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Abstract 

 

MFI (Mobil Five) zeolites are a group of aluminosilicate-based compounds of unique functional 

properties. They are commonly used as heterogeneous catalysts in a diverse range of industrial 

applications including petrochemical processing and fine chemical manufacturing. MFI zeolites 

have several unique characteristics advantageous for these applications, including (i) high surface 

areas to allow accommodation of a large number of foreign molecules, (ii) active acid sites of 

variable strength to support specific demands of different reactions, and (iii) high intrinsic thermal 

and hydrothermal stabilities. The combination of these unique properties enables MFI zeolites to be 

used as reliable catalysts for many industrial processes. Conventional MFI zeolites are typically 

granules of three-dimensional (3D) MFI zeolite crystals. These materials suffer from two major 

limitations when used as catalysts, the small micropore size (< ~ 0.56 nm) limiting their use only to 

molecules of small kinetic sizes, and large crystal sizes in the range of 500-2000 nm incurring long 

diffusion paths for reacting molecules. A strategy to further improve their catalysis performance and 

to expand their application scope is to develop mesoporous MFI zeolites. 

This research was conducted with the aim to develop two-dimensional (2D) mesoporous MFI 

zeolites. The mesopores render the materials the ability to handle larger molecules and to resist to 

coke formation, and the 2D particle morphology helps to reduce diffusion path for reacting 

molecules. The study was inspired by the recent success in the creation of 2D MFI zeolites using an 

amphiphilic surfactant C22H45–N+(CH3)2–C6H12–N+(CH3)2–C6H13 (Br-)2 as the structure directing 

agent. Building on this discovery, the study was conducted with the following specific objectives:  

(1) To synthesise the self-interlocked ordered nanosheet stacks (SI-ONS) and to investigate the 

influence of precursor composition on SI-ONS formation of the 2D MFI zeolites;   

(2) To understand the mechanisms for the formation of intercrystalline mesopores in the 2D MFI 

zeolites;  

(3) To characterize the effects of mesopores on the acidity and catalytic activities of the 2D 

zeolites; and 

(4) To optimize the SI-ONS microstructure for catalytic properties of the 2D MFI zeolites. 



     iii 

To achieve these objectives, experiments in three main areas were conducted, including chemical 

synthesis, structural characterisation and property testing. For chemical synthesis, the formation of 

2D SI-ONS was investigated to understand the effects of precursor compositions including the 

[OH], cation/anion type, and Si/Al ratio on the intercrystalline mesopores. The compositional and 

structural properties, and acidity of the 2D zeolites formed were characterized by means of ICP, 

XRD, SAXS, SEM, TEM, N2 adsorption-desorption spectrometry, NMR, TPD-NH3, and DRIFTS. 

The catalytic performance of the 2D zeolites were tested using three liquid phase reactions 

including o-methylation of cyclohexanone (OMC), esterification of benzyl alcohol with hexanoic 

acid (EBH), and protection of benzaldehyde with pentaerythritol (PBP). The conversion and 

reaction kinetics of these reactions were determined by GC analysis and the results were used to 

probe into acid site activity and accessibility of these 2D zeolites. 

This study has identified the intercrystalline mesopores in the SI-ONS form at junctions where 

nanosheet stacks intercept.  This is a significant discovery as it signifies the necessity to synthesize 

SI-ONS to support high volume of intercrystalline mesopores. The mesopores generated were found 

to have a broad size distribution of 5-15 nm and more than 3 times greater accessible surfaces than 

the conventional 3D MFI bulk crystals. 

The obtained SI-ONS has a positive overall impact on acid sites in the 2D MFI zeolites created. 

More than 80% of strong acid sites were found to locate at mesopore surfaces. This is a more than 

40% improvement in the accessibility of strong acid sites in the 2D materials compared with the 3D 

counterparts. In addition, the materials obtained also support more accessible weak Lewis acid sites. 

Significantly enhanced catalytic performance of the synthesized 2D MFI zeolites were also 

demonstrated in selected reactions. Through the study of conversions, reaction kinetics, and 

resistance to deactivation for these reactions, 2D MFI zeolites display significantly higher catalytic 

activities than their 3D counter parts, mostly due to the mesopores created. 

This study has identified the key synthesis parameters that dictated SI-ONS formation in 2D MFI 

zeolites. Firstly, precursor [OH-] plays a critical role in forming the optimal SI-ONS structure at a 

given Si/Al ratio. A ternary compositional diagram of SiO2-AlO1.5-NaOH has been constructed to 

enable the synthesis of SI-ONS of Si/Al ratios from 15 to 87. Secondly, a facile and novel approach 

was developed to allow control and adjustment of the mesoporosity from 0.07 to 0.55 cm3g-1 at any 

given Si/Al ratio via changing the precursor cations (Na+, K+, Rb+, Cs+) and anions (SO4
2-, NO3

-, Cl-

1).  This is also the first time a linear relationship between the mesopore volume and nanosheet 

stack size has been revealed in the 2D MFI zeolites. 
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The controllability of acidity of the 2D MFI zeolites was also achieved. Firstly, the dependence of 

the number, average strength, and accessibility of the acid sites on the Si/Al ratio has been 

established. In addition, the hydrothermal stability of strong acid sites at a given Si/Al ratio can also 

be improved by using different precursor cations or anions, and it was found to increase following 

the orders of Na+, K+ and Rb+ and of SO4
2-, Cl- and NO3

-.  

Finally, a micelle-silicate aggregation model was established to explain the impact of precursor 

[OH-], cation size, and anion binding strength on the formation of SI-ONS in the 2D MFI zeolites.  
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CHAPTER 1 Introduction 

 

1.1 Background  

Zeolites are a family of crystalline microporous aluminosilicates, including both naturally occurring 

minerals and synthetic compounds. Typically, the framework structure of these zeolites contains 

unique channels and pores of different shapes and characteristic sizes. Up to July 2013, there are 

213 unique zeolite frameworks have been identified, including over 40 known naturally occurring 

zeolite frameworks1. The naturally occurring zeolites are not widely utilized due to their 

composition impurities. Instead, synthetic zeolites attract higher industrial attentions owing to their 

high purity and specifically designed framework structures, which can better fulfil the requirements 

of targeted applications. Generally, the specific framework structure and chemical composition 

govern the physical and chemical properties of a synthetic zeolite, enabling and dictating its 

industrial usages. 

Zeolites are commonly used in petrochemical processing, chemical manufacturing and formulation, 

and environmental industries2. Figure 1.1 depicts the market shares and projected trends for 

synthetic zeolite consumptions worldwide based on a review conducted by Müller et al.2.  Zeolites 

used as absorbents/desiccants, detergent builders, and catalysts account for 10%, 73% and 17% of 

market shares, respectively. The usage as adsorbents/desiccants represents the first commercial 

application for the synthetic zeolites. Currently, a number of synthetic zeolites such as LTA, MEL, 

and BEA zeolites are typically employed for this usage2.  Although they only account for 10% 

market share in global consumption compared with the other two, it holds a strong increasing trend 

based on the study of Müller et al.2. For the usage of detergent builders, while the zeolite A and 

zeolite P are typical materials to be used2, it is expected that their consumption will decline due to 

the emergence of more economical alternatives3. For catalyst industry, despite of 17% of global 

consumption share, synthetic zeolites take up more than 50% which is the largest, of economic 

share on market value basis2. The market shares in both consumption and value have significantly 

increased in the past 5 decades since the first introduction of synthetic zeolites into catalyst 

industry2. This increasing trend is expected to be continuing owing to the rapid growth of demand in 

processing and environment industries2. Overall, the annual zeolite catalyst consumption is 

estimated to be more than 300,000 metric tons (anhydrous) globally2. 

 



     2 Chapter 1  

 

Figure 1.1 Global consumption of synthetic zeolites (volume basis). Arrows indicate projected 

trends for market share. Reprinted from Ref 2, Copyright (2012) with permission 

from Elsevier. 

 

Among all the zeolites, ZSM-5 (Zeolite Socony Mobil–5) has emerged as one of the most popular 

synthetic zeolites used extensively in catalyst industry. ZSM-5 was first synthesized thus named and 

patented by ExxonMobil Company in 1972. Its discovery marked a significant step forward in 

industrial catalysis as ZSM-5 has an unprecedented catalytic activity in methanol to gasoline (MTG) 

conversion4.  ZSM-5 has a MFI type of framework structure5, it is thus also commonly named as 

MFI zeolite. Owing to its unique structure and chemical properties, MFI zeolites rapidly became an 

important industrial catalyst and catalyst support in a variety of applications including alkylation, 

acylation, dehydration, isomerization, hydrocarbon conversion and cracking in the industries of 

petrochemical processing and fine chemical manufacturing.  

However, MFI zeolites have an intrinsic structural limitation as catalysts due to relatively small 

micropores (< ~ 0.56 nm), which prevents them to be used in reactions or processes involving bulky 

molecules of kinetic diameter larger than 0.56 nm. This is also one of the main reasons for the 

catalytic deactivation of this zeolite, as micropores may be the diffusion bottlenecks trapping 

reaction products. This limitation can be further compounded by the large particle size of MFI 

zeolite crystals as shown in Figure 1.2. Typically, conventional MFI zeolites consist of 3-

dimentional (3D) particles of submicron to micron sizes, thus presenting significant diffusion length 

for reacting species to access and depart active sites within the bulk micropores. Consequently, 

coking often occurs around acid sites, hindering their activity.  
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Figure 1.2 SEM image of conventional 3D MFI crystals. 

 

In the last two decades, significant efforts have been devoted to overcoming the limitations in order 

to widen the range of applications for MFI zeolites. In general, the methods utilized can be 

classified into two categories. One is to synthesize 3D MFI zeolites in the form of nanoparticles (< 

200 nm)6. The other one is to generate secondary mesopores (2-50 nm, based on the IUPAC 

classification)7, within the primary microporous structure8. In the approach of ‘nanonization’, the 

crystal size could be reduced to 20 nm, however, the synthesis requires careful control and 

prolonged crystallization time to achieve an acceptable product yield9, 10. This limitation in 

synthesis efficiency is still far from satisfaction in the context of industrial usage. Consequently, 

approaches of generating secondary mesopores in 3D MFI zeolites draw much more attentions. 

However, the obtained 3D mesoporous materials contain mostly intracrystalline mesopores which 

are often isolated and poorly connected to external surfaces, resulting in only a limited 

improvement of molecule diffusivity and catalyst life11. Recently, however, a 2-dimensional (2D) 

MFI zeolite was successfully synthesised for the first time12. The ability of producing 2D MFI 

zeolites opens an unprecedented opportunity to overcome the intrinsic structure limitations in the 

3D MFI zeolites. It is the primary motivation of this research project.  

 

1.2 Scope and Aims 

The scope of this research is to develop mesoporous 2D MFI zeolites with the aim to overcome the 

limitations owing to the sole presence of micropores and large particle size, thus to extend the 

utilization of MFI catalysts in applications involving but not limited to bulky molecules. To do so, a 

bi-functional surfactant C22H45–N+(CH3)2–C6H12–N+(CH3)2–C6H13 (Br-)2 will be synthesized and 
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used as the sole template to produce 2D MFI zeolite nanosheets12 and ability to generate 

intercrystalline mesopores investigated.  

Under this research scope, the aims of this project are to: (i) identify the key microstructure 

characteristics that support intercrystalline mesopores in 2D MFI zeolites; (ii) enable synthesis of 

2D MFI zeolites with optimum microstructure to generate mesopores at a wide range of Si/Al ratio; 

(iii) understand the impact of mesopores formed on material structural properties, acidity, and thus 

catalytic performances; (iv) control structural properties and acidity for targeted applications; and (v) 

establish the material formation mechanism.  

 

1.3 Thesis Structure 

The thesis consists of 7 chapters as listed below. The structure of the thesis is highlighted in the 

thesis map shown in Figure 1.3. 

• Chapter 1 Introduction 

This chapter defines the scope and aims of this PhD project to develop 2D mesoporous MFI 

zeolites for catalysis applications. 

• Chapter 2 Literature review 

This chapter reviews the intrinsic framework structure characteristics and acidity of MFI zeolites. 

It also provides a critical overview on the current status of synthesis approaches to create MFI 

zeolite nanocrystals and mesoporous MFI zeolites in order to accommodate bulky molecules, 

improve the molecule diffusivity within the micro-/meso- pores, and accessibility to acid sites. 

• Chapter 3 Synthesis of intercrystalline mesoporous ZSM-5 generated by self-interlocked 

MFI nanosheet stacks  

This chapter presents a systematic investigation on the origin of mesoporosity in 2D MFI 

zeolites and optimization of mesoporosity with a wide range of Si/Al ratios. 

• Chapter 4 2D versus 3D MFI zeolites: the effect of Si/Al ratio on the nature and 

accessibility of acid sites and catalytic performance 
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• This chapter presents the investigation on the impact of mesopores on the acidity (including the 

type, number, strength and distribution of acid sites), the relationships between acidity and Si/Al 

ratios, and the catalytic performance of resulting 2D mesoporous MFI zeolites, using 

conventional 3D MFI bulk crystals as reference materials. 

• Chapter 5 Synthesis of 2D MFI zeolites in the form of self-interlocked nanosheet stacks 

with tuneable structural and chemical properties for catalysis 

Building on the findings of chapters 3 and 4, Chapter 5 presents the study on the effect of 

precursor cations and anions on the structure, acidity, and resultant catalytic performance of the 

resulting 2D mesoporous MFI zeolites.   

• Chapter 6 Evaluation and practical implication 

This chapter provides an integrated evaluation of main findings and associated practical 

implications of this PhD project. The evaluation leads to the identification of new research gaps. 

• Chapter 7 Conclusions and recommendations for future work 

This final chapter presents a summary of the main findings of this thesis work and provides the 

recommendations for future work. 
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Figure 1.3 Thesis map. 
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CHAPTER 2 Literature Review 

 

This chapter reviews the recent literature relating to the synthesis approaches, structural properties, 

and acidity of MFI zeolites used for catalysis. The review begins with an introduction to MFI 

zeolites and their structural limitations when used for catalytic reactions involving bulky molecules. 

Two different approaches to overcome these limitations were described for 3-dimensional (3D) MFI 

zeolites: creating nanocrystals, and generating mesopores. The evaluation of 3D materials then 

leads to the review to 2-dimensional (2D) MFI zeolites. The conclusions drawn from the literature 

review and the new knowledge gaps identified for 2D MFI zeolites lay the foundation for the 

specific research objectives for this PhD thesis work to be established. 

 

2.1 Introduction of MFI zeolites 

2.1.1 MFI framework structure 

The MFI framework is comprised of primary building units (PBU) constructed from the corner-

sharing tetrahedral aluminate (AlO4) and silicate (SiO4) units (Figure 2.1). PBU units connect to 

form a microporous structure with ‘zig-zag channels’ along the a-dimension and ‘straight channels’ 

along the b-dimension1, 2. These channels have maximum micropore size of ~ 0.56 nm. The ‘side 

pockets’ around the channels have a smaller micropore size of ~ 0.3-0.4 nm1, 2.  

As an aluminosilicate, the composition of an MFI zeolite can be represented using a general 

formula expressed in molar numbers [Al𝑚Si𝑛−𝑚O2𝑛]  or molar fractions [Al𝑥Si1−𝑥O2] . Further 

details are provided in Table 2.1. The network-connected Si or Al in the MFI framework are 

commonly referred to as the framework Si or Al. If the tetrahedral positions in the framework are 

SiO4 only, the whole framework is charge-balanced. However, if one tetrahedral SiO4 is substituted 

by AlO4, the whole framework has a net negative charge.  Thus a positively charged cation 

expressed as Mm/z or Mx/z with a z+ charge is needed to balance this negative charge. These charge-

balancing cations together with the Xy species (NaO2 and H2O) form the so-called extra-framework 

species.  
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Figure 2.1 Schematic representation of MFI framework. 

 

Table 2.1 General empirical formula for MFI zeolites. 

 Expressed in mole numbers Expressed in mole fractions 

 Extra-framework Framework Extra-framework Framework 

 Mm/z . Xy [Al𝑚Si𝑛−𝑚O2𝑛] Mx/z . Xy [Al𝑥Si1−𝑥O2] 

M Charge-balancing cations of z+ 

z Valence number of charge-balancing cations 

X Species that are not incorporated in the framework, for example Na+, Al(OH)2+, NaO2, H2O etc.  

y Molar number of X Molar fraction of X 

m Molar number of framework Al atoms  

n 
Total number of framework tetrahedral atoms 

(Al+Si) 
 

x  
Molar fraction of framework Al atoms in the 

unit cell 
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2.1.2 Acid sites 

The amount of framework AlO4 determines the extra-framework positive charge.  In addition to the 

Si and Al sources and structure directing template, NaOH is commonly added to the synthesis of 

MFI zeolites to assist the hydrolysis of Si and Al sources3. Thus, Na+ ions become the major extra-

framework component and the charge balancing cations (Figure 2.2). Often, the framework charge-

balancing Na+ ions are ion-exchanged by NH4
+ ions. Consequently, the cations at the active sites are 

replaced by proton H+ ions after calcination, forming strong Brønsted acid sites3 (Figure 2.3). 

 

 

Figure 2.2 Active sites in the MFI framework. 

 

 

Figure 2.3 Strong Brønsted acid sites in the MFI framework. 

 

During calcination, two strong Brønsted acid sites may also combine to lose one H2O molecule via 

dihydroxylation, resulting in the formation of a pair of tri-coordinated Si and Al sites, and a 

deprotonated framework AlO4
4. The two tri-coordinated sites act as strong Lewis acid sites in the 
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framework (Figure 2.4)3-5. The combined Al at the strong Lewis and Brønsted acid sites, and  the 

deprotonated framework AlO4
4, are regarded as framework Al in MFI zeolites. 

Weak Lewis acid sites are present in the extra-framework of MFI zeolites. These acid sites can form 

during synthesis process or material post-treatment. During synthesis, some precursor Al may not 

have been incorporated into the framework, forming extra-framework Al6. In the post-treatment 

process, such as ionic exchange or calcination, if framework Al is not thermally/hydrothermally 

stable, the Al can go through a dealumination process, coming off the framework to form extra-

framework Al. This extra-framework Al can be weakly acidic or not acidic at all. Some researchers7 

suggest that weak Lewis acid sites could be in the form of AlO+, Al (OH)2+, or AlO(OH), but the 

exact form is still under debate8-10. Figure 2.5 shows the types of acid sites in MFI zeolites. In 

addition to the framework or extra-framework Al associated with the acid site formation, when 

framework Si is in the terminal position, it forms a terminal silanol group which might act as a 

weak Brønsted acid site (Figure 2.5), though the acidity of the terminal silanol group is still a 

subject to debate.  

