days. 

After 7 days of hydrothermal synthesis, two phases were found: agglomerated FER sheets 

(Figure 6.2e) and plate-like precursors (Figure 6.3c), which are characterized by an interlayer 

distance of ~1.3 nm (Figure E.3c), which is underpinned by the XRD peak at 2θ = 6.6⁰ 

(Figure 6.1a). The complete conversion into pure FER sheet-like aggregates occurred rapidly 
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during another day of synthesis (Figures 6.2f and 6.3d). Prolonged synthesis for 9 days did 

not lead to further morphological changes (Figure E.4). These results are in agreement with a 

work of Okubo and co-workers,[40] who showed the importance of the formation of a plate-

like precursor (containing 5-membered ring units) prior to the fast crystallization of ferrierite. 

 

Figure 6.3. TEM micrographs of the calcined samples obtained at different synthesis time: a) 5 days, 

b) 6 days, c) 7 days and d) 8 days. 

Thermogravimetric analysis revealed the presence of NMP molecules inside the pores 

(combustion temperature > 300 °C )[46,47] of the obtained FER samples after 7 days of 

hydrothermal synthesis (Figure 6.4). Materials obtained after a shorter synthesis times showed 

a main weight loss feature below 150 °C (Figure 6.4a), corresponding to the desorption of 

water from the pores of faujasite.[48] These findings support the XRD results, where the FER 

phase stabilized by NMP was only obtained after 7 days of synthesis. After 8 days, the 

crystallization of the FER phase was complete and the amount of organics in the pores 

determined by TGA was 12 wt%. Altogether, XRD, electron microscopy and TG results 

demonstrate a picture of FER synthesis, taking place by (i) slow dissolution of FAU, (ii) 

formation of an intermediate PREFER phase and (iii) quick crystallization and growth of FER 
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crystals. Textural and acidic properties of the FER zeolite after 8 days of synthesis will be 

discussed below. This sample was chosen as a reference because longer treatment time did 

not result in significant improvements in terms of crystallinity or morphology.  

 

Figure 6.4. a) Thermogravimetric analysis (TGA) and b) derivative thermogravimetry (DTG) of the 

as-synthesized FER samples obtained at different synthesis time. 

6.3.2 Hierarchical ferrierite zeolite  

To introduce mesoporosity in microporous FER, we applied a dual-templating 

aproach[31,33] where two SDAs cooperate under hydrothermal conditions to obtain a 

hierarchically porous material. In the current study, an imidazolium-based surfactant was 

chosen due to its ability to stabilize the FER framework[49] and with a view of exploring the 

suitability of the imidazole molecule as a commercially available intermediate for template 

synthesis. Preliminary experiments showed formation of non-uniform FER crystals when the 

synthesis was carried out at 140 °C (Figure E.5). By lowering the crystallization temperature 

to 125 °C, more uniform crystals were obtained. Highly crystalline and phase-pure FER 

zeolites were obtained by substitution of NMP for C16dMImz in the range of 1-25 mol% 

(samples denoted as FER-0.01 – FER-0.25) after 11 days of hydrothermal synthesis (Figure 

6.5a). As compared to conventional FER-C, obtained samples revealed changes in the width 

and intensity of the diffraction lines in particular at 2θ ~9.5⁰ corresponding to the [200] planes 

(Figure 6.5b). A decreasing intensity of [200] reflection at higher C16dMImz concentrations 

(≥ 5 %) accompanied by peak broadening can be attributed to the reduction of the crystalline 

domain size in the a-direction of the FER crystals. 



Chapter 6 

163 
 

 

Figure 6.5. XRD patterns of the ferrierite samples at different substitution levels of NMP with 

C16dMImz: a) wide-angle range, b) zoom of the 2θ = 8.0-11.0⁰ range. 

Investigation of the obtained samples by SEM and TEM showed a strong correlation 

between the concentration of C16dMImz in the initial gel and the morphology of the final 

materials (Figures 6.6 and 6.7). Reference FER-C sample displayed crystals with a 0.5-0.7 μm 

size and can be considered as an agglomeration of sheets (Figures 6.6a and 6.3d). Lattice 

distances of 0.71 nm and 0.94 nm (Figure E.6a-d) attributed to [020] and [200] planes, 

respectively, point to crystals oriented along the c-axis with a length of ~500 nm (Figure 6.7a-

c), Scheme E.1). The presence of a minor amount of C16dMImz leads to changes of crystals 

growth in a- and b-directions (Figures 6.6b,c) and 6.7b,c) and Table E.1), combined with the 

decreased width of the sheets from ~40 nm to ~25 nm (Figures 6.8 and E.6b,c). 

 

Figure 6.6. SEM micrographs of calcined FER zeolites: a) FER-C, b) FER-0.01, c) FER-0.025,         

d) FER-0.05, e) FER-0.10, f) FER-0.15, g) FER-0.20 and h) FER-0.25. 
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In this case, the imidazole head group is likely located in the larger 10-membered ring 

channels,[50] whereas the hydrophobic tail enables spacing the stacked crystals in the 

agglomerates, preventing crystal growth in the c-direction. Further substitution of NMP with 

C16dMImz up to 10 % resulted in a further decrease of the crystal size in a- and b-directions 

(Figures 6.6d,e) and 6.7d,e) with the formation of tile-like particles of ~120 nm in width and a 

thickness of ~9-15 nm (Figures 6.8 and E.6d,e), Table E.1). This behavior can be explained 

by the strong stabilization of Al species placed in 8-membered ring pockets or channel 

intersections by the imidazolium cation.[49] Thus, the hydrophobic tail might be located 

outside the small 8MR channels, thereby preventing sheet growth in the b-direction. The 

relatively small amount of NMP SDA involved in the formation of FER supports this 

hypothesis. Indeed, a synthesis with a 10 % substitution level of NMP with C16dMImz and a 

lower total SDA/Si ratio (0.1 vs. 0.13) did not lead to the successful transformation of FAU to 

FER (Figure E.7).  