 

 

Figure 2.4 Formation of strong Lewis acid sites in MFI framework (adapted)3. 
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Figure 2.5 All types of acid sites in the MFI framework. 

 

2.1.3 Application as catalysts 

In MFI zeolites, the connected network micropores provide high volume and surface area to 

promote molecule access and host the active acid sites. The microporous structure also supports the 

physical, thermal, and hydrothermal stabilities of the framework structure, and the acid sites can 

individually or cooperatively catalyse reactions depending on the nature of the reactions. The 

unique combination of these intrinsic properties makes MFI zeolites attractive catalysts for 

petrochemical processing and fine chemical manufacturing.  

2.1.4 Limitations to catalytic reactions involving bulky molecules 

The MFI zeolite is limited as a catalyst due to the relatively small micropores (< ~ 0.56 nm) it 

supports. These microspores often present as diffusion bottlenecks, limiting use of the material in 

reactions involving bulky molecules with kinetic sizes greater than 0.56 nm. As the reactants and/or 

products could be trapped within micropores, leading to catalytic deactivation. This deactivation 

can be further compounded by the particle size of the zeolites. Conventional MFI zeolites typically 

have particle sizes in the sub-micron to micron scale, which creates a significantly long diffusion 

path for reacting species to access and depart from acid sites within the micropores. Consequently, 

coking often occurs around acid sites, reducing catalytic activity.  

To overcome the limitations associated with micropore and particle size, efforts have been directed 

towards synthesis of nanocrystals and mesoporous MFI zeolites. 
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2.2 3D MFI nanocrystals 

Nanosizing strategies have been used to synthesize MFI zeolites in the form of 3D nanocrystals (< 

200 nm)11. The small size of the nanocrystals reduces the diffusion path length and generates higher 

amount of external surfaces which are not only accessible to bulky molecules but also support acid 

sites. 

2.2.1 Synthesis approaches to reduce crystal size 

A range of synthesis methods have been used to produce MFI zeolite nanocrystals by preventing 

intermediate particle aggregation during the crystallization process. These methods commonly use 

either a single template or dual templates and require the synthesis process to be carefully 

controlled. 

In the single-template method, tetrapropylammonium hydroxide (TPAOH) has been commonly 

used as the sole template, using this template, MFI nanocrystals have been obtained by carefully 

controlled synthesis conditions used for the conventional MFI bulk crystals. Synthesis using a 

single template normally involves crystallization in clear solutions or gels. Highly saturated and 

sterically stabilized precursors were used for fast nucleation to ensure the size distribution of the 

resulting nanocrystals is narrow11. Table 2.2 summarizes synthesis conditions reported for both 

single- and dual-template methods, focusing on the chemical composition of the precursor and the 

structural properties of the resultant nano-sized MFI zeolites. 

A number of attempts have been made to synthesize silicate-1 using single-template method.  This 

MFI zeolite has no Al, making the synthesis system simpler compared with those have Al. 

Schoeman and co-workers were the first to produce discrete nanocrystals of ~ 100 nm with a 

narrow particle size distribution12, 13. They used a precursor molar composition 36 TPAOH: 0.4 

Na2O: 100 SiO2: 1920 H2O: 400 ethanol (EtOH) which guaranteed the formation of a stable 

colloidal suspension by preventing particle aggregation after crystallization. This was the first to 

describe a reference precursor composition that could be used to reproducibly synthesize pure 

silicate MFI nanocrystals. Thus, this precursor composition was rapidly adopted by others14, 15. The 

composition of this precursor is used as a reference for comparison. When the H2O content of this 

precursor was increased, smaller nanocrystals of ~ 60 nm were obtained 16, 17.  The crystal size 

could be further reduced to ~ 20 nm by adding more NaOH to the precursor18. However, one of the 

drawbacks of this synthesis method is the prolonged crystallization time (264 h) required to get 

reasonable yields of ~ 50%16, 17. This drawback is due to the use of very dilute precursor and low 

synthesis temperature to control the crystal size. 
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Table 2.2 Synthesis method, precursor composition, and structural properties of the synthesized MFI zeolite nanocrystals. 

Method Precursor molar composition 
Crystal 

size (nm) 
Si/Al 

Vmicro 

(cm3 g-1) 

SBET 

(m2 g-1) 

Sint 

(m2 g-1) 
Sext 

(m2 g-1) 
Ref. Comment 

Single-

template 

TPAOH Na2O SiO2 Al2O3 H2O EtOH  Nominal Real       

36 0.4 100 0 1920 400 100 ∞ ∞ - - - - 12 Reference composition 

44.3 0 100 0 2000 0 91 ∞ ∞ - - - - 13  

36 0 100 0 1920 400 57-96 ∞ ∞ - - - - 14  

36 0 100 0 1920 400 100 ∞ ∞ - - - - 15  

36 0.52 100 0 2360 400 63-101 ∞ ∞ - - - - 16  

36 0.52 100 0 2360 400 56-93 ∞ ∞ - - - - 17  

36 32 100 0 1980 400 25-74 ∞ ∞ - 
408-

506 

334-

368 
40-174 18  

24 0.4 100 1 1920 400 130-230 50 >48 - - - - 19  

36 0 100 2 1083 0 10-100 60 - - - - - 20 Broad particle size distribution 

36 0 100 2.5 1980 400 15 20 - - 556 348 208 21 Loosely aggregated particles 

36 0 100 2.5 1200 0 60 20 - - 419 366 53 21 
Aggregated into particles of ~ 

600 nm 

18 0 100 2 1500 0 10-50 30 - - - - 78-200 22 
Aggregated into particles of ~ 

300 nm 

39 1 100 1 7215 0 50-100 50 55 0.12 433 299 133 23 
Aggregated into particles of ~ 

1000 nm 

25 0.25 100 0.125 1157 0 100 400 411 0.13 435 311 124 

24  

25 0.5 100 0.25 1157 0 100 200 217 0.13 430 310 120 

25 1 100 0.5 1157 0 100 100 107 0.13 426 308 118 

25 2 100 1 1157 0 100 50 47 0.12 420 304 116 

25 4 100 2 1157 0 100 20 23 0.12 418 302 116 

Dual-

template 

18 0.3 100 1 780 400 37 50 - - - - - 

25 

Mesoporous carbon black; 

closely packed particles form 

gaps of ~ 17.5 nm 
18 0.3 100 0.5 780 400 29 100 - - - - - 

18 0.3 100 0 780 400 48 ∞ ∞ - 412 227 185 

18 0.3 100 1 780 0 27-45 50 - - - - - 

26 

Mesoporous carbon black; 

closely packed particles form 

gaps of ~ 17.5 nm;  

18 0.3 100 0.5 780 0 20-37 100 - - - - - 

18 0.3 100 0 780 0 22-25 ∞ ∞ 0.12 412 227 185 

18 0.3 100 1 780 0 13-90 50 - 
0.08-

0.15 

250-

337 

173-

321 
16-127 27 Colloid-imprinted carbons 

18 0.3 100 0 780 180 10-40 ∞ ∞ 0.12 390 215 
175-

249 
28 Colloid-imprinted carbons 
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In the synthesis precursor with Al content, TPAOH concentration ([TPAOH]) is thought to play an 

important role in crystal size. By reducing [TPAOH], Persson and co-workers were able to produce 

nanocrystals of 130-230 nm. The synthesis12, 19 involved crystallization at ~ 100 oC  and the 

[TPAOH] was reduced by 33% compared to composition of the reference precursor. Others have 

increased the precursor [TPAOH] by 144% via reducing water content. The resulting nanocrystals 

had a very broad crystal size distribution of 10-100 nm20. In other studies that varied [TPAOH], 

crystal size has been reduced as low as 10-20 nm. However, most of these crystals aggregated into 

particles of 300-1000 nm21-23. 

In our laboratory, nanocrystals of 50-100 nm have been obtained using  [TPAOH] as the single 

template, but they aggregated into large hierarchical particles of ~ 1000 nm (Figure 2.6A)23. Using 

the same crystallization conditions, but increasing the [TPAOH] by 10%, discrete nanocrystals of ~ 

100 nm with a very narrow particle size distribution were obtained24 (Figure 2.6B).  

 

Figure 2.6 SEM images of (A) aggregated nanoparticles of 50-100 nm (adopted)23; (B) discrete 

particles of 100 nm. Reprinted from Ref 24, Copyright (2016) with permission from 

Elsevier. 

 

In dual-template method, MFI zeolite nanocrystals can be synthesized using inert solids as 

secondary templates. The secondary templates are used to provide steric hindrance for crystal 

growth, thus this method is also commonly referred to as the confined space approach (Figure 2.7)11. 

Jacobsen and co-workers were the first to describe this method using carbon black as the secondary 

template25. The mesoporous carbon black was incipiently impregnated into the precursor25, 26. 

Compared to the composition of the reference precursor (Table 2.2), this precursor had a similar 

[TPAOH] but much more concentrated Si and Al source. Super-small nanocrystals of 8-30 nm were 

obtained using this inert secondary template but the nanocrystals were closely packed together with 

17.5 nm particle gaps.  
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Figure 2.7 Scheme for the confined-space syntheses of zeolite nanocrystals. Adapted with 

permission from Ref 11. Copyright (2005) American Chemical Society.  

 

Pinnavaia and co-workers also used inert solid as a secondary template to synthesize nanocrystals 

uniformly distributed from 10 to 40 nm. They used colloid-imprinted carbons (CICs) with 3D 

ordered mesoporous structures (3Dom) as secondary templates27. Using a similar method, Jacobsen 

and co-workers27 later produced MFI nanocrystals ranging from 13 to 90 nm. 

2.2.2 Challenges in controlled synthesis 

In studies of synthesis conditions, it has been found the ‘nanonization’ of MFI zeolites requires the 

synthesis to be tightly controlled to reduce the crystal growth rate. Low temperature (<100 oC) and 

dilute precursors have been used to obtain extra-small nanocrystals (< 100 nm). However, synthesis 

control at this level requires prolonged production time to achieve acceptable yields. The size of the 

resulting nanocrystals is also extremely sensitive to the composition of the precursor used in the 

synthesis. Thus, a number of studies have been conducted to understand the effect of the precursor 

composition on the nucleation and growth rate of the crystals12, 15, 17, 19, 20, 29. The key focuses in 

these studies are [TPAOH], alkalinity, H2O, and Na.   

As TPAOH is commonly used to direct the formation of the MFI framework, there have been many 

studies of the effect of [TPAOH] on the nucleation and growth of crystals. Some reports claim 

crystal growth rate is negatively correlated to [TPAOH]15, 19, 20 up to a critical [TPAOH] above 

which the crystal growth rate does not decrease further12. To delineate of the role of TPA+ and OH- 

(alkalinity), Schoeman and co-workers substituted some TPAOH with TPABr to investigate the 

effect of TPA+ on crystal growth. Their study concluded that TPA+ had little effect on the 

nucleation and growth of MFI crystals, rather the alkalinity had a significant effect on the nucleation 
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process12. Other studies19, 20 have shown that increased alkalinity favours crystal growth. Increased 

H2O content in the precursor has been shown consistently leading to higher crystal growth rate12, 19, 

and nanocrystal aggregation, as a direct consequence of destabilized colloidal suspension.  

The precursor Na+ was viewed by its role as an effective MFI framework charge-balancer. 

Schoeman and co-workers introduced extra NaCl into the precursor and found crystal growth rate 

increased with this addition19. They speculated it was because Na+ was smaller thus more ready 

than TPA+ to be the framework charge-balancer, leading to higher crystal growth rate19. 

Consequently, some researchers used Na-free precursors to synthesize nanocrystals20-22. However, 

the resulting nanocrystals tend to aggregate into large particles. The reported works have indicated 

that increasing Al content in the precursor resulted in higher tendency for particle aggregation. It is 

thus challenging to produce MFI nanocrystals with lower Si/Al ratios.  

In summary, despite the large number of studies addressing how to best control MFI crystal 

synthesis, there is still significant work required to gain full control in production of MFI 

nanocrystals with the desired size range and maintain reasonable production rates. This presents a 

challenge to the practical applications of MFI nanocrystals to the petrochemical and fine chemical 

industries.  

2.2.3 Accessible external surface area resulted from nanosizing 

One of the direct benefits of nanosizing MFI zeolites is to increase external surface area (Sext), 

which could make more acid sites to be accessible.  Grassian and co-workers measured the Sext of 

non-calcined samples (pores blocked by templates) to determine the relationship between crystal 

size and Sext (Figure 2.8)18. They found that the Sext increases as the crystal size decreases. When 

the crystal size goes below 50 nm that the increased trend becomes significant. This relationship 

corrects perfectly to the theoretical relationship if the crystals are treated as cubes18. 

To further understand the dependence of Sext on crystal size, all reported measured Sext surveyed 

were plotted against the corresponding crystal size in Figure 2.9, including the data shown in Figure 

2.8 (highlighted in red). Obviously, the measured Sext data are scattered and display no obvious 

dependence on the crystal size.  Nevertheless, a lowest boundary (black dashed line in Figure 2.9) 

indicates that, for every 10 nm reduction of the crystal size, at least 17 cm2 g-1 can be generated. 

The scattered nature of the data observed in Figure 2.9 can be attributed to: (i) the number of 

partially-open micropores on the external surface of nanocrystals being highly subject to synthesis 

conditions and (ii) when below 100 nm, the nanocrystals strong tendency to aggregate and thus 

impact negatively on the measured Sext.  
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Figure 2.8 Correlation between external surface area and silicalite-1 crystal size. The solid line 

represents the calculated external surface area as a function of crystal size assuming a 

cubic crystal. The triangle data points represent the external surface areas measured 

by the BET method with template molecules blocking the micropores. Reprinted 

with permission from Ref 18. Copyright (2004) American Chemical Society. 

 

 

Figure 2.9 Reported measured external surface area (Sext) versus crystal size. The red dashed 

line represents the estimated relationship between Sext and crystal size for discrete 

nanocrystals with external pores blocked, and the black dashed line represents the 

overall lowest boundary.  
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2.2.4 Limitations in the range of Si/Al ratios and acidity 

While reducing crystal size can enhance the accessibility of acid sites and support molecule 

diffusion, the nature of the acid sites (acid site type, number, and strength) of the material need to 

be maintained. This acidity is intrinsically dictated by the Si/Al ratio of the material. Most of the 

reported nanocrystals of MFI zeolites have been for pure silicate (with no acidity) or a particular 

Si/Al ratio (Table 2.2). The best results obtained are nanocrystals of ~ 100 nm with an Si/Al ratio of 

23-41124. However, the Sext of these 100 nm nanocrystals is much less than those of crystal size 

smaller than 100 nm.  This suggests the ability to synthesize nanocrystals with tuneable Si/Al ratios 

is limited by a lack of comprehensive understanding of the effect of key synthesis parameters on 

crystal formation.  

To summarize, discrete crystals of ~ 20 nm corresponding to Sext of ~ 250 m2 g-1 could be achieved 

in a dilute precursor without Al content. In such case, however, while a reasonable product yield of 

~ 50% could be achieved with prolonged crystallization time, the materials obtained exhibit no 

acidity, thus are limited to a narrow range of catalytic applications. For materials with Al content, 

the best achieved outcome is discrete crystals of ~ 100 nm with Sext of ~ 110 m2 g-1 without 

noticeably sacrificing the acidity range. In this case, a significant reduction in diffusion length was 

achieved but with limited improvement in Sext, compared to submicron to micron sized MFI crystals 

where typical Sext of 30-120 m2 g-1 can be achieved. It is clear that we have approached the limit of 

the ‘nanonization’ in the context of preservation of acidity and increase Sext. Thus, more attention is 

moving towards generation of secondary mesoporous structures in MFI zeolites.  

 

2.3 Synthesis of 3D Mesoporous MFI zeolites 

The reported synthesis methods for 3D mesoporous MFI zeolites may be classified into destructive 

and constructive approaches. The destructive approach starts with already formed 3D zeolite 

crystals. The intracrystalline mesopores are introduced by post dealumination and desilication 

treatments of these crystals. The constructive approach creates mesopores either through 3D 

nanocrystal assembly or dual-template methods. The resulting mesopores were usually then 

characterised by N2 adsorption-desorption measurement and analysed using the BJH method. In the 

BJH curve, the peak of the curve represents the mesopore size, and the start-to-end distance of the 

curve refers to as the mesopore size distribution. Typically, 2-5 nm, 5-10 nm, 10-50 nm can be 

classified as small, medium and large size mesopores, while less than 5 nm, 5-10 nm and, greater 

than 10 nm can be regarded as narrow, broad, and very broad mesopore size distribution.  
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2.3.1 Destructive method 

Both dealumination and desilication are destructive methods which involve selective extraction of 

structural atoms (either Al or Si) from the MFI framework by thermal or chemical treatment. The 

dealumination of the MFI framework may be achieved by thermal treatment at high temperature30, 31 

or acid leaching32. These treatments mostly result in the formation of intracrystalline mesopores. For 

example, Zhang and co-workers thermally treated MFI crystals at 950-1000 oC for 2-10 h and 

created  intracrystalline mesopores of 2-4 nm30. Mesopore sizes of 4.5-8 nm were also observed 

after similar thermal treatment conditions31.  The acid leaching method which selectively removes 

Al from the MFI framework has also been shown to create intracrystalline mesopores32. In this 

method, the  organic acids (such as oxalic acid) are used to avoid serious damage of the framework 

structure. As expected, acid leaching method can only work for MFI zeolites with high framework 

Al content. The optimal Si/Al ratio for this method is 10-2033. 

The desilication method mainly involves extraction of Si from the MFI framework by alkaline 

treatment. As Si atoms are much more abundant than Al atoms in the MFI framework, extraction of 

Si atoms has the potential to generate more mesopores than the dealumination method without 

significantly sacrificing the structural integrity. Groen and co-workers have demonstrated that a 

Si/Al ratio of 25-50 is optimal for generating mesopores by this method34. As shown in Figure 2.10, 

at low Si/Al ratios (≤ 15), the neighbouring Si in the MFI framework is prevented from extraction 

by the abundance of framework Al, leading to limited formation of mesopores. At Si/Al ratios 

exceeding 200, large scale uniform dissolution of zeolite crystals may occur due to excessive Si 

dissolution, resulting in the formation of large meso- to macro- sized pores.   

NaOH is the most commonly used alkaline agent for the desilication treatment34-37, although the use 

of KOH or LiOH has also been reported37.  Pore sizes created by desilication were found to have a 

very broad size distribution of 2-100 nm34, 37. Obviously, the alkalinity of the chemical agent have a 

significant impact on the detailed desilication process. Groen et al. studied the effect of alkalinity on 

Sext. Keeping the treatment conditions constant, they found NaOH, KOH, and LiOH gave 235 m2 g-

1 210 m2 g-1, and 110 m2 g-1 respectively. 
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Figure 2.10 A simplified schematic representation of the influence of the Al content on the 

desilication treatment of MFI zeolites in NaOH solution and the associated 

mechanism of pore formation. Adapted with permission from Ref 34. Copyright 

(2004) American Chemical Society. 