 

Figure 6.7. TEM micrographs of calcined FER zeolites: a) FER-C, b) FER-0.01, c) FER-0.025,         

d) FER-0.05, e) FER-0.10 and f) FER-0.15. 
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Figure 6.8. Average thickness of FER sheets determined by TEM as a function of molar substitution 

level of NMP with C16dMImz in the initial gel.  

The FER-0.15 sample consists of agglomerated sheets (~40 nm thickness, ~300 nm width) 

constructed by individual ones of ~8 nm size (Figures 6.7f and E.6f). The electron microscopy 

images are consistent with the XRD results and confirm significant changes in the crystal size 

after 5 % NMP substitution with C16dMImz. Increased concentration of C16dMImz led to the 

collapse of the plate-like particles to a non-uniform crushed structure (Figure 6.6g,h), the 

material nevertheless remaining purely FER. 

FER samples with uniform structures were analyzed for their textural properties by Ar 

physisorption. The isotherm of conventional FER zeolite has the type I shape, which is typical 

for microporous materials, while the FER-0.01 – FER-0.15 samples displayed the type IV 

isotherm (Figure 6.9a).[51,52] The latter one is characterized by a hysteresis loop at higher 

pressure, which is due to capillary condensation in the mesopores. The high crystallinity of 

the calcined materials was confirmed by a high microporous volume (0.08-0.11 cm3 g-1). We 

found a linear correlation between the percentage of substituted NMP in the initial gel and the 

mesoporous volume and external surface area of the final materials (Figure 6.9b). This 

relation is valid up to C16dMImz/Si = 0.01 and leads to maximum values of Vmeso = 0.28 cm3 

g-1 and Sext = 181 m2 g-1. Following an increase in the concentration of C16dMImz resulted in a 

decrease of both parameters (Table 6.1), which can be explained by the complex structure of 

the sheets effecting their local intergrowths. The pore size distributions derived from NLDFT 

method show a broad distribution of mesopores (3-50 nm) for all mesoporous materials 

(Figure E.8).  
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Figure 6.9. a) Ar physisorption isotherm of calcined FER samples at different concentration of 

C16dMImz (the isotherms were vertically offset by equal intervals of 100 cm3 g-1); b) correlation 

between amount C16dMImz in the initial gel and textural properties of the final materials.  

Table 6.1. Textural properties of the ferrierite samples. Experimental conditions: T = 125 °C, 11 days, 

50 rpm. 

Sample Vtot 

(cm3 g-1) 

Vmicro 

(cm3 g-1) 

Vmeso 

(cm3 g-1) 

SBET 

(m2 g-1) 

Sext 

(m2 g-1) 

FER-C 0.16 0.12 0.05 298.0 30.0 

FER-0.01 0.20 0.11 0.09 314.5 56.6 

FER-0.025 0.23 0.11 0.12 320.0 71.9 

FER-0.05 0.28 0.09 0.19 321.3 118.2 

FER-0.10 0.36 0.08 0.28 344.1 181.2 

FER-0.15 0.29 0.08 0.21 338.0 159.6 

Vtot total pore volume calculated at p/p0 = 0.95 

Vmicro micropore volume calculated by the t-plot method 

Vmeso mesopore volume calculated by the BJH method 

SBET Brunauer-Emmett-Teller (BET) surface area (p/p0 = 0.05-0.25) 

Sext external surface area determined by the t-plot method. 

The FER samples are characterized by similar Si/Al ratios of ~10 according to ICP-OES 

elemental analysis (Table 6.2). The local environment of aluminum in the samples was 

determined by 27Al MAS NMR spectroscopy (Figure 6.10). The FER materials exhibited two 

resonances at ~54 ppm and at ~0 ppm, which can be attributed to framework (AlIV) and extra-

framework (AlVI) types of Al, respectively.[53] The deconvoluted spectra showed that the Al 



Chapter 6 

167 
 

atoms were mainly incorporated in the framework (> 80 % for all samples) (Figure 6.10 and 

Table 6.2). Additionally, 27Al MQ MAS NMR analysis was performed to investigate the 

variation of the local chemical environment of each Al species[54] after introduction of 

mesoporosity (Figure E.9). The tetrahedral region 40-60 ppm consists of only one component, 

pointing to the absence of penta-coordinated Al. At the same time, the broadening of the main 

signal parallel to the F2 axis may be related to a different environment of AlIV such as 

distorted Al species formed during the calcination process.[25,55,56] 

 

Figure 6.10. 27Al MAS spectra of hydrated H-FER zeolites (spectra are normalized by sample 

weight). 

We used IR spectroscopy for the characterization of the acidic properties of the obtained 

samples. The IR spectra show stretching OH vibrations of different nature (Figure 6.11).  

 

Figure 6.11. IR spectra of the proton form of the FER samples in the OH stretching region (spectra 

normalized to the sample weight). 
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Detected bands are attributed to four types of hydroxyls: (i) terminal silanol groups at 3745 

cm−1, (ii) internal Si-OH at 3719 cm−1, (iii) –OH attached to extraframework aluminum 

(EFAl) at 3647 cm-1and (iv) bridging hydroxyl groups (Si-OH-Al) at 3600 cm−1.[50,57–59] 

Notably, the amount of external silanols at 3745 cm−1 was higher after replacing NMP with 

more than 5 % C16dMImz in the initial gel. This effect can be explained by the significant 

morphological changes, amongst others the reduction of crystal size and the associated 

formation of more external surface. 

Pyridine was chosen as a probe molecule for the quantification of the acidity of H-FER 

zeolites. Interaction of pyridine with different types of acid sites resulted in the appearance of 

several N-H bands: the bands at 1545 cm-1 and 1455 cm-1 relate to strong Brønsted acid sites 

(BAS) and Lewis acid sites (LAS), respectively (Figure E.10).[60,61] The band at 1490 cm-1 

arises from pyridine molecules adsorbed on either of these acid sites.[62,63] Taking into account 

that pyridine molecules with a kinetic diameter of about 5.7 Å[64] cannot penetrate the small  

8-membered ring FER channels (3.5 × 4.8 Å), pyridine adsorption can only take place on acid 

sites in 10-membered ring channels and at the external surface of the zeolites.[62,65] Figure 

6.12 displays a comparable quantity of BAS available to pyridine at low concentration of the 

C16dMImz (≤ 5 % substitution level). A larger amount of C16dMImz leads to a decrease of the 

density of BAS by ~40 % for FER-0.15 sample.  

 

Figure 6.12. Concentration of BAS in the H-FER samples as a function of the molar substitution level 

of NMP with C16dMImz in the initial gel. 
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Table 6.2. Acidic properties of the FER zeolites determined by ICP-OES analysis, 27Al-, 1H MAS NMR and IR spectroscopy of adsorbed pyridine.  

Sample Si/Al  

(ICP) 

Al distribution a (%) BAS (mmol g-1) LAS (mmol g-1) BAS b 

(mmol g−1) Al IV Al VI 150 °C 300 °C 500 °C 150 °C 300 °C 500 °C 

FER-C 9.9 83.6 16.4 0.68 0.65 0.41 0.05 0.04 0.07 1.02 

FER-0.01 9.3 79.3 20.7 0.63 0.61 0.33 0.09 0.08 0.08 - 

FER-0.025 9.5 82.5 17.5 0.70 0.64 0.34 0.08 0.08 0.07 1.09 

FER-0.05 9.1 82.2 17.8 0.68 0.61 0.33 0.09 0.08 0.08 1.00 

FER-0.10 9.0 78.9 21.1 0.58 0.51 0.29 0.14 0.13 0.11 0.72 

FER-0.15 10.1 80.6 19.4 0.46 0.39 0.18 0.15 0.13 0.10 0.59 

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 

b density of Brønsted acid sites calculated from 1H MAS NMR spectra. 
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Further, 1H MAS NMR spectroscopy was employed to estimate the total acidity of FER 

samples. Analysis of 1H NMR spectra of dehydrated samples revealed the presence of two 

types of Si-O(H)-Al groups: signals with chemical shifts of 4.1 ppm and 5.4 ppm are 

attributed to, respectively, isolated[46] and hydrogen-bonded bridged hydroxyls[66,67] (Figure 

6.13b). The acidity is in keeping with the pyridine desorption data obtained by IR 

spectroscopy: the amount of BAS remained the same up to 5 % of substitution of NMP with 

C16dMImz in the initial gel followed by a decrease by ~40 % when the substitution level is 

increased (Table 6.2). The reduction in the number of BAS at high C16dMImz concentration is 

likely due to the dehydroxylation during calcination of FER zeolites accompanied by the 

formation of LAS.[68,69] Such LAS cannot be observed by 1H NMR spectroscopy (Figure 

6.13a), but were partially detected in IR spectra of adsorbed pyridine (Table 6.2). 

 

Figure 6.13. a) 1H MAS NMR spectra of dehydrated FER zeolites; b) the deconvolution of 

mesoporous FER-0.025 sample (spectra were normalized to the sample weight). 

6.3.3 Skeletal isomerisation of fatty acids over H-FER catalyst 

The fatty acids (FA) mixture, which contains about 90 wt% oleic acid (OA), was 

isomerized at 260 °C over the proton form of the H-FER samples (Scheme 6.1). Figure 6.14a 

shows the conversion of the FA mixture as a function of the reaction time. Mesoporous FER-

0.01–0.05 catalysts converted the reaction mixture faster compared to a conventional FER. 

The highest conversion of 71 % was reached after 6 h with FER-0.05. Taking into account a 

comparable concentration of acid sites in the catalysts as judged by pyridine desorption, we 

attribute the distinct catalytic behavior of hierarchically porous FER zeolites to the improved 

mass transport.  
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Figure 6.14. a) Catalytic conversion of FA mixture (XFA) over as-synthesized FER samples at 260 °C 

and b) yield of BUFA fraction after 6 h of the reaction. 

The FER samples obtained at a higher concentration of C16dMImz (≥ 10 % substitution level) 

are characterized by a much lower accessible acidity (Figure 6.12), which has a negative 

effect on the catalytic performance. The high monomer yields in the crude product (95 ± 2%) 

found for all tested materials point to a minor contribution of external acid sites, which 

catalyze undesired dimerization and oligomerization side-reactions (Figure E.11).[70,71] The 

formed (poly)enylic carbocations eventually block the pore entrances and, as a consequence, 

retard the isomerization process. We propose that a large fraction of BAS that are close to the 

external surface are located in the pore mouth of 8MR channels and not accessible for the 

bulky reactants.[12] The optimal FER-0.05 catalyst possesses a high ''effective'' acidity (Figure 

E.12) combined with good accessibility of BAS through 10-membered ring channels, which 

allowed reaching a BUFA yield of 52 % (Figure 6.14b). 
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6.4. Conclusions 