 

To avoid excessive Si dissolution, the optimum treatment condition for desilication has been found 

to be 0.2 M [NaOH] treatment of the zeolite crystals at 338 K for 30 min38. Using these condition as 

a reference, Javier and co-workers used both TPAOH and NaOH to generate mesopores39, 40 They 

found higher temperatures and/or much longer time (8 h) were required to generate significant 

mesoporosity39-41. As TPAOH has lower alkalinity, longer treatment times were expected. However, 

compared to the NaOH only treatment, higher amounts of Al were extracted39-41, resulting in more 

extra-framework Al when similar amount of mesopores were generated. This might suggest that 

TPAOH can function target dissolution of Si in the vicinity of Al. Depending on treatment 

temperature and time, the mesopores size can be as large as 20 nm39 or as small as 4.5 nm41. 

Overall, while the destructive approach is able to generate intracrystalline mesopores and 

macropores with pore sizes of 2-20 nm and very broad size distributions (2-100 nm), this approach 

requires the acid or base concentration to be well controlled to avoid excessive dissolution and can 

be only used for a limited range of framework Si/Al ratio (<50). Destructive methods also generate 

excessive amount of extra-framework Al that act as weak Lewis acid sites or non-acidic Al. This 

not only sacrifices the structural integrity but also alters the acidity of the zeolite, making it difficult 

to control thus to fulfil the application requirement on acidity.   



      22 Chapter 2  

2.3.2 Nanocrystal assembly  

Nanocrystal assembly methods are based on post-treatment of pre-synthesized 3D nanocrystals with 

or without a template to create interparticle mesopores. These methods involve partial dissolution of 

nanocrystals under conditions where some degree of ‘recrystallization’ can occur creating structural 

linkages between existing nanocrystals. Li et al were the first to use nanocrystal assembly methods 

to generate mesopores. They used TPAOH as the sole template to synthesize nanocrystals and 

steam treated the nanocrystals followed by calcination42, converting nanocrystals of ~ 25 nm into 

microspheres of 500–700 nm. Interparticle mesopores ranged 2.2-60 nm were found in these 

microspheres as the Si/Al ratio was reduced from pure silicate to 5.9. In a later study, Huang et al. 

compressed zeolite nanocrystals (100-200 nm) into self-standing membranes using high-pressures. 

The membrane was then impregnated with precursor solution and treated with microwaves to 

promote recrystallization between the surfaces of the pre-formed nanocrystals. This process resulted 

in the formation of interparticle mesopores of 2.5 nm with a pore size distributed of 2-4 nm43.  

Other nanocrystal assembly methods have used organic compounds for mesopore formation. Wang 

and co-workers pre-treated nanocrystals (~ 100 nm) with HCl then formaldehyde to form 

nanocrystal-polymer microspheres of ~ 3300 nm. After removing the polymer by calcination, 40 

nm mesopores with a 2-100 nm size distribution were obtained44. Instead of formaldehyde, Serrano 

et al. used silylating agent (phenylaminopropyltrimethoxysilane) to assist nanocrystal assembly. 

Much smaller mesopores (5 nm) with narrower size distribution (2-12 nm) were obtained using this 

agent45.  

In summary, assembly of nanocrystals by post-treatment methods offers a route to generate 

interparticle mesopores. These methods need to synthesize nanocrystals which already demand 

synthesis procedures to be tightly controlled.  The resultant zeolites have large particle size (> 400 

nm). The generated mesopores could be used to selectively accommodate molecules of a specific 

size but contribute to no extra or even reduced Sext compared with the nanocrystals synthesized 

before the post-treatment.  In addition, the resulting large particles can induce higher molecule 

diffusion path than that of the nanocrystals (~ 100-200 nm), hindering the catalytic activity. 

2.3.3 Hard template method 

Dual-template methods use a primary template (e.g. TPAOH) for the microporous structure and a 

secondary template to generate the mesopores. The secondary template can either be a hard or a soft 

template. 
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The hard template methods commonly involve solids which are either nanosized non-porous 

particles or large particles with a mesoporous structure. The nanosized non-porous particles form a 

close-packed matrix that allows the MFI crystals to grow in the pores of the matrix, while the large 

mesoporous particles let the crystals form in the mesopores. In the synthesis using nanosized non-

porous particles as templates, a high amount of them is needed to ensure the crystals to grow in the 

solid packed space46.  Jacobsen was the first to use solid carbon blacks as the hard templates for 

mesopore generation46. In the synthesis, the carbon black particles were sequentially impregnated 

with synthesis precursor46. This allowed single MFI zeolite crystals with intracrystalline mesopores 

(Figure 2.11) to be obtained by removing the templates via controlled calcination. The mesopores 

generated were large (10-40 nm) and had a very broad size distribution (5-50 nm)46-48.   

 

 

Figure 2.11 Growth of zeolite crystals around carbon particles; TEM images of an isolated single 

MFI crystal and a diffraction pattern obtained from the same crystal. Adapted with 

permission from Ref 46. Copyright (2000) American Chemical Society. 

 

Like carbon blacks, carbon nanotubes49, 50 and carbon nanofibers51 have also been used as hard 

templates to generate intracrystalline mesopores. Compared with carbon blacks or nanofibers, it 

seems carbon nanotubes could generate tube-like mesopores (Figure 2.12) with a narrower 

mesopore size distribution (6-15 nm)48.  
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Figure 2.12 TEM stereo image of a MFI zeolite single crystal with intracrystalline mesopores 

created by crystallisation around multi-wall carbon nanotubes. Adapted from Ref 50 

with permission of The Royal Society of Chemistry. 

 

Polymers, such as polysterene (PS), have also been used as hard templates and the mesopores 

obtained had 11.4 nm and 2-20 nm in pore size and size distribution, respectivly52. 

For the hard templates of porous particles, mesoporous carbons were widely employed. They could 

be carbonized carbohydrate53-56, mesoporous carbon arogel57,  and ordered mesoporous carbon such 

as CMK58, 3Dom28, 59. For the carbonized carbohydrate, sucrose53, 54and starch55, 56 are popularly 

used to generate mesoporous carbons. Typically, the carbohydrate is directly added to the synthesis 

precursor, during the hydrothermal treatment, the carbohydrate can form a mesoporous carbon 

matrix for the zeolite crystals to grow within the matrix. The resulting mesopores had large pores 

(>10 nm) and a very broad pore size distribution of 5-40 nm53-56.  

When mesoporous carbon aerogels were used, the templates were normally pre-prepared before 

being added to the zeolite synthesis precursor solution. The pre-preparation involved sol−gel 

polymerization of resorcinol and formaldehyde with addition of a slight amount of mild alkaline 

solution such as sodium carbonate60 or magnesium hydroxide57. The resulting mesoporous MFI 

zeolites57 had medium pore size of ~ 10 nm  and a narrow pore size distribution of 9-13 nm. 

Ordered mesoporous carbon such as CMK58 and 3Dom28, 59 have been used to generate ordered 

mesoporous structures within MFI framework. While CMK creates disordered mesopores58, 3Dom 

produces mesopores with a certain degree of ordering  (Figure 2.13). The resulting MFI zeolite 

material was embedded in the porous carbon matrix (Figure 2.13 A) before template removal. Each 

zeolite particle comprised a number of nano-sized single crystals (Figure 2.13B) as confirmed by 

diffraction pattern collected over the full particle domain (Figure 2.13C). The ordered mesoporous 
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structure was confirmed by the small angle x-ray scattering (SAXS) (Figure 2.13E). The resulting 

mesopores had a peak size of around 6 nm and broadly distributed at 5-15 nm (Figure 2.13D)28. The 

measured mesopores are likely to have originated from the spacings between the nanocrystals 

(Figure 2.13C), similar to the mesopores generated by nanocrystal assembly. 

 

Figure 2.13 Characterization of confined silicalite-1 crystal growth carried out in a 3Dom carbon 

template. (A) the TEM image shows isolated particulate domains (arrow) dispersed 

throughout the 3Dom carbon template; (B) and (C) TEM images show representative 

particulate domains extracted from the 3Dom carbon template; (D) N2 adsorption-

desorption data and BJH pore size distribution (inserted); (E) and (F) SAXS and 

WAXS data, collected (a) before and (b) after carbon removal. Adapted by 

permission from Macmillan Publishers Ltd: Nature Materials (Ref 28), copyright 

(2008). 

 

Beside carbonaceous templates, other types of solids have also been adopted as hard templates61. 

CaCO3 solids with 20-100 nm particles have been used and the resulting materials have both 

mesopores and macropores with a pore size centred at 40 nm61.  

In summary, most mesoporous MFI zeolites generated by hard template methods have large 

intracrystalline mesopores and a broad size distribution. Using these methods, the relative 

concentration of chemicals relative to the hard templates needs to be carefully controlled to enable 
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the formation of MFI crystals within the template cavities.  While hard template studies have mostly 

used Si/Al > 30, further efforts are required to extend the synthesis work to lower Si/Al ratios to 

increase acidity and extend the application of these zeolites.  The low mechanical stability62 of the 

materials obtained by this method also needs to be addressed to extend their application. 

2.3.4 Soft template method 

The soft template method is another type of dual-template approach that has been used to generate 

mesoporous MFI zeolites. The soft template can be either a polymer or an amphiphilic surfactant 

which contains chemical groups with sufficiently high affinity to silicate species in the precursor. 

The crystal growth occurs around the silane or hydrophilic groups of the template but is deterred by 

the hydrophobic groups. After template removal, the mesoporous zeolites obtained using this 

method have a structure in which the mesoporosity is directly related to the space that is occupied 

by the hydrophobic groups of the template. Using the cationic polymer, 

polydiallyldimethylammonium chloride, as the soft template63, Xiao and co-workers generated MFI 

zeolites with mesopores of relatively a large pore size distribution of 3-40 nm, peaking at 12 nm. 

Pinnavaia and Wang used a silylated polymer (in which, the silylated  component had high affinity 

for silicate species in the precursor)64 as the soft template , and created mesopores ranging from 2 to 

8 nm.  

The silylation method was also used by Ryoo and co-workers to synthesize the amphiphilic 

surfactant [3-(trimethoxysilyl)propyl]hexadecyldimethylammonium chloride 

([(CH3O)3SiC3H6N(CH3)2C16H33]Cl,) (abbreviated as TPHAC) and (its structural analogues, with a 

silyated hydrophilic head)65. These molecules contain a long-chin alkylammonium and a 

hydrolysable methoxysiyl group, linked by a Si-C bound65.  The success of TPHAC was a milestone 

in soft template method as it improved mesoporosity by 50% compared to other reported soft 

templates used. In the synthesis precursor used in this method, the inorganic (silicates) and organic 

(self-assembled organic chains) gel strongly covalently bonded, preventing the surfactant formed 

mesophase from being expelled from the zeolite crystallization phase during synthesis. This process 

refers to as gelation as shown in Figure 2.14. After crystallization, MFI zeolites with secondary 

mesoporosity were obtained. The mesopore size was directly controlled by the size of the surfactant 

chain.  The resulting materials were particles of ~ 500 nm (Figure 2.15A, B) in a polycrystalline 

structure (Figure 2.15C). The mesopores generated had intracrystalline mesopores (Figure 2.14) 

with a size distribution of 2-40 nm. The mesopore size could be tuned to 3-15 nm depending on the 

chain size of the synthesized surfactant.  
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Figure 2.14 Schematic representation of the crystallization process of mesoporous zeolites using 

organosilane surfactants as mesopore structure-directing agents. Reprinted from Ref 

66, Copyright (2013) with permission from Elsevier. 

 

 

Figure 2.15 (A) SEM image (B) and (C) TEM images of mesoporous MFI zeolites synthesized 

from TPHAC. Adapted by permission from Macmillan Publishers Ltd: Nature 

Materials (Ref 65), copyright (2006). 

 

The soft template method offers a simpler synthesis route than the hard template method owing to 

its flexibility in precursor concentration and control of the template mesophase in the precursor. The 

template mesophase is dictated by given synthesis conditions and could be varied in a diverse range. 

After crystallization, a specific mesopore structure can be generated from the formed template 

mesophase in the precursor. Compared to that of hard template method, the mesopores created by 

this method are also intracrystalline mesopores but have much thinner mesopore walls. The 

resulting mesopores have medium to large mesopores (5-15 nm) and very broad size distributions 
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(2-40 nm). However, as primary and secondary templates have very different molecular properties, 

their competition in attaching the silicates during the crystallization process can result in the 

formation of a secondary amorphous phase in the product62, 66. Thus, to achieve the desirable MFI 

crystals with mesoporous structures, the synthesis precursor composition needs to be specifically 

modified to obtain a homogeneous phase. Nevertheless, this method can be the most prominent 

approach among all the reported methods for mesopore generation in MFI zeolites.  

 

2.4 An overview of 3D mesoporous MFI zeolites 

MFI zeolites with secondary mesopores have been generated using a range of approaches. This 

section provides an overview of mesoporous MFI zeolites, and evaluates the impact of the 

mesopores on the catalysis for reactions involving but not limited to, bulky molecules. 

2.4.1 Connectivity of mesopores 

The connectivity of mesopores plays an important role in the overall catalytic performance of the 

catalyst, as it directly affects the diffusivity of molecules within the structure of the catalyst. The 

connectivity of mesopores is therefore intimately linked to the lifetime of the catalyst. 

Javier and co-workers conducted a study comparing the catalytic lifetime of mesoporous MFI 

zeolites obtained by post alkaline treatment. Using a positron annihilation lifetime spectrometer 

technique, the number of open and interconnected mesopores in MFI zeolites after alkaline 

treatment were quantified67. The study found a link between the resistance to catalytic deactivation 

and mesopore connectivity in MFI zeolites during propanal to hydrocarbon conversion (Figure 

2.16)67. The study compared the catalytic performance of three MFI catalysts, a conventional 

mesopore free catalyst (as reference), a catalyst with open mesopores (MFI-OM), interconnected 

and opened towards the external surface, and a catalyst with constricted mesopores (MFI-CM) with 

pores isolated and closed towards the external surface. As can be seen in Figure 2.16A, both MFI-

OM and MFI-CM had longer catalytic lifetime than MFI-C. Compared to MFI-CM, MFI-OM could 

survive longer on the reaction stream under comparable mesoporosity, when their Sext and number 

of acid sites were similar. This is the consequence of better pore openness and connectivity in MFI-

OM, resulting in lower percentage of coke formed (wt.%) at internal surface than that of MFI-CM 

(Figure 2.16B).   
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Figure 2.16 (A) plots of conversion (%) of propanal to hydrocarbons versus time-on-stream for 

conventional MFI zeolite crystals with no mesopores (MFI-C),  MFI zeolites with 

open mesopores (MFI-OM) and MFI zeolites with constricted mesopores (MFI-CM); 

(B) Bar charts of percentage of coke formed (wt. %) in the internal surface (red) and 

external surface (blue) for sample MFI-C, MFI-OM and MFI-CM respectively. 
Adapted by permission from Macmillan Publishers Ltd: Nature Communications 

(Ref 67), copyright (2014). 

 

The mesopores created by destructive and constructive methods are usually either interparticle or 

intracrystalline mesopores, and these mesopores are largely isolated with poor connectivity. This 

may explain that even though high Vmeso or Sext can be achieved, the resulting improvement in 

catalytic performance of many mesoporous catalysts are still somewhat limited.  
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2.4.2 Structural properties of mesopores 

In addition to the connectivity, the structural properties of mesopores collectively dictate the size 

and quantity of molecules that can access these mesopores and the general accessibility of acid sites 

and molecular diffusivity in and out of the catalyst.   N2 adsorption-desorption measurement is 

usually used to determine Sext which excludes the area of micropores for MFI zeolites. In the case of 

mesoporous MFI zeolites, mesopores contribute significantly to Sext, which is thus used to evaluate 

the impact of mesopores on the catalytic performance and resistance to deactivation.  

Table 2.3 lists the reported structural properties of mesoporous MFI zeolites surveyed. The 

mesopores obtained from destructive, soft template, and hard template methods are mostly 

intracrystalline and have relatively large mesopore sizes (> 10 nm) and very broad size distributions 

(> 30 nm). The large mesopore size allows bulky molecules (< 5 nm) to easily access the acid sites 

at the mesopore surface. For the nanocrystal assembly methods, the mesopores obtained range from 

2 to 50 nm, representing the gap between the crystals. These interparticle mesopores do not provide 

any further advantages for both molecule diffusivity and acid site accessibility beyond nanocrystals. 
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Table 2.3 Mesopore generation methods and results of the synthesized mesoporous MFI zeolites. 

Synthesis strategies 
Bulk Si/Al 

Vtotal 

(cm3g-1) 

Vmicro 

(cm3g-1) 

Vmeso 

(cm3g-1) 

SBET 

(m2g-1) 

Sint 

(m2g-1) 

Sext 

(m2g-1) 

Mesopore size 

(nm) 

Particle 

size 

(µm) 

Ref. 

Nominal Real          

Destructive  

Method 

De-Alb 
Calcination 

19, 50 19, 50 0.136-0.228 0.1-0.12 0.024-0.117 207-365 117-283 65-115 2-4 (2.5, 4)  - 30 

15 15 0.093-0.193 - - - - - 4.5-8 - 31 

Acid leaching 5-10 10-51 - - - 391-458 131 23-125 - - 32 

De-Sib 

NaOH leaching 

17 15 0.3 0.14 0.16 390 340 50 - - 

34 

19 18 0.18 0.14 0.04 385 360 25 6-10 (7) - 

26 18 0.44 0.13 0.31 505 310 195 2-20 (6) - 

37 24 0.61 0.13 0.48 510 275 235 2-80 (10) - 

42 29 0.74 0.13 0.61 540 315 225 2-20 (7) - 

176 133 
0.49 

0.16 0.33 425 320 105 
2-5 (2.5); 8-80 

(40) 
- 

1038 560 0.36 0.16 0.20 475 400 75 3-80 (20) - 

40 40 0.279 0.15 0.133 320 205 115 3-4.5 (4) 3 35 

30 24 0.29 0.13 0.16 415 295 120 2-100 (10) 1.7 36 

37 24 - 0.13 - - - 240 2-80 (10) 20-40 

37 KOH leaching 37 - - 0.13 - - - 210 - 20-40 

LiOH leaching 37 - - 0.16 - - - 110 - 20-40 

NaOH+TPAOH leaching 
42 38 0.59 0.13 0.46 - - 180 2-100 (20) 0.2 39 

26 33 0.51 0.14 0.37 610 327 283 2-20 (4.5) 0.4 41 

Constructive  

Method 

N-Ab  

Steam treatment 

∞ ∞ 0.259 0.127 0.132 415 274 141 (2.2); (7.6) 1 

42 
20 18.7 0.283 0.130 0.153 424 287 137 (11); (15) 0.75 

10 11 0.234 0.118 0.116 335 254 81 (31) 0.75 

5 5.9 0.185 0.089 0.096 246 194 52 (60) 3 

Compress + steam treatment ∞ ∞ 0.25 0.17 0.08 397 290 107 2-5 (2.5) 20-45 43 

Template 
Formaldehyde  ∞ ∞ 0.82 0.14 0.68 497 322 175 2-100 (40) 3.3 44 

Silylating agent  30 45 - 0.117 - 586 272 314 2-12 (5) 0.4 45 

H-Tb 

Carbon black 

50 - 1.01 0.09 0.92 - - - 5-50 0.3-1.2 46 

50 - 0.42 0.11 0.31 346 - - 10-100 (40) 5 47 

- 34.6 0.14-0.96 0.04-0.14 0.07-0.82  78-266 88-383 5-40 (10) 0.8-1 48 

Carbon nanotubes 
∞ ∞ - - - - -  20-50 0.1-0.5 49 

∞ ∞ - - - 360 240 120 6-15 0.25-1 50 

Carbon nanofibers ∞ ∞ 0.26 0.11 0.15 - - 72 4-100 (15, 45) 0.5-6 51 

Table 2.3 (cont.) 
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Synthesis strategies 
Bulk Si/Al 

Vtotal 

(cm3 g-1) 

Vmicro 

(cm3 g-1) 

Vmeso 

(cm3 g-1) 

SBET 

(m2 g-1) 

Sint 

(m2 g-1) 

Sext 

(m2 g-1) 

Mesopore sizea 

(nm) 

Particle 

size 

(µm) 

Ref. 

Nominal Real          

 

Constructive  

Method 

H-Tb 

Polymer PS 50 - 0.88 0.10 0.78 487 111 376 2-20 (11.4) - 52 

Mesoporous 

carbon 

Sucrose 
∞ ∞ 0.37 0.09 0.28 403 - - 10-100 (31) 2-3 53 

∞ ∞ 0.23 - - 397 - - 5-40 (10.8) - 54 

Starch 

100 - 0.54 0.10 0.44 375 - - 10-30 (20) - 

55 50 - 0.44 0.10 0.34 373 - - 10-30 (20) - 

25 - 0.25 0.11 0.14 367 - - 10-30 (20) - 

- 34.2 0.68 - - 363 - - 5-40 (15) 1-5 56 

Organic  

aerogel 

50 - 0.35 0.15 0.2 385 - - 9-13 (10) - 60 

∞ ∞ 0.26 0.15 0.11 443 - - - 0.03-0.3 57 

CMK 

- 33 0.26 - - 321 235 86 - 2-4 

58 - 40 0.32 - - 281 124 157 - 2-4 

- 44 0.47 - - 382 98 284 - 2-4 

3DOm 

∞ ∞ 1.13 0.14 0.99 495 246 249 5-15 (6) 0.15 28 

30 32 0.37 0.13 0.15 445 186 259 - 1-2 

59 
50 53 0.44 0.14 0.15 485 218 267 - 0.5-1 

80 80 0.35 0.14 0.15 497 239 258 - 3 

∞ ∞ 0.4 0.17 0.23 467 - - 5-11 (9) 0.6 

Other solids CaCO3 ∞ ∞ 0.40 0.10 0.30 445 215 230 10-100 (40) 0.4-0.8 61 

S-Tb 

cationic 

polymer 
PDD-AM - 31.7 - - - 371 - - 3-40 (12) 0.4-0.6 63 

Silylated 

polymer 
Silyated-PEI 50 - 0.19-0.23 0.12 0.07-0.11 - - - (2.5) 0.25 64 

Amphiphilic 

organosilane 
TPHAC 

17 14 - - - - - - 2.1-7.4 (3) 0.9 65 

20 17 0.7 - - 570 - - 2-40 (15) 0.25 68 

20 17 0.5 - - 590 - - 2-40 (5.2) 1 69 

a The value in the parenthesis means the mesopore size at the peak of the mesopore size distribution curve. 

b D-Al (Dealumination); D-Si(Desilication); N-A (Nanocrystal Assembly); H-T (Hard Template); S-T (Soft Template)
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Figure 2.17 presents a summary of the reported mesopore volume (Vmeso) of mesoporous MFI 

zeolites obtained by various synthesis methods. The figure shows the percentage of published 

journal papers reporting Vmeso (114 relevant publications surveyed). More than 60% of the reported 

Vmeso are less than 0.2 cm3 g-1 and the percentage of reports decreases as Vmeso increases. Noting 

that most of the conventional MFI zeolite crystals exhibit some mesoporosity (~ 0.08-0.12 cm3 g-1) 

due to internal defects and particle gaps, this observation implies that most synthesis efforts were 

only able to obtain Vmeso of ~ 0.12-0.08 cm3 g-1, highlighting the challenges in generating 

mesopores in MFI zeolites using currently available synthesis strategies. 

 

  

Figure 2.17 Number percentage of published journal papers reported the specific range of 

mesopore volume (Vmeso) for mesoporous MFI zeolites. Total number of journal 

papers surveyed are 114. 

 

Figure 2.18 shows a scattered data plot of the reported measured Sext versus Vmeso, and evidently 

there is no obvious correlation between Sext and Vmeso. This observation is consistent with the fact 

that most mesopores reported in MFI zeolites have broad size distributions and different 

microstructure origins. This size and structure non-uniformity will upset the relationship between 

Sext and Vmeso. Nonetheless, a closer examination in Figure 2.19 shows all the data points sit in the 

upper left domain of the graph. The estimated linear equation of the lower boundary (dashed line) 
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suggests there exists a minimum Sext of 18 m2 g-1 corresponding to no mesopores. With every 0.1 

cm3 g-1 increment of Vmeso, the Sext increases by at least 23.5 m2 g-1.   

 

 

Figure 2.18 Reported measured external surface area (Sext) versus mesopore volume (Vmeso). The 

dashed line represents the estimated relationship between Sext and Vmeso of the lowest 

boundary. 

 

Figure 2.19 presents the percentage of published journal articles reporting Sext in mesoporous MFI 

zeolites. Around 50% of the reported Sext are within 150 m2 g-1 and the percentage decreases 

dramatically as Sext increases. About 5% of reported Sext are greater than 350 m2 g-1. These results 

correlate well with Vmeso shown in Figure 2.17, confirming that synthesis of mesoporous MFI 

zeolites with higher Vmeso and Sext is difficult using currently available synthesis methods. 
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Figure 2.19 Number percentage of published journal papers reported the specific range of 

external surface area (Smeso) for mesoporous MFI zeolites. Total number of journal 

papers surveyed are 100. 

 

2.4.3 Acidity at the mesopore surface 

In general, the mesopores created by various synthesis approaches can have significant impacts on 

the acidity of the materials, and the detailed impacts could also be highly dependent on the 

synthesis method. The acid sites in MFI zeolites are commonly studied and characterised via 

absorption of suitable probe molecules. By exploiting and understanding the interaction nature 

between the probe molecule and acid sites, different types of acid sites and their quantities can be 

determined. The temperature-programmed desorption (TPD) is one of the most commonly used 

techniques to quantify the acid sites, and it is usually combined with ammonia probe molecule 

(NH3). NH3 has a kinetic molecule size of ~ 0.26 nm, which enables it to adsorb on all the acid sites 

including those within the micropores in MFI zeolites. TPD- NH3 is thus a popular method to 

quantify the overall acidity of MFI zeolites, and can identify and quantify total number of weak and 

strong acid sites70-78. The weak acid sites include terminal silanol groups and Lewis acid sites, while 

the strong acid sites include Brønsted and Lewis acid sites.  
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Another comprehensively developed technique to characterise the acidity is infrared spectroscopy 

(IR), which can identify and quantify both Brønsted and Lewis acid sites of different strength. In 

principle, the probe molecule-acid site interaction can result in a frequency shift of the C-H and/or 

N-H bending vibration modes, or C-N stretching modes of the probe molecule. Brønsted and Lewis 

acid sites can be identified by different frequency shifts and quantified by the intensity of the 

associated spectra. Pyridine (Py) 48, 79 and CO80, 81 are most popular probe molecules to characterize 

the overall acidity of MFI zeolites using IR, and the former is used more frequently as both 

Brønsted and Lewis acid sites can be easily detected. However, unlike NH3, Py is not able to 

penetrate into small micopores (< ~ 0.55 nm) due to its relatively large kinetic molecule size (~ 0.55 

nm), thus can only access acid sites in the ‘zig-zag’ or ‘straight channels’ of MFI zeolites. The acid 

sites in the side pockets of MFI zeolites are not detectable using Py, resulting in underestimation of 

the total number of acid sites. In contrast, CO can access all the acid sites in MFI zeolites, however, 

the direct quantification is impossible as the molar extinction coefficients of CO are randomly 

changed78. 

Though not as popular as TPD or IR, nuclear magnetic resonance (NMR) is also used as a technique 

to characterise the acidity of MFI zeolites. In this technique, the electron density of the probe 

molecule varies by interacting with different types of acid sites, resulting in peak shifts which can 

be used to identify Brønsted or Lewis acid sites. Phosphine oxides such as trimethylphosphine 

oxide (TMPO) are usually used as probe molecules. However, similar with Py, TMPO also has a 

kinetic molecule size of ~ 0.55 nm, thus can only enter the micropores in the ‘zig-zag’ or ‘straight 

channels’ of MFI zeolites.  

Taking into consideration of all above, TPD-NH3 remains the most promising method to 

characterise the overall acidity of MFI zeolites. 

In order to characterise the acidity in the mesopores of MFI zeolites, bulky probe molecules with 

molecule size greater than the maximum micropore size are to be used. Commonly, mesopores are 

considered as part of the external surface on which the acid sites are accessible by the bulky 

moleucles. Table 2.4 summarizes the commonly used probe molecules for characterisation of 

external acid sites of MFI zeolites. 
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Table 2.4 Comparison of probe molecules for characterisation of external acid sites of MFI 

zeolites. 

Acid site type 

Probe molecules 

Pivalonitrile 
2,4,6-

collidine 

2,6-Di-tert-

butylpyridine 

Phosphine 

oxides 

Strong Brønsted acid 

sites 

Identification √ √ √ √ 

Quantification  √ √ √ √ 

Strong Lewis acid 

sites 

Identification √ √ × √ 

Quantification  √ × × × 

Terminal silanol 

groups 

Identification √ √ × √ 

Quantification  × × × × 

Weak Lewis acid sites 
Identification √ √ × √ 

Quantification  × × × × 

Measurement method  IR IR IR NMR 

 

All the bulky probe molecules including pivalonitrile (Pn), 2,4,6-collidine (CLD), 2,6-Di-tert-

butylpyridine (DTBP) and phosphine oxides can be used to identify and quantify external Brønsted 

acid sites. However, DTBP cannot be used to identify external Lewis acid sites due to the steric 

constraints of DTBP molecule preventing its coordination to Lewis sites82. Among all the probe 

molecules listed, except for phosphine oxide, the rest are measured by IR. Phosphine oxide 

adsorption is measured by NMR, can identify and quantify external Bronsted acid sites. Bulky 

probe molecule tributylphosphine oxide (TBPO) is usually used as the probe molecule, but it is 

unable to quantify Lewis acid sites83-85.  Compared all the methods, it can be concluded that 

external Brønsted acidity can be easily characterised, however, it remains a challenge to quantify 

external Lewis acid sites. In 2013, a method using probe molecule of Pn was developed to identify 

and quantify both the strong Brønsted and Lewis acid sites at external surfaces of MFI zeolites86. 

In general, the characterisation techniques listed in Table 2.4 are used in conjunction with the 

techniques for overall acidity, thus allow the quantification of the number and percentage of 

external acid sites in MFI zeolites.   It is to note that the percentage of external acid sites could vary 

to a certain agree when using different probe molecules due to varied adsorption ability of probe 

molecules on acid sites. The studies on acid sites in mesoporous MFI zeolites are still limited, and 

main results surveyed are summarized in Table 2.5.  
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Table 2.5 Main results surveyed for external acid sites in mesoporous MFI zeolites. 

Measurement 

method 

Mesopore 

generation 

method 

Si/Al 

ratio 

Strong Brønsted acid 

sites 

Strong Lewis acid 

sites 
Ref 

   
External 

(µmol g-1) 

External 

(%) 

External 

(µmol g-1) 

External  

(%) 
 

Py-IR 

&Pn-IRa 
De-Sic 

18 122 19 49 27 

86 

20 187 24 92 42 

22 316 58 130 98 

24 218 45 106 66 

95 98 102 45 75 

110 100 104 56 89 

123 66 69 11 40 

123 106 104 29 93 

Py-IR& CLD-IRa De-Sic 

32 650 15 - - 

87 
32 480 25 - - 

164 96 20 - - 

164 102 54 - - 

Py-IR& DTBP-IRa 

 

De-Sic 32 15 4 - - 82 

H-Tc 
35 70 100 - - 

48 
35 75 30 - - 

S-Tc 17 234 - - - 68 

TMPO-NMR/ TBPO-

NMRb 

De-Sic 16 11 23   
88 

S-Tc 18 19 26 - - 

a Py-IR, CLD -IR, DTBP-IR represent IR measurement using Pyridine(Py), 2,4,6 collidine (CLD), 

and 2,6-Di-tert-butylpyridine (DTBP) as the probe molecule, respectively. 
b TMPO-NMR, TBPO-NMR represent 31P NMR measurement using trimethylphosphine oxide 

(TMPO) and tributylphosphine oxide (TBPO) as probe molecule, respectively. 

c D-Si(Desilication); H-T (Hard Template); S-T (Soft Template). 

 

As expected, even for samples of a similar Si/Al ratio and obtained from the same mesopore 

generation method, the percentage of external acid sites varied significantly in the reported data. 

This may be partially due to the characterisation was conducted using different probe molecules. 

However, the percentage of external acid sites obtained using the same probe molecule is still found 

to vary significantly. For example, mesoporous MFI zeolites obtained by desilication, even at 

similar Si/Al ratio of ~ 20 (shown in yellow shaded columns) and similar Vmeso (~ 0.20 cm3 g-1), the 

number and percentage of external Brønsted acid sites (highlighted in red in the yellow shaded 

columns) show significant variations86. These observations imply that the acid site distribution is 

not only affected by Si/Al ratio and Sext, but also significantly influenced by synthesis or post-

treatment conditions. In this context, it is necessary to conduct analysis of acid sites on each sample 

obtained to understand the external acidity of resulting mesoporous MFI zeolites. 
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2.4.4 Conclusions from literature on 3D mesoporous MFI zeolites 

In the last two decades, generation of mesopores in 3D MFI zeolites has achieved a certain degree 

of success in increasing both molecule diffusivity and acid site accessibility for catalytic 

applications involving bulky molecules. Specifically, among all the major work surveyed, ~ 40% 

reported Vmeso are greater than 0.2 cm3 g-1, and ~ 40% reported Sext are greater than 150 m2 g-1. This 

signifies that at least 50% improvement in both Vmeso and Sext have been achieved compared with 

conventional 3D MFI bulk crystals. However, most of the reported mesopores are intracyrstalline in 

nature thus could be considered as ‘low quality’ mesopores67 as they are mostly isolated and closed 

towards external surfaces, limiting the molecule diffusivity within the crystals. In particular, those 

obtained from dual-template methods  tend to have more ‘low quality’ mesopores compared with 

those from destructive methods67, though the former is more advantageous in ultimately preserving 

the structural integrity and strong acid sites in the material. Perhaps the most noticeable limitation is 

that all the approaches in mesopore generation tend to produce materials of narrow Si/Al ratios and 

even with no Al content, thus exhibiting narrow range of acidity. 

It is apparent that there is still a significant gap in developing a simple and controllable route to 

synthesize mesoporous MFI zeolites containing high Vmeso (>0.4 cm3 g-1) and high Sext (>350 m2 g-

1), containing mesopores of good connectivity (e.g. intercrystalline mesopores), and tuneable Si/Al 

ratios. Ideally, it is highly desirable to have a template which can direct the formation of both the 

microprous and mesoporous structures for MFI zeolites. 

 

2.5 From 3D to 2D MFI zeolites 

2.5.1 Breakthrough in synthesis of 2D MFI zeolites 

The invention of a bi-functional amphiphilic surfactant C22H45–N+(CH3)2–C6H12–N+(CH3)2–C6H13 

(Br-)2 (abbreviated as C22-6-6 Br2 hereafter) in 2009 enabled the synthesis of two-dimensional (2D) 

MFI zeolites89. By using C22-6-6 Br2 as the sole template in the synthesis, the hydrophilic head (–

N+(CH3)2–C6H12–N+(CH3)2–C6H13) functions to direct the formation of MFI framework, with 

preserved micropores, while the long chain hydrophobic tail (C22H45–) prohibits the crystal growth 

along b-dimension, resulting in the formation of MFI nanosheets of ~ 2 nm thickness in b-

dimension89. At the same time, 5-10 layers of these nanosheets have the tendency to ‘self-assemble’ 

orderly along the b-dimension forming as the ordered nanosheet stacks (ONS) with typically ~ 2 nm 

of interlayer spacing. By changing the synthesis conditions, it is also possible to obtain single 
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nanosheets (SN) which turn to be randomly assembled89, 90.  Figure 2.20 shows the TEM images of 

typical ONS (A) and SN (B) materials.  

Inspired by this new discovery, there are around 100 scientific publications on 2D MFI zeolites to 

date. The focus of the reported work can be classified into categories of 2D microstructure 

development, acidity characterization, and application.  

From the structure point of view, the bulk of work has been carried out to develop new amphiphilic 

surfactants2-4, 27-35, 83 or use other types of structure directing agents such as tetrabutylammonium 

hydroxide (TBAOH)25,26 to synthesize 2D MFI zeolites. Commonly, the resulting materials 

exhibited various microstructures assembled by either ONS89-129 or SN79, 88, 91, 92, 107, 116, 130-156.  

 

Figure 2.20 TEM images of typical (A) ONS and (B) SN materials. TEM image (B) adapted by 

permission from Macmillan Publishers Ltd: Nature (Ref 89), copyright (2009). 