We report a strategy to convert a FAU precursor into bulk FER zeolite using NMP as a SDA 

as well as hierarchically porous FER zeolite by adding an imidazole-based surfactant. Bulk 

ferrierite zeolite can be obtained after 8 days of hydrothermal synthesis at 140 °C via a 

transformation of NH4-FAU precursor in the presence of NMP. Using FAU zeolite instead of 

other typical aluminum sources such as Al(OH)3 prevents the formation of MOR as a side-

phase due to the slow release of Al species during the crystallization process. Several stages 

of the conversion FAU to FER at hydrothermal conditions were observed: slow dissolution of 

FAU, development of a layered intermediate phase (PREFER) and quick growth of FER 

crystals. Partial substitution of NMP for C16dMImz in the initial gel led to the development of 

the mesoporosity in FER crystals after 11 days at 125 °C. Varying the C16dMImz 

concentration allows controlling morphology, textural and acidic properties of the hierarchical 

FER zeolites. Hierarchically porous FER materials show an advantage over bulk FER in 

terms of the isomerization of fatty acids. The optimal catalyst is FER-0.05 (Vmeso = 0.19 cm3 

g-1, Sext ~120 m2 g-1) displaying a much higher BUFA yield due to the increased mass 

transport and proper acidic properties. 

 

.



Chapter 6 

173 
 

6.5. References 

[1] F. D. Gunstone, Oils and Fats in the Food Industry 2009, 07, 11–25. 

[2] J. Fry, C. Fitton, Journal of the American College of Nutrition 2010, 29, 245-252. 

[3] Z. C. Zhang, M. Dery, S. Zhang, D. Steichen, Journal of Surfactants and Detergents 2004, 7, 211–215. 

[4] H. L. Ngo, R. O. Dunn, B. Sharma, T. A. Foglia, European Journal of Lipid Science and Technology 2011, 

113, 180–188. 

[5] H. Wagner, R. Luther, T. Mang, Applied Catalysis A: General 2001, 221, 429–442. 

[6] T. A. Foglia, T. Perlstein, Y. Nakano, G. Maerker, US-A 4371469, 1983. 

[7] H. L. Ngo, A. Nunez, W. Lin, T. A. Foglia, European Journal of Lipid Science and Technology 2007, 109, 

214–224. 

[8] L. Ha, J. Mao, J. Zhou, Z. C. Zhang, S. Zhang, Applied Catalysis A: General 2009, 356, 52–56. 

[9] S. Zhang, Z. Zhang, D. Steichen (Akzo Nobel Chemicals International BV), US 2003/0191330, 2003. 

[10] M. Hunger, in: J. Čejka, A. Corma, S. Zones (Eds.), Zeolites and Catalysis, Synthesis, Reactions and 

Applications, Wiley‐VCH 2010, pp. 493–546. 

[11] S. C. C. Wiedemann, Z. Ristanovic, G. T. Whiting, V. R. Reddy Marthala, J. Kärger, J. Weitkamp, B. Wels, P. 

C. A. Bruijnincx, B. M. Weckhuysen, Chemistry - A European Journal 2016, 22, 199–210. 

[12] S. C. C. Wiedemann, A. Muñoz-Murillo, R. Oord, T. Van Bergen-Brenkman, B. Wels, P. C. A. Bruijnincx, B. 

M. Weckhuysen, Journal of Catalysis 2015, 329, 195–205. 

[13] L. B. McCusker, D. H. Olson, C. Baerlocher, Atlas of Zeolite Framework Types, 2007. 

[14] High-Silica Zeolites of the Ferrierite Family. Studies in Surface Science and Catalysis 1987, 33, 217–232.  

[15] A. B. Pinar, P. A. Wright, L. Gómez-Hortigüela, J. Pérez-Pariente, Microporous and Mesoporous Materials 

2010, 129, 164–172. 

[16] Y. Shi, E. Xing, X. Gao, D. Liu, W. Xie, F. Zhang, X. Mu, X. Shu, Microporous and Mesoporous Materials 

2014, 200, 269–278. 

[17] L. Van Tendeloo, E. Gobechiya, E. Breynaert, J. A. Martens, C. E. A. Kirschhock, Chemical Communications 

2013, 49, 11737–11739. 

[18] K. Honda, M. Itakura, Y. Matsuura, A. Onda, Y. Ide, M. Sadakane, T. Sano, Journal of Nanoscience and 

Nanotechnology 2013, 13, 3020–3026. 

[19] D. Verboekend, J. Pérez-Ramírez, Catalysis Science and Technology 2011, 1, 879–890. 

[20] J. Pérez-Ramírez, C. H. Christensen, K. Egeblad, C. H. Christensen, J. C. Groen, Chemical Society Reviews 

2008, 37, 2530–2542. 

[21] S. Mitchell, A. B. Pinar, J. Kenvin, P. Crivelli, J. Kärger, J. Pérez-Ramírez, Nature Communications 2015, 6, 

8633. 

[22] D. P. Serrano, J. M. Escola, P. Pizarro, Chemical Society Reviews 2013, 42, 4004–4035. 

[23] M. Müller, G. Harvey, R. Prins, Microporous and Mesoporous Materials 2000, 34, 135–147. 

[24] E. Catizzone, M. Migliori, A. Aloise, R. Lamberti, G. Giordano, Journal of Chemistry 2019, 2019, 1–9. 

[25] A. Bonilla, D. Baudouin, J. Pérez-Ramírez, Journal of Catalysis 2009, 265, 170–180. 

[26] D. Verboekend, R. Caicedo-Realpe, A. Bonilla, M. Santiago, J. Pérez-Ramírez, Chemistry of Materials 2010, 

22, 4679–4689. 

[27] R. Millini, G. Bellussi, in: J. Garcia-Martinez, K. Li (Eds.),Mesoporous Zeolites: Preparation, 



Chapter 6 

174 

 

Characterization and Applications, Wiley‐VCH 2015, pp. 541–564. 

[28] R. Chal, C. Gérardin, M. Bulut, S. VanDonk, ChemCatChem 2011, 3, 67–81. 

[29] W. Schwieger, A. G. Machoke, T. Weissenberger, A. Inayat, T. Selvam, M. Klumpp, A. Inayat, Chemical 

Society Reviews 2016, 45, 3353–3376. 

[30] A. Feliczak-Guzik, Microporous and Mesoporous Materials 2018, 259, 33–45. 

[31] X. Zhu, R. Rohling, G. Filonenko, B. Mezari, J. P. Hofmann, S. Asahina, E. J. M. Hensen, Chemical 

Communications 2014, 50, 14658–14661. 

[32] F. S. Xiao, L. Wang, C. Yin, K. Lin, Y. Di, J. Li, R. Xu, D. S. Su, R. Schlögl, T. Yokoi, et al., Angewandte 

Chemie - International Edition 2006, 45, 3090–3093. 

[33] L. Meng, X. Zhu, W. Wannapakdee, R. Pestman, M. G. Goesten, L. Gao, A. J. F. van Hoof, E. J. M. Hensen, 

Journal of Catalysis 2018, 361, 135–142. 

[34] T. Xue, H. Liu, Y. M. Wang, RSC Adv. 2015, 5, 12131–12138. 

[35] P. Wuamprakhon, C. Wattanakit, C. Warakulwit, T. Yutthalekha, W. Wannapakdee, S. Ittisanronnachai, J. 

Limtrakul, Microporous and Mesoporous Materials 2016, 219, 1–9. 

[36] W. Chu, X. Li, X. Zhu, S. Xie, C. Guo, S. Liu, F. Chen, L. Xu, Microporous and Mesoporous Materials 2017, 

240, 189–196. 

[37] Y. Lee, M. B. Park, P. S. Kim, A. Vicente, C. Fernandez, I. S. Nam, S. B. Hong, ACS Catalysis 2013, 3, 617–

621. 

[38] V. J. Margarit, M. R. Díaz-Rey, M. T. Navarro, C. Martínez, A. Corma, Angewandte Chemie - International 

Edition 2018, 57, 3459–3463. 

[39] Y. Wang, Y. Gao, W. Chu, D. Zhao, F. Chen, X. Zhu, X. Li, S. Liu, S. Xie, L. Xu, Journal of Materials 

Chemistry A 2019, 7, 7573–7580. 

[40] M. Isobe, T. Moteki, S. Tanahashi, R. Kimura, Y. Kamimura, K. Itabashi, T. Okubo, Microporous and 

Mesoporous Materials 2012, 158, 204–208. 

[41] T. Sano, M. Itakura, M. Sadakane, Journal of the Japan Petroleum Institute 2013, 56, 183–197. 

[42] A. Bolshakov, D. E. Romero Hidalgo, A. J. F. van Hoof, N. Kosinov, E. J. M. Hensen, ChemCatChem 2019, 

11, 2803-2811. 

[43] Robson. H, Verified Syntheses of Zeolitic Materials, 2016. 

[44] Z. Zhao, W. Zhang, P. Ren, X. Han, U. Müller, B. Yilmaz, M. Feyen, H. Gies, F. S. Xiao, D. De Vos, et al., 

Chemistry of Materials 2013, 25, 840–847. 

[45] L. Schreyeck, P. Caullet, J. C. Mougenel, J. L. Guth, B. Marler, Microporous Materials 1996, 6, 259–271. 

[46] F. Zeolites, M. Moliner, M. E. Davis, J. Phys. Chem. C 2011, 115, 1096–1102. 

[47] H. Jongkind, K. P. Datema, S. Nabuurs, A. Seive, W. H. J. Stork, Microporous Materials 1997, 10, 149–161. 

[48] B. A. Holmberg, H. Wang, Y. Yan, Microporous and Mesoporous Materials 2004, 74, 189–198. 

[49] J. E. Schmidt, M. A. Deimund, D. Xie, M. E. Davis, Chemistry of Materials 2015, 27, 3756–3762. 

[50] A. B. Pinar, C. Márquez-Álvarez, M. Grande-Casas, J. Pérez-Pariente, Journal of Catalysis 2009, 263, 258–

265. 

[51] M. Thommes, K. Kaneko, A. V. Neimark, J. P. Olivier, F. Rodriguez-Reinoso, J. Rouquerol, K. S. W. Sing, 

Pure and Applied Chemistry 2015, 87, 1051–1069. 

[52] S. Storck, H. Bretinger, W. F. Maier, Applied Catalysis A: General 1998, 174, 137–146. 

[53] J. Shi, M. W. Anderson, S. W. Carr, Chemistry of Materials 1996, 8, 369–375. 



Chapter 6 

175 
 

[54] L. Mafra, J. A. Vidal-Moya, T. Blasco, Annual Reports On NMR Spectroscopy 2012, 77, 259–351.  

[55] J. A. Van Bokhoven, D. C. Koningsberger, P. Kunkeler, H. Van Bekkum, A. P. M. Kentgens, Journal of the 

American Chemical Society 2000, 122, 12842–12847. 

[56] T. H. Chen, B. H. Wouters, P. J. Grobet, European Journal of Inorganic Chemistry 2000, 2, 281–285. 