 

In addition, when the first 2D MFI zeolite was produced, a noticeable volume of mesopores was 

also observed in the 2D ONS materials. These mesopores were believed to be form at the inter-

nanosheet spacing of the stacks89, 90. To stabilize these mesopores, ‘pillaring’ was conducted which 

introduced structure pillars at inter-nanosheet spacing of the ONS using silica90, 98, 116, 118, 120, 121, 125, 

126, 129, 131, 157-160, alumina159, aluminosilicate161,  titanosilicates118, 121, 126, 129, and even organic 

molecules99, the resulting materials are termed as pillared ONS (P-ONS).  
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2.5.2 An overview of 2D MFI zeolites 

Figure 2.21 summarizes the structural properties of reported 2D MFI zeolites versus 3D 

mesoporous MFI zeolites. For ONS type of 2D materials, ONS tends to form when nanosheets are 

larger than 100 nm in a-c dimension and the reported size can be up to 3000 nm. They often grow 

into ‘interlocked’ structures where two sets of ONS materials may ‘intercept’ at arbitrary angles 

(Figure 2.21 SEM images A89, D105) or 90o angles (Figure 2.21 SEM images B104, C124). The SN 

materials tend to have smaller a-c dimension of 20-400 nm with nanosheets randomly assembled 

(Figure 2.21 SEM/TEM images F91, H134, I89) in most cases. It was also possible to obtain 90o 

intergrown nanosheets (Figure 2.21 SEM/TEM images G131) when TBAOH131, 132 was used as 

structural directing agent.  For P-ONS (Figure 2.21 SEM image E90), the pillaring treatment was 

usually conducted for ONS in a-c dimension greater than 300 nm. 

The N2 adsorption–desorption characterisation of 2D MFI zeolites revealed the following structural 

properties in relation to the mesoporosity. Examining the size range and distribution, ONS materials 

exhibited pore size (i.e. the peak position of a size distribution curve) ranging from 2.8 to 7.0 nm 

with a median value of 4.5 nm.  For SN materials, probably due to the random assembly 

microstructure characteristics, the mesopore size was found to be larger, ranging from 2.5 to 10 nm 

with a median value of 5 nm. Both ONS and SN materials have very broad averaged size 

distributions (the start-to-end distance of the size distribution curve) with ONS having 12 nm and 

SN having13 nm. The pillaring process for ONS reduces the mesopore size to 2.8-5.0 nm with 

median value of 3.5 nm, and narrows the size distribution to 6 nm. In comparison with 3D 

mesoporous MFI zeolites, the 2D materials have smaller pore size and much narrower size 

distribution.  

Examining the reported data on Sext and Vmeso for 2D vs. 3D MFI zeolites shown in Figure 2.21, the 

minimum Sext generated by a unit increase in Vmeso (indicated by the slope of the dashed lines in 

Figure 2.21) varies with microstructural characteristics. Relative to 3D mesoporous MFI zeolites, 

the slope of lower boundary curves of  Sext versus Vmeso (Figure 2.21) was improved by ~ 21% for 

ONS and 34% for SN, which means for every 0.1 cm3 g-1 increase of Vmeso, the Sext could at lease 

increase by 28 m2 g-1 for ONS and 31 m2 g-1 for SN. The P-ONS materials present no clear lower 

boundary and most of the data sit in the range of 0.2-0.6 cm3 g-1 and 100 to 500 m2 g-1. The 

scattered nature of these data may be related to the post-treatment conditions in the pillaring process. 
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Figure 2.21 A summary of the structural properties of reported 2D in comparison with 3D mesoporous MFI zeolites. The adopted SEM images of (A)89, (B)104, (C)124, and (D)105 represent typical microstructures of ONS; SEM 

image (E)90 represents the microstructure of P-ONS; and SEM/TEM images of (F)91, (G)131, (H)134 and (I)89 represent typical microstructures of SN. Mesopore size was determined at the peak of the curve of BJH pore 

size distribution. The median, minima, and maxima mesopore size listed in the table were derived values from all the reported data points. The mesopore size distribution was determined by the start-to-end distance of 

the size distribution curve. The listed mesopore size distribution in the table was the averaged value of all the reported data. The figures summarize the dependence of reported Sext versus Vmeso for each type of 2D 

microstructures. Images (A) and (E) adapted by permission from Macmillan Publishers Ltd: Nature (Ref 89), copyright (2009). Image (B) adapted by permission from Macmillan Publishers Ltd: Nature communications 

(Ref 104), copyright (2014). Image (C) adapted from Ref 124 with permission of The Royal Society of Chemistry. Image (D) adapted with permission from Ref 105. Copyright (2014) American Chemical Society. 
Image (E) adapted with permission from Ref 90. Copyright (2010) American Chemical Society. Image (F) adapted with permission from Ref 91. Copyright (2011) American Chemical Society. Image G from 131. 

Reprinted with permission from AAAS. Image H from Ref 134. Copyright © 2014 by John Wiley Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.     
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Figure 2.22 illustrates the percentage of published papers on 2D MFI zeolites which reported the 

Vmeso and Sext for ONS materials. It is shown that ~ 47% of the reported data are in the range of 0.2-

0.4 cm3 g-1 for Vmeso and 150-250 m2g-1 for Sext. At the higher end, there is ~ 30% reported data is in 

the range of Vmeso (> 0.4 cm3g-1) and Sext (250-350 m2g-1). The broad range of Vmeso and Sext 

displayed by the ONS type of 2D MFI zeolites highlights the significant potential exists to optimize 

microstructure to achieve higher mesoporosity. This also demands a further understanding on the 

microstructure origin of the mesoporosity in these materials. 

 

 

Figure 2.22 Number percentage of published journal papers reported the specific range of (A) 

mesopore volume (Vmeso) and (B) external surface area (Sext) for ONS. Total number 

of journal papers surveyed are 62 for graph (A) and 47 for graph (B). 

 

Examining all published works on the structural properties of 2D MFI zeolites, it seems that 

majority of the studies are still focused on ONS or P-ONS materials. This could be due to that ONS 

normally has larger nanosheet size than SN and thus contains less structure defects, resulting in 

higher thermally stable structure for better catalytic performances100, 102. However, though hotly 

studied, the structure location of the mesopores is still not rationalized satisfactorily. Some have 

suggested that the observed mesopores in ONS were originated from the inter-nanosheet spacing, 

thus conducted post-treatment to add pillars for retaining the mesopores after removal of the 

structure directing agent89, 90. The 20% improvement in Vmeso and Sext in the resulting P-ONS90, 98, 116, 
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118, 120, 121, 125, 126, 129, 131, 157-160
 is not justified considering that intrinsic 2D structure characteristics 

could potentially generate much higher Vmeso and Sext.  In addition, the reported mesopore sizes 

(>2.8 nm)89-129 measured by both N2 adsoption-desorption and SAXS are collectively inconsistent 

with ~ 2 nm inter-nanosheet spacing89, 90 observed by TEM images. All these evidences converged 

that the origin of mesoporous could be, at least partially, not at the inter-nanosheet spacing of ONS. 

Thus, it demands further in-depth studies to clarify the key microstructure features for mesopores to 

form. 

Parallel to the reported study on the structural properties, the acidity of 2D MFI zeolites has been 

studied in the published works. The overall acidity has been studied by NH3-TPD89, 90, 94, 101, 102, 125, 

134, 143, 153, Py-IR79, 96, 102, 107, 116, 125, 136, 141, 149, 153, 161, CO-IR136, 162, and TMPO-NMR88, 143, 146, 148, 151. 

The external strong Brønsted acid sites were investigated by IR measurement using typical probe 

molecules such as DTBP79, 89, 116, 149, 157 and TBPO88, 148, 151, other probe molecules such as lutidine96  

and CLD101, 107, 136, 162 were also adopted. Besides the TPD, IR or NMR measurements, titration 

method using dimethyl ether (DME) and DTBP as probe molecules to analyse the total and external 

Brønsted acid sites have also been developed and reported for ONS or P-ONS materials117, 131, 157-159. 

Overall, though to different extent, the reported results have collectively shown that 2D MFI 

zeolites exhibit similar type and quantity of acid sites but have higher percentage of accessible 

strong Brønsted acid sites, compared to the conventional 3D MFI bulk crystals.  

To date, the study on the acidity of 2D MFI zeolites is still largely limited to samples of narrow 

Si/Al ratios (30-50), which might be caused by the limited synthesis capability. Under current 

established synthesis conditions for ONS, for example, the 2D MFI zeolites have mostly random 

oriented or mono-dispersed nanosheets98 if Si/Al was reduce below 25.  In addition, there is still a 

lack of systematic investigation of the impact of 2D microstructure on the strength, distribution, and 

stability of both the Brønsted and particularly the Lewis acid sites, which potentially limits the 

capacity of catalyst design for a targeted application. 

Compared with the fundamental studies on the structural properties and acidity since the first 

production of 2D MFI zeolites, relatively more reported works have been focused on their potential 

applications including in acid-site catalysed reactions, selective oxidations, straight-chain alkane 

hydroconversion or isomerization, and as membranes. The acid-site catalysed reactions have been 

collectively on alkylation94, 163, acylation134, 164, dehydration 79, 89, 94, 101, 106, 116, 123, 124, 131, 134, 157, 159, 163, 

165, 166, isomerization106, 141 , cracking88, 106, 125, 127, 135, 140, 141, 147, and  methanol to hydrocarbons79, 89, 

109, 144, 148, 153.  The selective oxidations have been mainly performed on olefin oxidation with H2O2 

by using 2D MFI zeolites with framework substituted Ti108, 118, 121, 126, 137, 167 or Sn138as catalysts. 2D 
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MFI zeolites loaded with nanoparticles such as Pt136, 143, 154  or MoOx
112, 117, 159 were investigated for 

hydroconversion/isomerization reactions. For membrane applications, 2D MFI zeolite membranes 

have been investigated for nitrate anion removal168, NaCl desalination145, molecule separation95 (e.g. 

p-xylene/o-xylene, CO2/CH4) , and n-hexane adsorption114, 122. All reported studies have shown that 

2D MFI zeolites can provide better molecular diffusion environment to support the reactions and 

processes investigated than that of its conventional 3D counterparts.  

2.5.3 Conclusions from literature on 2D MFI zeolites 

Since its invention, MFI zeolites have attracted a large volume of R&D work including patents, 

scientific reviews and publications have been generated to elaborate the synthesis, structural 

properties, acidity, and catalytic performance. More recently, the emergence and rapid development 

of nanomaterials and nanotechnology have also seen the surge of research activities to further 

improve the structure diversity of this material, in particular, with the newly gained ability in 

synthesis of 2D nanosheet based MFI zeolite.  

With the aim to extend the capability of the ONS based 2D MFI zeolites through the development 

of structure mesoporosity, the targeted literature review has revealed several remaining research 

questions centred on the structure origin of mesoporosity. Firstly, there was an obvious disparity in 

the claim that mesopores observed in 2D MFI zeolites were originated at interlayer spacing of ONS. 

Clarification of the structure origin supporting mesopores is of critical importance as it inevitably 

alters the synthesis approaches to support maximum mesoporosity to be achieved in 2D MFI 

zeolites.  Secondly, there seem to be a lack of capability to synthesize ONS of a broad range of 

Si/Al ratios with controllable structural properties and acidity, as reported ONS materials mostly 

had Si/Al ratios of 30-50. Consequently, it is yet to achieve a full understanding on the impact of 

Si/Al ratio on mesoporosity generation and acidity of ONS materials. Answering these questions is 

essential to gain controllability on structural properties and acidity of ONS materials. 

 

2.6 Specific research objectives for this PhD project 

This PhD project aims to use C22-6-6Br2 as the sole template to synthesize 2D MFI zeolites in the 

form of ONS with intercrystalline mesopores and to gain capability to control the structural 

properties and acidity for catalytic applications involving bulky molecules. The specific objectives 

are as follows. 
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(1) To synthesize 2D MFI zeolites over a wide range of Si/Al ratios (15-87), rationalize the 

structural origin of mesopores in these materials, and thus establish the optimum microstructure 

that supports the formation of mesopores; 

(2) To characterise and understand the impact of Si/Al ratio, 2D microstructure and mesoporosity, 

on the acidity (type, strength, quantity and distribution of acid sites) of these 2D MFI zeolites; 

(3) To evaluate the combined impact of structural properties and acidity on the overall catalytic 

activity of these 2D MFI zeolites via the study of their catalytic performance in selected liquid 

phase reactions involving bulky molecules; 

(4) To identify and understand the influence of key synthesis parameters dictating the 

mesoporosity in these 2D MFI zeolites, and ultimately develop the capability to manipulate 

synthesis conditions to control the structural properties, acidity of the resulting 2D MFI zeolites 

for specific applications; and 

(5) To understand the ONS microstructure formation mechanism of the 2D MFI zeolite. 
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Abstract 

Aimed to systematically investigate the possibility of using an amphiphilic surfactant, namely C22-

66Br2, as a sole template to synthesise mesoporous ZSM-5 through the manipulation of synthesis 

conditions, the present work revealed that the NaOH concentration ([NaOH]) in the precursor 

solution played a predominant role in the formation of both microporous and mesoporous structures 

in the ZSM-5 products. A higher [NaOH] was required to facilitate the formation of micropores for 

ZSM-5 with lower Si/Al ratios under given synthesis conditions. The higher [NaOH] was, the 

greater the crystallinity and micropore volume were found in the product of any given Si/Al ratio. 

[NaOH] also played a crucial role in the formation of ZSM-5 nanosheet stacks, the structural 

ordering within these stacks, and the assembly of these stacks. Increasing [NaOH] at a given Si/Al 

ratio resulted in the formation of the ordered nanosheets stacks, which could grow in a self-

interlocked manner in an optimum [NaOH] range. All experimental evidence converged to prove 

that these self-interlocked ordered nanosheet stacks (SI-ONS’s) were responsible for the 

intercrystalline mesopores observed in the ZSM-5 products. This study showed that there is a 

common optimum [NaOH] range which supports the formation of both microporous and 

mesoporous structures in ZSM-5. The precursor composition domain for the ternary NaOH-SiO2-

AlO1.5 system to produce mesoporous ZSM-5 was established, providing an important guiding tool 

to enable the synthesis of ZSM-5 with desired structural properties and Si/Al ratios ranging from 85 

to 15.  
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3.1 Introduction 

The ZSM-5 with MFI framework1 has been widely used in a diverse range of applications, 

especially as catalyst or catalyst support in petrochemical processing and fine chemical productions. 

This is due to the combination of the unique microporous structure of ZSM-5 and its tuneable 

chemical properties that can be regulated by varying Si/Al ratios and types of extra-framework 

cations2-8. However, the micropores in ZSM-5 are typically less than 0.6 nm, which limits its 

applicability towards processes and reactions involving bulky molecules. In order to extend ZSM-

5’s capabilities to applications involving large molecules, numerous efforts have been made 

towards the creation of mesoporous ZSM-54, 5, 8-23
. Most of the reported synthesis strategies to 

produce mesoporous ZSM-5 involve the use of dual templates, that is, a primary template, typically 

tetrapropylammonium hydroxide (TPAOH), to direct the formation of microporous structure of 

MFI framework, and a secondary template to generate mesopores4, 5, 8-23. Although this method has 

been very successful in creating mesopores in the resulting ZSM-5, it falls short in achieving 

controllable mesopore structures of the ZSM-5 products with well-preserved micropores and 

chemical properties. 

Ryoo and co-workers24 pioneered the use of a di-quaternary ammonium-type surfactant, C22H45-

N+(CH3)2-C6H12-N
+(CH3)2-C6H13(Br-)2 (C22-6-6Br2), as a bi-functional structure directing agent, and 

successfully synthesised ZSM-5 of unique nanosheet stacks. With its hydrophilic head functioning 

as the structural template  for  forming MFI frameworks, C22-6-6Br2 promoted the formation of 

highly ordered thin stacks of ZSM-5 nanosheets along the a-c dimensions, but allowed only limited 

crystal growth along the b-dimension due to the steric effect of hydrophobic long chain tail of the 

template. Typically, the nanosheet stacks formed consist of 2-3 MFI structural building units 

corresponding to 1.5-2.0 nm thickness along the b dimension24, 25. The ZSM-5 product possessing 

the unique nanosheet stacks was found to also support a significant volume of mesopores. These 

mesopores were believed to have resulted from the spacing between nanosheets within a stack24. In 

addition, mesopores could also be created by post synthesis treatment to nanosheet stacks via a so-

called pillaring process, in which silica pillars between the nanosheets within a stack were 

introduced to support the formation of intercrystalline mesopores25, 26. However, the pillaring 

process not only resulted in the decreased micropore volume, but also reduced the external acid 

sites due to the reaction with silica at the surface Al sites25. Therefore, it is concluded that from the 

perspective of preserving the intrinsic microporous structure and acid sites in the synthesized ZSM-

5 products, it is more desirable to generate mesopores during the formation and assembly process of 

nanosheet stacks rather than by the post synthesis treatment. 
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Upon a close examination of the microstructures of ZSM-5 with nanosheet stacks, it is clear that the 

nanosheet stacks can take the form of complex secondary 3D morphologies through self-assembly 

depending on the synthesis conditions. It is anticipated that the so-called intercrystalline mesopores 

can be generated when two nanosheet stacks formed in a somewhat interlocked manner, creating 

organised microporous structures where stacks meet. Following this hypothesis, extensive literature 

studies and analysis of microstructural characteristics and structural properties of a wide range of 

ZSM-5 products have been carried out. While it is obvious that the microstructural characteristics of 

a ZSM-5 product is highly dependent on the synthesis conditions, the OH- concentration ([OH-]) in 

the precursor clearly plays the most significant role, among other synthesis condition parameters, in 

controlling the microstructure development of ZSM-5 products at three levels. Firstly, OH- plays a 

key role in the formation of the highly crystalline microporous structure in ZSM-5. The key 

function of OH- is to support the mineralization of silica and alumina in the precursor. Consequently, 

it is not difficult to appreciate that the formation of crystalline microporous structure in ZSM-5 is 

highly dependent on the OH- concentration ([OH-]) in the precursor27-29. It is anticipated that a 

minimum [OH-] is required to support the formation of highly crystalline microporous framework 

structure under a given synthesis condition. It is also expected that a higher [OH-] is needed to 

enable the formation of microporous structure in products with lower Si/Al due to the strong Al-

OH- interaction in the precursor27-29. Secondly, OH- is believed to play a key role in influencing the 

morphological features of the ZSM-5 products, and this is also believed to be directly associated 

with the packing of the surfactant itself in the precursor solution. It has also been found that a range 

of amphiphilic surfactants such as cetyl trimethylammonium bromide (CTAB) can arrange into 

various forms of mesophases of different packing factors30. It was revealed that these surfactants 

could undergo a transformation from mesophase of lower to higher packing such as from hexagonal 

to lamella mesophase with increasing [OH-], temperature or surfactant concentration30. The bi-

functional structure directing agent of C22-6-6Br2 is a type of amphiphilic surfactant. It is thus 

hypothesized that C22-6-6Br2 could also form mesophases of different packing factors depending on 

[OH-] in the precursor, and it is the lamella mesophase of the C22-6-6Br2 that acts as the structure 

directing template to dictate the formation of the nanosheet stacks observed in the ZSM-5 products. 