[57] V. L. Zholobenko, D. B. Lukyanov, J. Dwyer, W. J. Smith, The Journal of Physical Chemistry B 2002, 102, 

2715–2721. 

[58] G. Onyestyák, Microporous and Mesoporous Materials 2007, 104, 192–198. 

[59] A. Zecchina, S. Bordiga, G. Spoto, D. Scarano, G. Petrini, G. Leofanti, M. Padovan, C. O. Areàn, Journal of 

the Chemical Society, Faraday Transactions 1992, 88, 2959–2969. 

[60] W. Unger, Zeitschrift für Physikalische Chemie 2011, 186, 268–269. 

[61] H. Knözinger, in: G. Ertl, H. Knözinger, J. Weitkamp (Eds.), Handbook of Heterogeneous Catalysis, Wiley-

VCH 2008, pp. 1135–1163. 

[62] C. Márquez-Alvarez, A. B. Pinar, R. García, M. Grande-Casas, J. Pérez-Pariente, Topics in Catalysis 2009, 

52, 1281–1291. 

[63] J. N. Kondo, E. Yoda, H. Ishikawa, F. Wakabayashi, K. Domen, Journal of Catalysis 2000, 191, 275–281. 

[64] P. Bräuer, P. L. Ng, O. Situmorang, I. Hitchcock, C. D’Agostino, RSC Advances 2017, 7, 52604–52613. 

[65] X. Zhu, J. P. Hofmann, B. Mezari, N. Kosinov, L. Wu, Q. Qian, B. M. Weckhuysen, S. Asahina, J. Ruiz-

Martínez, E. J. M. Hensen, ACS Catalysis 2016, 6, 2163–2177. 

[66] A. A. Gabrienko, I. G. Danilova, S. S. Arzumanov, L. V. Pirutko, D. Freude, A. G. Stepanov, Journal of 

Physical Chemistry C 2018, 122, 25386–25395. 

[67] A. A. Gabrienko, I. G. Danilova, S. S. Arzumanov, A. V. Toktarev, D. Freude, A. G. Stepanov, Microporous 

and Mesoporous Materials 2010, 131, 210–216. 

[68] G. H. Karge, M. Hunger, H. K. Beyer, in: J. Weitkamp, L. Puppe (Eds.), Catalysis and Zeolites: 

Fundamentals and Applications, Springer, Berlin 1999, pp. 224-231.  

[69] A. Humphries, D. H. Harris, P. O’connor, Studies in Surface Science and Catalysis 1993, 76, 41–82. 

[70] J. Zhang, J. Uknalis, L. Chen, R. A. Moreau, H. Ngo, Catalysis Letters 2019, 149, 303–312. 

[71] S. C. C. Wiedemann, J. A. Stewart, F. Soulimani, T. Van Bergen-Brenkman, S. Langelaar, B. Wels, P. De 

Peinder, P. C. A. Bruijnincx, B. M. Weckhuysen, Journal of Catalysis 2014, 316, 24–35. 



 
 

176 
 

Appendix E 

 

Supporting information for Chapter 6 

 

 
Figure E.1. Wide angle XRD pattern of calcined FER samples synthesized in the presence of Al(OH)3 

at different synthesis time and 140 °C (*- marked the FER phase). 

 

Figure E.2. SEM images of calcined FER samples synthesized in the presence of Al(OH)3 at different 

synthesis time: a) 3 days, b) 5 days and c) 8 days (experiment conditions: 140 °C, 50 rpm). 
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Figure E.3. TEM micrographs of the calcined samples obtained at different synthesis time: a) 5 days, 

b) 6 days and c) 7 days (the indicated distances of 1.1 nm and 1.42 nm correspond to inerplanar 

ditances of PREFER phase and [111] planes of FAU phase, respectively). 

 

Figure E.4. SEM image of calcined FER sample synthesized for 9 days at 140 °C.  

 

Figure E.5. a) XRD pattern and b) SEM image of calcined FER-0.10 sample (experiment conditions: 

140 °C, 8 days, 50 rpm). 
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Figure E.6. TEM micrographs of calcined FER samples: a) FER-C, b) FER-0.01, c) FER-0.025 d) 

FER-0.05, e) FER-0.10 and f) FER-0.15 (the indicated lattice distances of 0.71 nm and 0.94 nm 

correspond to [020] and [200] planes, respectively). 

 

Scheme E.1. Schematic illustration of ferrierite crystals with a plate-like morphology. 
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Table E.1. Average particle size determined by TEM analysis. 

Sample Sheets thickness a  

(nm) 

Particle size (L x W) 

(nm) 

FER-C 41 ± 3 500 x 250 

FER-0.01 39 ± 4 600 x 400 

FER-0.025 26 ± 4 450 x 350 

FER-0.05 14 ± 1 130 x 120 

FER-0.10 8.3 ± 1.1 ND x 100 

FER-0.15 7.9 ± 1.8 ND x 300 

a estimated after analysis of  ≥ 20 TEM images 

ND not determined. 

 

Figure E.7. a) XRD pattern and b) SEM image of calcined FER-0.10 sample. Experiment conditions: 

SDA/Si = 1.0, 125 °C, 11 days, 50 rpm. Crystallinity loss when compared to parent FAU ~40 %. 
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Figure E.8. Pore size distribution of calcined FER samples at different concentrations of C16dMImz 

(the pore size distributions determined using the NLDFT method and vertically offset by equal 

intervals of 0.02 cm3 g-1 nm-1).  

 

Figure E.9.  27Al 3QMAS NMR spectra of hydrated H-FER samples. 
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Figure E.10. Infrared spectra of pyridine adsorbed on the proton forms of a) FER-C, b) FER-

0.01, c) FER-0.025, d) FER-0.05, e) FER-0.10 and f) FER-0.15 sample after evacuation at 150 °C, 

300 °C and 500 °C (IR spectra were recorded at 150 °C). 
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Figure E.11. Monomer yield (YM) of the isomerization product as a function of reaction time. 

 

Figure E.12. Effective acidity of FER samples depends on the amount of substituted NMP for 

C16dMImz in the initial gel (effective acidity was determined as concentration of Brønsted acid 

sites (BAS) after pyridine adsorption at 150 °C (■) and 300 °C (▲) per BET surface area). 
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Summary and outlook 

 

Versatile mesoporogens for the synthesis of hierarchically porous 

zeolites and their catalytic applications 

Zeolites are widely used as effective catalysts for the utilization of different types of 

feedstocks to valuable chemicals and fuels. Conversion of bulky 

reactants/intermediates/products inside the micropores of zeolites usually results in severe mass 

transfer limitations impeding catalytic activity and also negatively affecting the product 

distribution. In many cases, the formation of bulky molecules during prolonged residence in 

zeolite micropores results in catalyst deactivation. Introducing a secondary level of porosity in 

the zeolites is a powerful tool to overcome these diffusion limitations. Strategies of 

mesoporosity integration include either partial removal of Si and/or Al atoms from the parent 

zeolite materials (desilication and dealumination) or assembly of hierarchical structure directly 

during the hydrothermal synthesis step itself. For this purpose, mesoporogen agents with rigid 

(hard-templating) or flexible (soft-templating) structures can be used. The soft-templating 

approach allows fine-tuning textural and acidic properties of the final hierarchical zeolites, yet 

its broad application is limited by the high cost of most of such organic mesoporogens. 

Developed strategies to reduce the price of the final hierarchical zeolite material mainly include 

designing more economically attractive (cheap) surfactants and/or minimization of their 

concentration in the initial gel. In this thesis, the synthesis of hierarchically porous zeolite with 

simple mono-quaternary ammonium salts was investigated. In addition to a thorough 

characterization of their textural and acidic properties, these materials were evaluated as 

catalysts in a number of industrially relevant reactions. 

In Chapter 2, a method for the synthesis of hierarchically porous MOR zeolites in a cheap 

manner was developed. We could introduce a secondary level of porosity by using N-cetyl-N-

methylpyrrolidinium bromide (C16NMP) as a single organic surfactant. This mono-quaternary 

ammonium salt is appealing, because it can be synthesized from commercially available 

pyrrolidine derivatives with a high yield. The zeolite material obtained after hydrothermal 

synthesis optimization consisted of stacked nanorods oriented along c-axis with a width of 
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about 30 nm. This structure is likely developing when the hydrophobic carbon tails are situated 

perpendicular to the main 12-membered ring channels and pyrrolidium groups are located in 

the side pockets or in the interfaces between them. Besides, this led to a selective incorporation 

of Al heteroatoms into 8-membered rings side pockets as supported by acidity characterization 

by IR spectroscopy. A decreased amount of BAS in the large channels combined with favorable 

morphological properties of MOR resulted in improved hydrocracking product selectivity 

during n-hexadecane hydroisomerization over Pd-HMOR catalyst in comparison to a reference 

bulk MOR sample promoted by Pd. The current approach allowed using MOR nanorods 

directly in a target reaction without acidity tuning through dealumination procedures.  

In Chapter 3, a non-destructive method of dealumination of template-stabilized zeolites 

via hydrothermal treatment in aqueous NH4F solution was described. The procedure was 

optimized in terms of the treatment time, temperature and NH4F concentration for several 

zeolite structures (MFI and MOR). The treatment of ZSM-5, stabilized by 

tetrapropylammonium cations or pentaerythritol molecules results in a removal of 30-50 % Al 

atoms without significant structural degradation or formation of extraframework Al species. 

The importance of the framework stabilization by organic templates was confirmed by a 

complete destruction of template-free ZSM-5 crystals after identical treatment. When compared 

to MFI, a synthetic route to obtain of MOR zeolite is limited by a gap of Si/Al ratios 7-9. As a 

consequence, post-synthesis destruction dealumination methods are broadly used to adjust the 

acidic properties of MOR for its further application. Therefore, we employed the mild-

dealumination method to MOR nanorods presented in Chapter 2. The charged cationic salts 

(C16NMP) are anchored in the MOR structure and prevent a severe degradation of the crystal 

structure during the treatment procedure. Further activity tests of the optimized Pd-HMOR 

nanorods sample (Si/Al ~16) showed a descreased selectivity to cracked products formation at 

up to 60 % of n-hexadecane conversion. This improvement compared to the parent MOR 

reference is explained by the more favorable textural and acidic properties of mild-

dealuminated Pd-HMOR.  

In Chapter 4 the versatile nature of C16NMP surfactant was shown by using it for the 

synthesis of mesoporous ZSM-35, SSZ-13 and ZSM-5 materials. Partial replacement of N,N,N-

trimethyl-1-adamantanammonium hydroxide (TMAdaOH), 1,6-diaminohexane or N-

methylpyrrolidine (NMP) with C16NMP resulted in highly crystalline SSZ-13 (CHA) 

nanocubes, ZSM-5 (MFI) nanoneedles and ZSM-35 (FER) nanosheets respectively. Applying 

a dual-templating approach allowed fine-tuning morphological properties of the final zeolite 
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samples by varying the amount of the mesoporogen in the initial gel. Additionally, the influence 

of the C16NMP concentration on structure, porosity and acidity of the materials was 

investigated. The catalytic performance of the hierarchical FER material was evaluated in the 

dehydration-isomerization of n-butanol to iso-butene and for the other samples in the methanol 

to hydrocarbons (MTH) reaction. The results demonstrated that the hierarchically porous 

zeolites were significantly more efficient catalysts than their purely microporous counterparts. 