Finally, OH- is also believed to play a balancing role in controlling the size (the a-c dimensions) of 

ZSM-5 nanosheet stacks. The size of the nanosheet stacks would then affect the assembly of them 

when forming the complex interlocked stacks. It is believed that this final microstructure has a 

strong impact on the mesopore volume in the final ZSM-5 products.  

This present work was aimed to synthesis mesoporous ZSM-5 products with highly crystalline 

microporous structure and well-preserved acid sites using bi-functional C22-6-6Br2 as structural 
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directing templates. The experimental program was designed to delineate the crucial roles played by 

[OH-] of the precursor solution in the formation of mesoporous ZSM-5, and to establish the 

optimum [OH-] range to produce ZSM-5 with desired structural properties. Since OH- cannot be 

introduced to the precursor solution alone, but commonly in the form of NaOH, this work 

systematically investigated the ZSM-5 synthesis under different conditions and established the 

relationship between [NaOH] and the structural properties of resulting ZSM-5 products, shedding 

lights on the formation mechanisms of micropores and mesopores in the ZSM-5 synthesised. 

 

3.2 Experimental Methods and Procedures 

3.2.1 Chemicals for material synthesis 

1-bromohexane (>98.0 %), N,N,N',N'-tetramethyl-1,6-diaminohexane (>98.0 %), 1-bromodocosane 

(>98.0 %) were acquired from TCI, Tokyo Kasei. Acetonitrile (≥99.9 %), toluene (≥99.9 %) and 

diethyl ether (≥99.7 %) were purchased from RCI Labscan Limited. Aluminium sulphate hydrate 

(Al2(SO)4·14H2O, 100 %) and tetraethyl orthosilicate (TEOS, 98%) were supplied by Chem-Supply 

Pty Ltd and Acros Organics BVBA, respectively. Sodium hydroxide (≥99.9 %), sodium sulphate 

(≥99.9 %) and sodium bromide (≥99.9 %) were obtained from Merck KGaA while sulphuric acid 

solution (40 wt% in water) was purchased from Fluka Chemical Corp. Deionized (DI) water was 

used in all synthesis. 

3.2.2 Preparation of Structure Directing Agent 

The bi-functional surfactant, C22H45-N
+(CH3)2-C6H12-N

+(CH3)2-C6H13 (Br-)2 (C22-6-6Br2), was 

synthesized following a two-step procedure reported by Roo and co-workers24. Firstly, 78.0 g (0.2 

mol) of 1-bromodocosane and 344.0 g (2 mol) of N,N,N´,N´-tetramethyl-1,6-diaminohexane were 

dissolved in 2000 mL of acetonitrile/toluene mixture (1:1 vol/vol) and heated to and held at 343 K 

for 24 h. After that, the solution was cooled to room temperature and the solid product was filtered, 

washed with diethyl ether, and dried in at 333 K for 12 h. Subsequently, 112.0 g (0.2 mol) of the 

intermediate product, C22H45-N
+(CH3)2-C6H12-N(CH3)2Br-, produced and 52.8 g (0.2 mol) of 1-

bromohexane were dissolved in 600 mL acetonitrile and refluxed for 24 h. After cooling to room 

temperature, the final surfactant product was filtered, washed with diethyl ether, dried at 333 K for 

12 h, and stored for use. 
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3.2.3 ZSM-5 synthesis procedures 

A typical ZSM-5 synthesis procedure involved the followed steps: 

(1)  0.5 mol of the prepared template was dissolved in deionised water to form a 10 wt% template 

solution.  

(2)  A desired amount (in mol) of NaOH and 10 mol TEOS were then added to the template 

solution. The resultant solution (Solution-A) was stirred at 333 K for 0.5 h. This step was 

designed for two purposes: firstly, to use OH- to hydrolyse and solubilize TEOS to release the 

reactive silicates; and secondly to allow the reactive silicates to interact with the surfactant to 

form primary aggregates in order to facilitate nucleation of the microporous structure.  

(3)  Separately, a desired amount (in mol) of Al2(SO4)3·14H2O and 1.65 mol of H2SO4 were mixed 

while being dissolved  in deionized water (Solution B). This step was to ensure the preparation 

of a homogeneous aluminium source solution.  

(4)  Solution-B was then added to Solution-A drop-wise to form the final colloidal solution, which 

is designated as the precursor in this work. The detailed composition of the precursor is shown 

in Table 3.1. 

(5)  The precursor was further stirred at 333 K for 6 h. This is an important aging process for 

nucleation of the product phase. In addition, the surfactants can also assemble and aggregate in 

a certain manner to form specific mesophase during this aging process. 

(6)  After aging, the precursor was transferred to a Teflon-coated stainless-steel autoclave and 

heated to 423 K and maintained for 120 h with the autoclave set to tumbling at 60 r.p.m to 

allow crystallization and growth of microporous structures, and formation of mesoporous 

structure to take place should the synthesis conditions be favourable.  

(7)  After crystallization, the autoclave was removed from the oven and quenched with cold water 

to ambient temperature. The pH was measured for the final solution before the solid product 

was recovered and washed by centrifugation. Finally, the product was dried in an air oven at 

343 K for 14 h. This product is referred to as the ‘as-synthesised product’ in this paper.  

 (8)  The dried product was calcined in air at 813 K for 4 h to remove the surfactant. The term 

‘product’ used in this paper refers to the calcined product unless otherwise specified. 
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Table 3.1 List of precursor molar compositions of all synthesized samples and molar ratios of 

NaOH/SiO2 in the precursor. 

 
NaOH Al2(SO4)3.14H2O TEOS C22-6-6 Br2 H2SO4 H2O NaOH/SiO2

a
 

Si/Al-87-40OH 40 0.57 100 5 16.5 4000 0.07 

Si/Al-87-50OH 50 0.57 100 5 16.5 4000 0.17 

Si/Al-87-60OH 60 0.57 100 5 16.5 4000 0.27 

Si/Al-87-70OH 70 0.57 100 5 16.5 4000 0.37 

Si/Al-87-80OH 80 0.57 100 5 16.5 4000 0.47 

Si/Al-50-40OH 40 1 100 5 16.5 4000 0.07 

Si/Al-50-50OH 50 1 100 5 16.5 4000 0.17 

Si/Al-50-60OH 60 1 100 5 16.5 4000 0.27 

Si/Al-50-70OH 70 1 100 5 16.5 4000 0.37 

Si/Al-50-80OH 80 1 100 5 16.5 4000 0.47 

Si/Al-50-90OH 90 1 100 5 16.5 4000 0.57 

Si/Al-30-40OH 40 1.67 100 5 16.5 4000 0.07 

Si/Al-30-50OH 50 1.67 100 5 16.5 4000 0.17 

Si/Al-30-60OH 60 1.67 100 5 16.5 4000 0.27 

Si/Al-30-70OH 70 1.67 100 5 16.5 4000 0.37 

Si/Al-30-80OH 80 1.67 100 5 16.5 4000 0.47 

Si/Al-15-40OH 40 3.33 100 5 16.5 4000 0.07 

Si/Al-15-50OH 50 3.33 100 5 16.5 4000 0.17 

Si/Al-15-60OH 60 3.33 100 5 16.5 4000 0.27 

Si/Al-15-70OH 70 3.33 100 5 16.5 4000 0.37 

Si/Al-15-80OH 80 3.33 100 5 16.5 4000 0.47 

Si/Al-15-70OH 90 3.33 100 5 16.5 4000 0.57 

Si/Al-15-80OH 100 3.33 100 5 16.5 4000 0.67 

a The amount of NaOH = NaOH added - NaOH neutralized stoichiometrically by the H2SO4 

added; SiO2 is the equivalent amount from the TEOS added assuming it was fully 

hydrolysed. 

 

3.2.4 Characterization of synthesized products 

Powder X-ray diffraction (XRD) patterns of the products were obtained using a Panalytical 

Empyrean X-ray Diffractometer equipped with Cu Kα radiation (40 kV, 40 mA). Small-angle x-ray 

scattering (SAXS) patterns were obtained using an Anton Paar ‘SAXSess’ equipped with charge-

coupled device (CCD) in a sealed x-ray tube. Scanning electron microscopy (SEM) imaging 

analysis was performed using a Zeiss 1555 VP-FESEM instrument operating at 3 kV. Transmission 

electron microscopy (TEM) images were taken with a JEOL 2100 at an accelerating voltage of 200 

kV. 

N2 adsorption-desorption isotherms were measured at liquid N2 temperature using a Micromeritics 

Tristar II 3020 volumetric analyser. Before a typical measurement, a sample was degassed under 

vacuum at 473 K for 14 h. The Brunauer-Emmett-Teller (BET) equation was used to calculate the 

BET specific surface area31, 32 from the adsorption data range determined by the method reported by 



     60 
 
Chapter 3  

Rouquerol and co-workers33. The micropore volumn, Vmicro, was calculated using the t-plot method. 

The total pore volume was evaluated at P/P0 = 0.97, allowing the mesopore volume Vmeso to be 

determined by subtracting the micropore volume from the total pore volume. The mesopore size 

distribution (PSD) was determined using the Barrett-Joyner-Halenda (BJH) algorithm on the 

adsorption branch34. 

The pH of the colloidal solution after crystallization was measured with a TPS WP-80 Waterproof 

pH-mV-Temperature Meter. 

MAS NMR was used to determine the amount of tetrahedral aluminium incorporated in the ZSM-5 

framework. The measurements were performed on a Varian 400 wide-bore NMR spectrometer 

equipped with two radio frequency (RF) channels. The 27Al MAS NMR spectra were recorded at 

104.2 MHz at a spinning frequency of 5k Hz and a 2.05 s interval between successive 

accumulations. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis was 

also carried out to determine the total Si/Al ratio of ZSM-5 products produced. The measurements 

were carried out using a Thermo Scientific iCAP 6500 Duo system. 

3.2.5 Summary of synthesis conditions and products 

To investigate the effect of NaOH addition in the precursor solution on the properties of the final 

ZSM-5 products, 4 batches of samples with Si/Al ratios of 87, 50, 30 and 15, respectively, were 

synthesized from their corresponding precursor solutions with different amounts of added NaOH, as 

summarized in Table 3.1. Keeping the amount of the silica source (TEOS) same in each precursor, 

the molar ratio of the other chemicals added into the precursor was calculated relative to the number 

of moles of TEOS. Therefore, at a given Si/Al ratio, [NaOH] was expressed as the molar ratio of 

NaOH/SiO2
 throughout this paper. The calculated equivalent molar ratio of NaOH/SiO2 was also 

shown in Table 3.1. 

 

3.3 Results and Discussion 

3.3.1 General structural properties of a typical ZSM-5 product 

Figure 3.1 shows the general structural properties of a typical desired mesoporous ZSM-5 product 

obtained in this study. Figure 3.1A shows the XRD pattern of the product together with the well-

recognized XRD pattern of a conventional ZSM-5 sample,35 with main diffraction peaks of the MFI 

framework structure labelled. The XRD pattern clearly shows the crystalline MFI framework 
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structure, thus confirming that the product was indeed ZSM-5. It is also shown that most of the high 

intensity diffraction peaks, such as (501), (303), (101) and (103), are associated with 

crystallographic planes along the a-c dimensions, whilst diffraction peaks associated with 

crystallographic planes along the b-dimension as seen in the conventional sample are largely absent. 

This observation is consistent with the morphology of the product as discussed below.  

Figure 3.1B shows an SEM image of the product revealing the cluster structures made of plates of 

200-300 nm in width and assembled in a self-interlocked manner. The TEM imaging analysis of 

individual plates found that each plate was comprised of an assembly of several nanosheets of ~ 2 

nm in thickness as evident in Figure 3.1C. Each of the nanosheets was comprised of 3 pentasil 

building units in the b-dimension of the MFI framework. Several of the nanosheets (in this example, 

5 nanosheets) assembled along the b-dimension with equal spacing pillared by the hydrophobic tail 

of the surfactant.24 Furthermore, as clearly evident in the TEM image, the nanosheets formed an 

orderly assembled nanosheet stack, and these ordered nanosheet stacks (ONS’s) typically had a 

thickness between 20-40 nm. Having identified each plate as an ONS, it is further noticed that in 

this specific product, many of the ONS’s had self-interlocked microstructures as highlighted by 

dashed circles in Figure 3.1C. These unique microstructural features are named in this paper the 

self-interlocked ordered nanosheet stacks or SI-ONS’s. It is believed that these SI-ONS’s are 

responsible for the intercrystalline mesopores observed in the product as revealed by the N2 

adsorption-desorption isotherms shown in Figure 3.1D. Three distinctive types of pores can be 

observed from the isotherm curves. 
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Figure 3.1  A composite figure shows the general structural properties of a typical ZSM5 

product with most desirable structure. A) XRD pattern; B) a SEM image of the 

ZSM5 product containing self-interlocked orderred nanosheet stacks (SI-ONS’s), the 

microstructural units as highlited in dashed circles; C) a TEM image of an orderred 

nanosheet stack (ONS); D) N2 adsorption-desorption isotherm; E) mesopore size 

distribution estimated using the Barrett-Joyner-Halenda (BJH) method; and F) 27Al 

NMR spectrum. 
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The region before p/po = 0.42 where the closure point of the hysteresis loop is located represents 

type-I physisorption isotherms which are associated with the adsorption-desorption behaviour of 

micropores;31 this micropore region is named MIC. The region between p/po = 0.42 and 0.8 exhibits 

type-IV physisorption isotherms with a distinctive hysteresis loop,31 suggesting that the product 

contained mesopores. In addition, this region also displays a type H2 hysteresis loop, 31 indicating 

the presence of interconnected mesopores. The mesopores in this region are believed to be 

intercrystalline mesopores formed at the interlocked area of each SI-ONS. This region is thus 

named MES-SI, referring to the mesopores originated from SI-ONS’s. The region beyond p/po = 0.8 

represents a type H3 hysteresis loop,31 revealing the mesopores were believed to be arisen from 

randomly packed ONS’s. This region is thus named as MES-P, in recognition of the mesopores 

formed due to packing. The corresponding mesopore size distribution (PSD) of this sample 

calculated using the BJH method on the adsorption branch is shown in Figure 3.1E. The PSD 

reveals that the product contained mesopores of a relatively broad size distribution peaked at 5.4 nm. 

Having only one broad PSD peak is somewhat inconsistent with the observation that the sample 

contains at least two types of mesopores, the intercrystalline mesopores and packing mesopores. It 

is known that the BJH method was developed assuming homogeneous pore surfaces and open-

ended cylindrical pore structure of the material34. However, the product examined has 

heterogeneous pore surfaces and the pores are obviously non-cylindrical. Therefore, the PSD 

obtained by BJH method should only be used to provide an average indicative value of the pore 

sizes. 

The 27Al MAS NMR analysis performed on the product allowed the amount of tetrahedral Al 

incorporated in the MFI framework to be determined. As shown in Figure 3.1F, the NMR spectrum 

appears to have only a single distinctive peak at 55 ppm, which is associated with the tetrahedrally 

coordinated Al species. No NMR peak at 0 ppm, typically associated with the octahedrally 

coordinated Al species, is observed. The NMR result confirmed that most of the Al species were 

tetrahedrally incorporated into the MFI framework in the product. 

3.3.2 Effect of NaOH/SiO2 ratio on the formation of microporous structure  

Figure 3.2B shows the powder XRD patterns for a series of as-synthesized products of a nominal 

Si/Al of 50 prepared from precursor solutions of different NaOH/SiO2 molar ratios. The crystalline 

patterns obtained are similar to the pattern presented in Figure 3.1A, thus confirming that the 

crystalline products are indeed ZSM-5. 
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Figure 3.2 (A) SAXS patterns and (B) XRD patterns of as-synthesized products of Si/Al = 50 

produced at different NaOH/SiO2 ratios of (a) 0.07, (b) 0.17, (c) 0.27, (d) 0.37, (e) 

0.47, and (f) 0.57, respectively.  

 

However, it is obvious that the NaOH/SiO2 ratio has a significant impact on the crystallinity of the 

products. At the relatively low NaOH/SiO2 ratio of 0.07, the product was of amorphous structure 

without any characteristic diffraction peaks normally associated with the MFI framework observed 
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as shown in Figure 3.2B-a. As the NaOH/SiO2 ratio was increased to 0.17, the main diffraction 

peaks characteristic of the MFI framework started to emerge (Figure 3.2B-b). Further increasing the 

NaOH/SiO2 ratio from 0.17 to 0.47 saw a progressive increase in the intensity and resolution of the 

MFI diffraction peaks, indicating the formation of continually improved microporous ZSM-5 

products as the NaOH/SiO2 ratio increased. No significant differences were found between the 

diffraction patterns of the two products synthesised at NaOH/SiO2 = 0.47 and 0.57. It is worth 

noting that a similar trend was also observed for products of Si/Al ratios of 15, 30 and 87. 

The XRD results provide the following important findings: 

(1) For a given Si/Al ratio, a minimum NaOH/SiO2 ratio in the precursor solution is required to 

support the formation of highly crystalline MFI framework structures in the ZSM-5 product 

under a given synthesis condition. 

(2) The crystallinity of the ZSM-5 product improves with increasing the NaOH/SiO2 ratio under 

otherwise identical synthesis conditions.  

(3) The required minimum NaOH/SiO2 ratio to form the highly crystalline MFI framework 

structure in ZSM-5 increases as the Si/Al ratio in the product decreases. 

These findings are further supported by the results of the N2 sorption measurements. Figure 3.3A 

presents the micropore volumes calculated from the N2 sorption isotherms of the products of Si/Al 

= 50 synthesised at different NaOH/SiO2 ratios. Several features could be seen from the micropore 

volume data: Firstly, the product formed at NaOH/SiO2 = 0.07 contained no micropore volume, 

consistent with the XRD result showing the amorphous nature of the product. Secondly, a rather 

low Vmicro of ~ 0.02 cm3 g-1 was observed for the product at NaOH/SiO2 = 0.17 indicating that the 

MFI framework structure was emerging in the product as also confirmed by the XRD result. Thirdly, 

as expected, at NaOH/SiO2 ≥ 0.27, a more than 5-fold increase in Vmicro was obtained for 

subsequent products, consistent with the highly crystalline MFI framework structure observed in 

these products. 
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Figure 3.3 (A) Plots of pH and micropore volume (Vmicro) versus NaOH/SiO2 for products of 

Si/Al=50; (B) Plots of Vmicro versus NaOH/SiO2 for products of different Si/Al ratios; 

and (C) Plots of Vmicro versus NaOH/SiO2 for highly-crystalline products of different 

Si/Al ratios. 
 