This effect is mainly manifested by faster desorption of produced product molecules out of 

micropores domains. The possibility to synthesize several hierarchical zeolite topologies is 

attributed to a proper size of pyrrolidium head group of the surfactant. The overall versatile 

strategy is a low-cost and scalable approach for synthesizing of hierarchically porous zeolites. 

In Chapter 5, a method for the synthesis of various porous (alumino)silicate materials 

using 1,2-dimethyl-3-hexadecyl-1H-imidazol-3-ium bromide (C16dMImz) molecule as a single 

amphiphilic surfactant was developed. Such imidazolium-based salt can be considered as a 

prospective surfactant due to a simple synthesis procedure and commercial availability of the 

starting chemicals. In this study, temperature and alumina content have been optimized. 

Varying the synthesis temperature in a range 105-170 °C and aluminum content in the initial 

gel (Si/Al 10- ∞) led to the formation of a wide range of products: several amorphous silicas, 

silica-alumina and crystalline MOR zeolite. By controlling the degree of silica condensation it 

was possible to tune the textural (surface area in the range of 65–1200 m2 g-1) and morphological 

properties of the materials. Along with the formation of well-established ordered mesoporous 

silica (OMS) with hexagonal pores structure (e.g. MCM-41) in one day (105 °C), layered silica 

product was developed at prolonged hydrothermal synthesis (6 days, 115 °C). The latter one is 

a promising for adsorption and catalytic applications, because of the large surface areas (~1000 

m2 g-1) and the narrow distribution of mesopores. At the same time, the Al-containing samples 

characterized by the presence of weak (amorphous silica-alumina) and strong (hierarchical 

mordenite) Brønsted acid sites were found to be very efficient catalysts for n-hexadecane 

hydroisomerization and Friedel-Crafts alkylation of benzene with benzyl alcohol, respectively.  

In Chapter 6, a method for obtaining hierarchically porous FER zeolite via 

transformation of FAU precursor driven by N-methylpyrrolidine (NMP) and C16dMImz 

molecules was described. The advantage of using FAU zeolite as alumina and (partially) silica 

sources is related to a slow release of Al species during the crystallization, thereby preventing 

the formation of MOR phase. This developed dual-templating synthesis approach was 

beneficial in terms of operating at low concentration of the mesoporogen and resulted in a full 
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conversion of FAU into FER after 11 days at 125 °C. Varying the substitution level of NMP 

with C16dMImz (1-25 mol%) allowed tuning morphological, textural and acidic properties of 

the hierarchical FER zeolites. FER materials were extensively characterized by a combination 

of elemental analysis, XRD, Ar physisorption, TEM, SEM, 1H- 27Al 3QMAS NMR and IR 

studies. We demonstrated the importance of the synthesis parameters: the enhanced amount of 

C16dMImz in the initial gel collapses the hierarchical structure of the FER zeolite, while the 

treatment conditions during ion-exchange influences on the concentration of strong BAS in the 

final material. The optimal catalyst with reduced crystal sizes in the a- and c-dimensions 

displayed a significantly enhanced catalytic performance in the isomerization of fatty acid due 

to the improved mass transport and proper acidic properties. 

This work showed that pyrrolidine-based salts can be versatile mesoporogens for the 

synthesis of multiple zeolite topologies. This feature is mainly related to the pyrrolidine head 

group, which can fit in 8- and 10-membered zeolite pores. Future studies on tuning the size of 

the head group can be a promising strategy. Applying larger heterocycles (piperidine, azepane, 

azocane, etc.) might provide a way to prepare hierarchical zeolites with ≥ 12-membered ring 

pores. In case of imidazole-based salts, it is important to understand better the influence of the 

number and length of hydrophobic alkyl groups (Figure 7.1). Optimization of these parameters 

can help controlling the mesoporous structure of the final materials. In general, hierarchically 

porous zeolites synthesized at low concentration of inexpensive mesoporogens (C16NMP or 

C16dMImz) are becoming more economically feasible materials. Thorough analysis of the 

catalytic properties and stability of the hierarchical zeolites in relevant petrochemical and 

biomass-conversion processes, involving bulky molecules, is necessary to understand and 

generalize the effect of hierarchical structuring.  

 

Figure 7.1. Possible structures of organic surfactants for synthesis of hierarchical zeolites. 



Summary and outlook 
 

187 
 

The herein developed mild NH4F dealumination approach is a promising way to alter the 

acidic properties of zeolite materials. Its application can be extended to other zeolite topologies 

which are otherwise difficult to directly synthesize with a suitable Si/Al ratio (e.g. FAU, FER, 

LTA). Selective surface dealumination is another important feature of the method. Surface 

dealumination with NH4F can prevent the formation of side-products and hinders fast coke 

deposition that takes place on external Brønsted acid sites. 

Using FAU crystals as Al source has been shown to be a promising way to kinetically 

control the selectivity of FER phase crystallization and avoid the formation of MOR impurity. 

Therefore, this method can be considered as another tool for the synthesis of microporous as 

well as mesoporous zeolites. This finding is related to a long-standing question: what is the 

mechanism of zeolite formation? Understanding the effect of Al and Si sources on the 

selectivity and kinetics of zeolite crystallization will greatly contribute to answering this 

question. From this perspective, further analysis of the FAU-FER-MOR system by (preferably 

in situ) solid-state 27Al and 29Si NMR spectroscopy would be very interesting. 
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