Similar dependence of the micropore volume on the NaOH/SiO2 ratio was also observed for 

products of other Si/Al ratios and the results are plotted in Figure 3.3B. Clearly, for a given Si/Al 

ratio, there exists a minimum NaOH/SiO2 ratio above which a high Vmicro value greater than 0.08 
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cm3 g-1 can be obtained for all products. This is again consistent with the findings from the XRD 

analysis showing the formation of highly crystalline MFI framework structures in these products. In 

addition, it could also be seen that the lower the Si/Al ratio, the higher this required minimum 

NaOH/SiO2 ratio is to ensure the formation of highly crystalline products.  Furthermore, as shown 

in Figure 3.3C, for all highly-crystallised ZSM-5 products, the Vmicro was found to increase almost 

linearly with increasing NaOH/SiO2 ratio in the precursor. 

3.3.3 Effect of NaOH/SiO2 on the formation of mesoporous structure 

Typical SEM images of products of Si/Al=50 produced at different NaOH/SiO2 ratios from 0.07 to 

0.57 are shown in Figure 3.4. The corresponding TEM images of selected samples are shown in 

Figure 3.5. These images reveal the remarkable sequence of evolution of the product microstructure 

from spherical to plate-like aggregates as the NaOH/SiO2 ratio was increased. 

It can be seen that the product produced at a very low NaOH/SiO2 ratio of 0.07 contained submicron 

to micron sized spherical aggregates (Figure 3.4a and Figure 3.5a) with uniform features. A high 

resolution TEM micrograph (Figure 3.5a') further reveals that each spherical aggregate was 

comprised of nano-domains. This typical amorphous structure agrees well with the XRD finding 

(Figure 3.2B). 

As the NaOH/SiO2 ratio was increased to 0.17, the product was found to contain loosely packed 

clusters of highly irregular aggregates (Figure 3.4b), but also contained nano-sized particles as seen 

in the corresponding TEM image (Figure 3.5b), which revealed two distinctive types of structural 

features within the irregular aggregates: one being characterised by wormlike, interconnected 

channels formed by amorphous structure building unit while the other consisting of tiny crystalline 

domains of the MFI framework structure (Figure 3.5b′), consistent with the observations from the 

XRD pattern of the product (Figure 3.2B-b).  

The product formed at NaOH/SiO2 = 0.27 contained clusters comprised of aggregated plates 

distinctively arranged in an interlocked manner as shown in Figure 3.4c and Figure 3.5c. As 

discussed in Section 3.1 above, each plate was an ordered nanosheet stack (ONS) (Figure 3.5c'). 

Remarkably, a significant portion of the plates (or ONSs) in this product were in what is called the 

interlocked format as marked in the insert of Figure 3.4c. They are herein named as self-interlocked 

ordered nanosheet stacks (SI-ONS’s). 

As the NaOH/SiO2 ratio was increased to 0.37, the aggregated clusters grew noticeably bigger as 

the plates within clusters continued to grow along the planar a-c dimensions, as evident in Figure 
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3.4d, although the general microstructural features of this product remained similar to that of the 

previous product.  

 

Figure 3.4 SEM images of as-synthesized products obtained from precursors of Si/Al = 50 at 

different NaOH/SiO2 ratios: (a)  0.07, (b) 0.17, (c) 0.27, (d) 0.37, (d) 0.37, (e) 0.47, 

and (f) 0.57. 
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Figure 3.5 TEM images of as-synthesized products obtained from precursors of Si/Al = 50 at 

different NaOH/SiO2 ratios: (a,a´) 0.07, (b,b´) 0.17, and (c,c´) 0.27. 

 

At NaOH/SiO2 = 0.47, most of the clusters were now aggregates of significantly larger plates and 

mostly randomly assembled, rather than organised in the interlocked manner, although each plate 

itself was still largely an ordered nanosheet stack. The structure of these randomly assembled plates 

was thus named as non-interlocked ordered nanosheet stacks or NI-ONS’s.  
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At NaOH/SiO2 = 0.57, the product consisted of mostly NI-ONS’s, stacked on the planar dimensions. 

It should be pointed out that from NaOH/SiO2 ratio of 0.27 to 0.57, the planar dimension of the 

plates or ONS’s had increased significantly from ~ 200 nm to 1-2 µm, while the thickness of the 

plates remained largely unchanged. This is thought to be controlled by the nature of the structure-

directing agent used in the study, namely, the long chain hydrophobic tail of C22-6-6Br2 surfactant 

prohibited the crystal growth along the b-dimension, thus limiting the plate thickness24. However, 

the excessive [OH-] accompanying the increased NaOH/SiO2 ratio enhanced the crystal growth rate 

along the a-c dimensions, thus encouraging the planar extension of the plates. 

To further study the nature of the mesostructure present in the ZSM-5 products, small angle x-ray 

scattering (SAXS) patterns were collected for products of Si/Al=50 produced at different 

NaOH/SiO2 ratios and are shown in Figure 3.2A. 

For the product formed at NaOH/SiO2= 0.07, the SAXS pattern (Figure 3.2A-a) shows a faint first 

order scattering peak at 2θ = 1.94°, corresponding to d(1) = 4.6 nm. This is believed to have resulted 

from the packing of nano-domains observed in the product as revealed by the TEM image (Figure 

3.5a'). 

For the product produced at NaOH/SiO2= 0.17, the SAXS pattern has two peaks; the first order 

peak at 2θ = 1.94° and the second order peak at 2θ = 3.77°. This pattern is typical of a KIT-1 type 

mesostructure36. Together with the TEM image of this product (Figure 3.5b'), it is deduced that the 

product contained both KIT-1 type mesostructure comprised of amorphous structure building unit 

and disordered structure comprised of partially crystallized microprous structure of MFI framework. 

For the product produced at NaOH/SiO2=0.27, the SAXS pattern also shows two peaks, but both 

shifted to lower angles with the first order peak at 2θ = 1.54° and the second order peak at 2θ = 

3.65°. These SAXS peaks are typically originated from lamellar-type mesostructures and the 

intensities and sharpness of these peaks reflect the layer ordering of the lamella mesostructure25. It 

is therefore believed that the intensities of both SAXS peaks were indicative of the degree of 

ordering within the nanosheet stacks of the products. Noticeably, for products produced at even 

higher NaOH/SiO2 ratios, the pairs of the SAXS peaks appeared at very similar 2θ angles and their 

intensities increased progressively with increasing NaOH/SiO2 ratio up to 0.47, but decreased 

slightly when NaOH/SiO2 reached 0.57 (Figure 3.2A-c, d, e, f). These results suggest that all 

products had lamellar mesostructures and the ordering within the mesostructures generally 

increased with increasing NaOH/SiO2 ratio between 0.27 – 0.47. These observations are in 
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agreement with the Vmicro results (Figure 3.3) from the N2 sorption isotherms and SEM/TEM 

analysis of the products where ONSs were common structural features of these products. 

It is important to point out that the d-spacing derived from the first order SAXS peak d(1) was within 

the range of 5.0-5.8 nm for all products produced at NaOH/SiO2 ≥ 0.27. These values are consistent 

with several literature reports13, 24-26. In general, d(1) has been found to be directly related to the 

interlamellar spacing of mesoporous materials comprised of amorphous silica, alumina or 

aluminasilicate such as MCM-5037. It was also expected to correspond to the inter-nanosheet 

spacing within an ordered nanosheet stack of ZSM-5. Using the method for calculating the 

interlamellar spacing of materials such as MCM-50 (interlamellar spacing = d(1) spacing – the 

thickness of a lamellar layer),37 the inter-nanosheet spacing was calculated to be 3.0-3.8 nm, 

significantly higher than the real inter-nanosheet spacing between nanosheets within an ONS as 

observed from the TEM imaging analysis for all of our products. Similar results can be found in 

other reported work13, 24-26. A careful inspection of the detailed experimental evidence from this 

work and the related literature reports13, 24-26 indicate that, due to the scattering of the data of the 

nanosheet thickness and spacing, there is a degree of uncertainty in the relationship between the 

SAXS d(1) spacing and the actual inter-nanosheet spacing within then ordered nanosheet stacks of 

ZSM-5, which warrants further, more detailed studies to establish the correlation. 

The TEM imaging reveals a series of microstructures in the final products, changing from disorder, 

through KIT-1 type, to assembled lamella with an increasingly higher NaOH/SiO2 ratio in the 

precursor. This observation, coupled with the SAXS results, suggests that the surfactant used in this 

study has formed different mesophases to direct the microstructure formation of the final products 

governed by the precursor [OH-]. As pointed out in the introduction, surfactants have been found to 

form different mesophases depending on the solution conditions. Typically, a surfactant such as 

cetrimonium bromide (CTAB) could undergo transformation from hexagonal, to cubic and finally 

to lamella mesophases with increasing [OH-] in the solution30. Considering the chemical nature of 

the C22-6-6Br2 surfactant used in this study, it is reasonable to believe that it also underwent similar 

mesophase transformation from a largely disordered form at low [OH-], through KIT-1 type, and 

finally to a lamella form with progressively increasing [OH-]. These mesophases have, in turn, 

provided the structural directing function to assist the formation of the specific microstructures 

found in the final products. 

Figure 3.6 illustrates the N2 adsorption-desorption isotherms (A) and mesopore size distributions (B) 

of products of Si/Al=50 produced at different NaOH/SiO2 ratios.  
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For the product produced at NaOH/SiO2=0.07, the isotherm region between p/p° = 0.5 and 0.9 

(Figure 3.6A-a) displays a type H1 hysteresis loop,31 indicating the presence of mesopores with a 

certain degree of ordering in a format as revealed by the SAXS and TEM analysis. The BJH curve 

(Figure 3.6B-a) reveals that the product possessed mesopores with a very broad size distribution 

centred at ~ 16 nm. 

For the product produced at NaOH/SiO2=0.17, the isotherm region between p/p° = 0.42 and 0.8 

(Figure 3.6A-b) exhibited a typeH4 type of hysteresis loop,31 indicating the mesopores were more 

like narrow slit-shaped pores with open ends. This might have arisen from the specific mesopore 

arrangements of the KIT-1 type mesostructure. The BJH curve (Figure 3.6B-b) shows a very sharp 

peak at 3 nm, indicating the mesopores had a very narrow size distribution. 

As discussed in detail in Section 3.1 Figure 3.1D, the product produced at NaOH/SiO2 = 0.27 

contains mostly self-interlocked ordered nanosheet stacks (SI-ONSs). The isotherms of this product 

display three distinctive regions, the MIC region associated with micropores at p/p° < 0.42; the 

MES-SI region for intercrystalline mesopores between p/p° = 0.42 and 0.8 associated with the SI-

ONS; and finally the MES-P region at p/p° > 0.8, associated with packing of ONSs. A relatively 

narrow BJH pore size distribution curve (PSD) with mesopore sizes centred at 5.4 nm was obtained.  

For the product produced at NaOH/SiO2 = 0.37, the isotherm region corresponding to MES-SI 

diminished significantly (Figure 3.6A-d), and the shape of the hysteresis loop seemed to exhibit 

both H2 type (interconnected mesopores) and H3 type (loosely packed pores) characteristics. The 

corresponding BJH curve (Figure 3.6B-d) displays a relatively narrower mesopore size distribution 

centred at 4.4 nm compared with that of SI-ONS (Figure 3.6B-c). For the products produced at even 

higher NaOH/SiO2, there were very small areas of the MES-SI region left on their isotherms (Figure 

3.6A-e,f). The corresponding PSD curves shown in Figure 3.6B-e,f display almost no mesopores. 

Supported by the SEM/TEM analysis, the N2 sorption results shown in Figure 3.6 demonstrated that 

for ZSM-5 of Si/Al=50, the highest mesopore volume was achieved in the product produced with 

NaOH/SiO2 =0.27, which has a microstructure consisted dominantly of SI-ONSs. Further 

increasing NaOH/SiO2 from 0.27 to 0.57 resulted in a progressive reduction of mesopore volume in 

the resulting products, which corresponds exactly to the reduced SI-ONS’s observed in the 

microstructure of these products as shown in Figure 3.4. These observations indicate strongly that 

the intercrystalline mesopores in the ZSM-5 products were formed at the interlocked regions of SI-

ONS structures. 
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Figure 3.6 (A) N2 adsorption desorption Isotherms, and (B) BJH Pore size distributions of 

products obtained from precursors of Si/Al = 50 at different NaOH/SiO2 ratios: (a) 

0.07, (b) 0.17, (c) 0.27, (d) 0.37, (e) 0.47, and (f) 0.57. 
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The BET specific surface area, micropore volume (Vmicro) and mesopore volume (Vmeso) of the 

products have been extracted from the N2 adsorption-desorption isotherms. Figure 3.7 illustrates the 

plots of BET specific surface area versus NaOH/SiO2 ratio for samples of different Si/Al ratios. 

Several features can be noted in Figure 3.7A. First of all, all curves display a maxima in the BET 

specific area, implying that an optimum NaOH/SiO2 ratio exists for a given Si/Al ratio. Secondly, 

the maxima shifted progressively to higher NaOH/SiO2 ratios for samples with lower Si/Al ratios, 

indicating that a high NaOH/SiO2 is needed for low Si/Al ratios in order to achieve high surface 

areas. It is also noted that the maximum surface area achieved was at least 30% greater than the top 

line of the conventional bulk zeolites (shown between the dashed lines in Figure 3.7A). In order to 

confirm that the large surface area was mainly due to the mesopores, the graphs of the BET specific 

surface area, mesopore volume and micropore volume were plotted together for each of the Si/Al 

ratios in Figure 3.7B-a,b,c,d. It can be clearly seen that the BET specific surface area was indeed 

determined by the mesopore volume rather than the micropore volume for all the Si/Al ratios. It can 

also be observed that the synthesis conditions which supported the formation of SI-ONS’s are also 

supporting the formation of the highly-crystallized microporous structures (where Vmicro ≥ 0.08 cm3 

g-1).  

Most significantly, it has been observed that for each given Si/Al ratio, the product with the highest 

mesopore volume is exactly the one with a microstructure consisted of dominantly SI-ONS’s. The 

SEM/TEM and N2 soprtion results thus unambiguously demonstrate that the intercrystalline 

mesopores in the ZSM-5 products are indeed originated mainly from the self-interlocked regions of 

SI-ONS’s. The synthesis conditions supporting the formation of SI-ONSs are thus identified as the 

conditions to synthesize ZSM-5 with the most desirable structures comprising of both highly-

crystallized microprous structure and a high amount of intercrystalline mesopores.  
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Figure 3.7 (A) Plots of BET surface area versus NaOH/SiO2 for products of different Si/Al 

ratios; (B) Plots of BET surface area and pore volume V versus NaOH/SiO2 for 

products of different Si/Al ratios: (a) 87, (b) 50, (c) 30, and (d) 15. 

 

Figure 3.8 shows the BJH PSDs of the products of different Si/Al ratios when SI-ONS’s were 

formed. It can be seen that all the samples exhibited similar PSD curves with peaks centred at 5 – 

5.5 nm. This observation implies that under an optimum synthesis condition, SI-ONSs can be 

obtained with relatively identical structural properties irrespective of the Si/Al ratio in the precursor. 
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Figure 3.8 BJH pore size distributions of products comprised of SI-ONS’s obtained from 

precursors of different Si/Al ratios. 

 

The XRD patterns (Figure 3.9A) for products of different Si/Al ratios containing mostly SI-ONS 

show that all the products exhibited highly crystalline microporous structure with similar peak 

intensities. The corresponding 27Al MAS NMR spectra (Figure 3.9B) illustrate that the tetrahedral 

Al peak at 55 ppm was very strong and there was almost no peak associated octahedrally 

coordinated Al species at 0 ppm. Combined XRD and NMR results suggest that almost all the Al 

species in the products are incorporated tetrahedrally in the well-established MFI framework in the 

products. Furthermore, the ICP-AES analysis showed that the Si/Al ratios were 76, 44, 25 and 13 

for the products synthesized from precursor solutions of Si/Al ratios of 87, 50, 30 and 15, 

respectively, indicating that the framework Si/Al ratios in the as-synthesised samples are ~ 13% less 

than the nominal ratios. This level of disparity is commonly observed in published works18,19,24,25. It 

is thus concluded that the composition range that supporting the formation of SI-ONSs also 

guarantee the formation of highly crystalline microporous structure comprised of a mostly 

tetrahedrally incorporated Al species for a wide range of Si/Al ratios.  
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Figure 3.9 Powder XRD patterns and B) 27Al MAS NMR spectrum of as-synthesized products 

comprised of SI-ONS’s obtained from precursors of Si/Al ratios of (a) 87, (b) 50, (c) 

30, and (d) 15. 

 

It is now apparent that there exists an optimum NaOH/SiO2 ratio for each given Si/Al ratio to 

support the formation of the most desired microstructure featuring self-interlocked ordered 

nanosheet stacks with well-established micropores and acid sites. The precursor composition 
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domain to support the formation of these SI-ONS has been mapped out and presented in the ternary 

diagram shown in Figure 3.10.  

 

Figure 3.10 A ternary diagram of the molar fraction of NaOH-SiO2-AlO1.5 system illustrating the 

compositional domain of the precursor from which products of different types of 

structure formed. 

 

In the diagram, the open circles represent the precursor compositions where only products with 

amorphous or partially crystallized microstructures were formed. The filled circles represent the 

precursor compositions where highly crystalline ZSM-5 products were obtained. The filled circles 

linked by the dashed line show the formation of products with desired intercrystalline mesoporous 

and highly crystalline microporous structure. The ternary composition diagram established enables 

the synthesis of ZSM-5 with desired structural properties over a wide range of Si/Al ratios. The 

Si/Al ratio of ZSM-5 dictates the strength and number of its active sites. This means the ZSM-5 

products with desired combination of structural properties and active sites can be produced to 

support various specific application requirements, including the ability to provide required 

combination of strength and number of adsorptive sites in gas adsorption applications, to control 
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ion-exchange selectivity and capacity in purification and separation, and to provide optimum acidity 

and the number of catalytic sites to support catalytic cracking, isomerisation and hydrocarbon 

synthesis38. 

 

3.4 Conclusions 

In this work, the sole surfactant C22-6-6Br2 was used as the structure directing agent to successfully 

produce mesoporous ZSM-5. It was shown that the concentration of NaOH in the precursor solution, 

[NaOH], played the dominant role in controlling the formation of both microporous and 

mesoporous structures in the final ZSM-5 products. This systematic study yielded the following 

significant findings: 

(1) A minimum [NaOH] in the precursor solution is required to enable the formation of highly 

crystalline microporous MFI framework structure under a given synthesis condition. A higher 

[NaOH] is required for ZSM-5 of lower Si/Al ratios.  

(2) For a given Si/Al ratio, the crystallinity and micropore volume in the ZSM-5 product increase 

with increasing [NaOH]. 

(3) As [NaOH] in the precursor increases at a given Si/Al ratio, there is a surfactant mesophase 

transformation from disordered amorphous structure, to KIT-1 mesophase, and then to the 

lamella mesophase. This surfactant phase transformation plays an important role in the 

formation of different mesostructures in the final ZSM-5 products.  

(4) Depending on [NaOH], nanosheets of ZSM-5 may assemble into ordered nansheet stacks 

(ONS’s). These ONS’s can grow in an interlocked manner forming the self-interlocked ordered 

nanosheet stacks (SI-ONS’s). All experimental evidences converged to demonstrate that these 

SI-ONS’s are responsible for the high volume of intercystalline mesopores observed in the 

resulting ZSM-5 products. The formation of these SI-ONS’s also guarantees the formation of 

highly crystalline microporous structure.  

(5) The composition domain for the ternary NaOH-SiO2-AlO1.5 system was established and 

presented in the form of a ternary composition diagram. This provides an enabling tool to guide 

the synthesis of mesoporous ZSM-5 over a wide range of Si/Al ratios, including at the 

challenging low Si/Al ratio of 15. The ability, to produce ZSM-5 over a wide range of Si/Al 

ratios with desired structural properties preserved, is vitally important to keep the potential 
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applications of this single material as wide as possible in terms of specific requirements of 

different Si/Al ratios. 
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Abstract 

Through the synthesis of 2D MFI zeolite samples of Si/Al ratio ranged from 15 to 87 with 

intercrystalline mesoporosity and their reference 3D counterparts, we have systematically studied 

and revealed the impact of Si/Al ratio on the interdependence of core intrinsic properties of 

structural porosity and acidity. It is apparent that mesopores in the 2D MFI zeolite play a critical 

role, dictating the accessibility and distribution of specific acid sites. It was found that, compared to 

their 3D counterparts, the 2D samples possess a three-time larger accessible surface area owing to 

the mesopores. Although having a slightly lower total number of acid sites, the 2D samples enjoy a 

higher percentage of accessible strong acid sites and weak Lewis acid sites. Consequently, in three 

selected liquid phase reactions, which had different acidity demands and molecular diffusion 

constraints, the 2D samples demonstrated much higher catalytic activities and resistance to 

deactivation. This study has, for the first time, established the relationship between Si/Al ratio and 

acidity for the 2D MFI zeolite, thus enabling rational selection of a Si/Al ratio for a targeted 

application. 

Keywords: 2D MFI zeolite; Si/Al ratio; acidity; diffusion; catalytic activity; deactivation 

  



     84 Chapter 4  

4.1 Introduction 

Zeolites are a class of crystalline microporous aluminosilicates with more than 200 different 

framework structures and multiple functionalities.  Among them, ZSM-5, first synthesized and then 

patented by Mobil in early 1970s, has played a crucial role following its invention as a catalyst for 

the petrochemical and fine chemical synthesis industries. The elevated performance derives from its 

unique MFI framework structure (thus termed MFI zeolite hereafter), strong and tuneable acidity, 

and good thermal and hydrothermal structure stability. It is these combined intrinsic structural 

features and acidity that give the MFI zeolite the versatility to support a wide range of applications1, 

2. 

However, the MFI zeolite has limitations due to the relatively small sizes of micropores (ca ~ 0.56 

nm) intrinsic to its framework structure. This prevents its application to catalytic reactions and 

processes involved bulky molecules as well as remains a primary reason for its deactivation due to 

hindered mass diffusion through these micropores. The popular approaches adopted to overcome 

this limitation in the last two decades include (i) to reduce crystal size3-8 and (ii) to generate 

hierarchical mesopores1, 9-12. While reducing crystal size does not address the micropore size 

limitation of the MFI zeolite, it directly reduces the diffusion path and creates proportionally 

increased accessible external surfaces for the acid sites. The best outcome for producing discrete 

nanocrystals with preserved acidity was reported at a particle size of ~ 100 nm13. This represents an 

increase in external surface area of ~ 50% from 60 to 120 m2 g-1. On the other approach, most of the 

mesoporous MFI zeolites reported to date contained isolated intracrystalline mesopores separated 

by relatively thick crystalline ‘walls’. Although different levels of improvement in catalytic 

performance have been reported for mesoporous MFI zeolites, the incremental improvement has not 

been fully satisfactory, particularly in terms of ability to control the mesopore size and volume1, 9-12. 

The past decade has seen the successful creation of many 2D crystals of a wide range of zeolite 

frameworks including, for example, MWW, FER and UTL zeolites to name a few14-19. Among them, 

a breakthrough in creation of 2D MFI zeolite was achieved and reported in 2009 by Ryoo et al. in 

Nature20, 21. Using a novel bi-functional surfactant template, C22H45–N+(CH3)2–C6H12–N+(CH3)2–

C6H13 (Br-)2 (designated as C22-6-6Br2 hereafter), Ryoo’s team successfully produced first 2D MFI 

zeolite (Si/Al = 50) consisting of orderly stacked nanosheets with a well-preserved microporous 

MFI structure. Each nanosheet is typically 2 nm in thickness in the b-dimension and 100-500 nm in 

the a- and c- dimensions.  The ordered nanosheet stack (ONS) typically consists of 5-20 sheets with 

around 2.5 nm inte-rnanosheet spacing before the removal of surfactant20, 21. Mesopores were 

observed in the 2D samples and believed to locate at inter-nanosheet spacing within the ONS20, 21. 
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In a recent study22, we reported a systematic study which demonstrated that appreciable 

intercrystalline mesopores can form in the 2D MFI zeolite at unique microstructure locations where 

ordered nanosheet stacks ‘intercept’, as depicted in Figure 4.1. This microstructural feature has been 

coined ‘self-interlocked ordered nanosheet stacks’, or SI-ONS. The microstructure ensures the 

intercrystalline mesopores to be retained at the SI cores after the post-synthesis removal of 

surfactant molecules. This discovery paves the way to create and control intercrystalline mesopores 

through microstructure control in the 2D MFI zeolite.  We have mapped out the ternary SiO2-

AlO1.5-NaOH composition domain to enable the optimum synthesis of 2D mesoporous MFI zeolites 

with Si/Al ratios ranged from 15 to 87. As the Si/Al ratio is directly link to the acidity (thus the 

catalytic activity) of MFI zeolite, the ternary diagram also has the potential to allow the acidity of 

SI-ONS to be mapped out, which is the main focus of this work. 

 

  

Figure 4.1 SEM microstructure of SI-ONS and a schematic diagram showing an example of a 

self-interlocked core. 

 

It is well known that the effectiveness of a MFI zeolite as a catalyst depends largely on the 

accessibility of its acid sites with the quantity and desired strength dictated by the nature of the 

reaction concerned. It is also generally known that the MFI zeolite contains both Brønsted and 

Lewis acid sites of different strength and these acid sites are not uniformly distributed in the 

framework structure. Instead, the number, location and distribution of acid sites are not only closely 

related to the Si/Al ratio of the material, but also strongly influenced by the microstructure 

characteristics of the material23. 

While the number and activity of accessible acid sites have been extensively studied for the 

conventional bulk crystals 3-7 and some mesoporous 3D MFI zeolites9, 10, 24, 25, there is only very 

limited study on acid sites for the 2D MFI zeolite26-29. Most of the reported studies on the 2D 
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samples are, at present, limited to the sample with Si/Al ratios of 30-50 and on accessible strong 

Brønsted acid sites. Consequently, it is difficult to claim the exact benefit of having the 2D structure 

and, in particular, to delineate the contribution of the mesoporous structure to the overall 

performance of 2D MFI zeolite as a catalyst. 

In this work, a comprehensive study was undertaken to reveal the nature, quantity, strength and 

accessibility of acid sites present in the 2D mesoporous MFI zeolite. The study investigates and 

establishes the effect of the intercrystalline mesopores on the acidity and catalytic performance of a 

set of 2D MFI zeolites of Si/Al ratios ranged from 15 to 87, with a corresponding reference set of 

conventional 3D MFI zeolites. This systematic study reveals the impact of Si/Al ratio on the acidity 

and highlights the microstructural effect on location and accessibility of acid sites for the 2D MFI 

zeolite.  

 

4.2 Experimental 

4.2.1 Reagents for MFI zeolite synthesis 

The reagents employed for the preparation of the structural directing agent and the synthesis of SI-

ONS and BC samples, along with their sources, are summarised in Table S4.1.  

The bi-functional surfactant C22-6-6Br2 was synthesized following a two-step procedure reported by 

Roo and co-workers20. Firstly, 78.0 g (0.2 mol) of 1-bromodocosane and 344.0 g (2 mol) of 

N,N,N´,N´-tetramethyl-1,6-diaminohexane were dissolved in 2000 mL of acetonitrile/toluene 

mixture (1:1 vol/vol) and heated to, and held at, 343 K for 24 h. The solution was cooled to room 

temperature and the solid product was retrieved by filtration, washed with diethyl ether, and dried in 

air at 333 K for 12 h. Subsequently, 112.0 g (0.2 mol) of the intermediate, C22H45-N
+(CH3)2-C6H12-

N(CH3)2Br-, and 52.8 g (0.2 mol) of 1-bromohexane were dissolved in 600 mL acetonitrile and 

refluxed for 24 h. After cooling to room temperature, the final surfactant was filtered, washed with 

diethyl ether, dried at 333 K for 12 h, and stored for use. 

4.2.2 MFI zeolite synthesis procedures 

4.2.2.1 Synthesis of 2D MFI zeolite samples 

0.005 mol of C22-6-6Br2 was dissolved in deionised water to form a 10 wt% template solution. 0.06 

mol of NaOH and 0.1 mol of TEOS were then added to the template solution. The resultant solution 

(Solution-A) was stirred at 333 K for 0.5 h. Separately, a desired amount (in x mol) of 
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Al2(SO4)3·14H2O and 0.015 mol of H2SO4 were mixed while being dissolved in deionized water 

(Solution B). Solution-B was then added to Solution-A drop-wise to form the final colloidal 

solution, designated as the precursor hereafter. The final precursor would have a composition in 

molar ratio of 30NaO2:xAl2O3:100SiO2:5C22-6-6Br2:(15+3x) H2SO4:4000H2O, where x is 3.33, 1.67, 

1.00 and 0.57, corresponding to the nominal Si/Al ratios of 15, 30, 50, and 87, respectively. The 

precursor was further stirred at 333 K for 6 h. After aging, the precursor was transferred to a Teflon-

lined stainless-steel autoclave and heated to, and maintained at, 423K for 120 h while the autoclave 

was set to tumble at 60 r.p.m. After crystallization, the autoclave was removed from the oven and 

quenched with water to ambient temperature. The solid product was recovered, washed with 

double-deionised water, centrifuged, and then dried in air at 343 K for 14 h. The dried product was 

calcined in air at 823 K for 5 h to remove the surfactant. The final products were denoted as SI-

ONS-15, SI-ONS-30, SI-ONS-50 and SI-ONS-87, corresponding to nominal Si/Al ratios of 15, 30, 

50 and 87, respectively. 

4.2.2.2 Synthesis of 3D bulk crystal samples 

0.1 mol of TEOS was added to a solution of a desired amount (in x mol) of NaAlO2 and 0.013 mol 

of TPAOH to form a mixture. After becoming a dense gel, the mixture was added to a solution 

containing 0.012 mol TPABr, 0.032 mol NaOH and deionised water to form a mixture with a molar 

ratio of (16+x) Na2O: x Al2O3:100SiO2:12.87TPAOH:12.23TPABr:10634H2O, where x is 3.33, 

1.67, 1.00, 0.57 for the synthesis of samples with nominal Si/Al ratios of 15, 30, 50 and 87, 

respectively. The resulting mixture was stirred at 343 K for 20 h. After aging, the precursor was 

transferred to a Teflon-lined stainless-steel autoclave and heated to, and maintained at, 453 K for 48 

h under a static condition. After crystallization, the autoclave was removed from the oven and 

quenched with cold water to ambient temperature. The product was then dried in an air oven at 343 

K for 14 h, after which it was calcined in air at 823 K for 5 h to remove the template. The final 

products were denoted as BC-15, BC-30, BC-50 and BC-87, corresponding to the nominal Si/Al 

ratios of 15, 30, 50 and 87, respectively. 

4.2.2.3 Converting MFI zeolite samples from Na+-form to H+-form 

To convert the MFI zeolite samples from the Na+ -form to the H+-form to protonate the acid sites, 

the calcined samples were ion-exchanged with NH4
+ three times at room temperature using 1 M 

NH4NO3 aqueous solution, followed by calcination at 823 K for 5 h.  
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4.2.3 Characterization of synthesized products 

Powder X-ray diffraction (XRD) patterns were obtained using a Panalytical Empyrean X-ray 

Diffractometer equipped with Cu Kα radiation (40 kV, 40 mA). Scanning electron microscopy 

(SEM) imaging analysis was performed using a Zeiss 1555 VP-FESEM instrument operating at 3 

kV. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis was performed 

to determine the Al content and Si/Al ratio of the samples. The measurements were carried out 

using a Thermo Scientific iCAP 6500 Duo system. 

N2 adsorption-desorption isotherms were measured at liquid N2 temperature using a Micromeritics 

Tristar II 3020 volumetric analyser. Before measurement, a sample was degassed under vacuum at 

473 K for 14 h. The Brunauer-Emmett-Teller (BET) equation was used to calculate the BET 

specific surface area30, 31 from the adsorption data range determined by the method reported by 

Rouquerol and co-workers32. The micropore volume, Vmicro, was calculated using the t-plot method. 

The mesopore size distribution (PSD), and mesopore volume Vmeso were analysed by non-local 

density-functional theory (NLDFT) of cylindrical pore model developed by P. Tarazona and co-

workers33. A non-negative regularization parameter of 1 was used to smooth the data obtained from 

the NLDFT model. 

4.2.4 Characterisation of MFI zeolite acidity 

The total number of acid sites of the MFI zeolite samples was determined by temperature 

programmed desorption of ammonia gas (TPD-NH3) using a Micromeritics AutoChem II 2920. 50 

mg of a powder sample was introduced into a quartz cell and degassed under He at 823 K for 1 hour. 

After cooling to room temperature, 5% NH3 in He gas was adsorbed for 1 h, which was followed by 

flushing with He at 393 K for 1 h to remove any physisorbed NH3. Thedesorption profile was then 

measured using a TCD detector by flushing the sample with He at a temperature gradient of 10 K 

min-1. 

The percentage of external acid sites was estimated using in-situ diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS). The in-situ DRIFTS was performed using a Brüker VERTEX 

70v FTIR spectrometer with a high temperature reaction chamber housed in a modified praying 

mantis assembly (HVC-DRM-5, Harrick’s Scientific, USA). Pivalonitrile (Pn) with a kinetic 

diameter of 0.68 nm was used as the probe molecule for the measurement. The  Pn was used in this 

study as it is the only reported probe molecule that can quantify both the strong Bronsted and Lewis 

acids at the external surface of MFI zeolites34. At room temperature (298 K), the bulky Pn 

molecules can only be adsorbed on the external surface of MFI zeolite due to its kinetic diameter 
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being greater than the MFI zeolite pore size (~ 0.56 nm)34. Thus, external acid sites can be analysed 

via room temperature adsorption of Pn. However, at a higher temperature, say 473 K, thermal 

vibrations invoke a more flexible framework structure and allow Pn molecules to penetrate the pore 

channels of MFI zeolite34. Thus the total acid sites may be analysed via high temperature adsorption 

of Pn molecules. In addition, it has been demonstrated that the corresponding peak area of the 

adsorption curve can be quantitatively related to the number of Brønsted and strong Lewis acid sites, 

respectively34. In this work, Pn molecules were adsorbed at ambient temperature (298 K) and high 

temperature (473 K). The peak area ratio of the room temperature adsorption to high temperature 

adsorption was calculated for both the strong Brønsted and strong Lewis acid sites, respectively. 

These ratios were used to define the percentage of accessible acid sites. Coupled with the number of 

strong Brønsted and strong Lewis acid sites obtained via the TPD-NH3 method, the number of 

accessible strong Brønsted and strong Lewis acid sites were quantified.  

In a typical measurement, a sample was placed in the DRIFTS cell cup and activated by heating to 

523 K under vacuum for 3 h, followed by cooling to room temperature. A reference IR spectrum 

was recorded and denoted as PS (the pristine-sample) spectrum of the product. Pn was allowed to 

be adsorbed at room temperature for 10 min and subsequently evacuated for 20 min to remove 

physically adsorbed Pn molecules. An IR spectrum was then recorded and denoted as RT-AS (the 

room temperature adsorbed sample) spectrum of the product. After that, the same sample was 

heated to 473 K to allow Pn adsorption for 10 min, and was evacuated for 20 min to remove the 

physically adsorbed molecules at 473 K before cooled to room temperature. A final IR spectrum 

was recorded and is denoted as HT-AS (the high temperature adsorbed sample) spectrum of the 

product. For each sample spectrum, a KBr powder spectrum was used for background removal. The 

DRIFTS spectra were obtained at a resolution of 1 cm-1 averaged over 128 interferometer scans in 

the 4000–600 cm-1 range.  

4.2.5 Catalytic reaction testing 

Catalytic performance of the synthesized MFI zeolite samples was evaluated using three selected 

liquid phase reactions, all of which have a wide range of industrial applications.35-37 In the context 

of this study, these reactions were selected as they all involved reacting molecules of kinetic sizes 

significantly larger than the micropore size of the MFI zeolite. Thus, the reactions would only 

proceed at accessible acid sites situated on the external surfaces and mesopores of the MFI zeolite 

samples, enabling the nature and distribution of acid sites in these samples to be probed. The 

specific nature of each reaction also afforded an opportunity to understand the finer nature of the 

acid sites. 
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4.2.5.1 O-Methylation of cyclohexanone 

The reaction was conducted in a 5 mL round-bottomed flask. 0.98 g Cyclohexanone (10 mmol) and 

3.2 g methanol (100 mmol) along with 20 mg of catalyst were mixed and magnetically stirred at 

298 K for 440 min. For reaction kinetic analysis, a small portion of the reacting slurry was taken 

periodically, centrifuged to remove the catalysts, and diluted for gas chromatograph (GC) analysis 

for cyclohexanone concentration. The initial rate (r) of the reaction was determined based on a first 

order reaction model proposed in a previous study38. 

4.2.5.2 Protection of benzaldehyde with pentaerythritol 

Benzaldehyde (0.54 g, 5 mmol), pentaerythritol (0.34 g, 2.5 mmol), and toluene (2 mL) were mixed 

and charged with 10 mg of freshly activated catalyst in a 10 mL round-bottomed flask equipped 

with a reflux condenser. The reaction was carried out at 383 K under magnetic stirring for 4 h. After 

cooling to room temperature, the reaction mixture was diluted with 4 mL of dimethylformamide. 

The diluted mixture was centrifuged to remove the catalysts before GC analysis for benzaldehyde 

concentration in the liquid.  

4.2.5.3 Esterification of benzyl alcohol with hexanoic acid 

A reaction mixture containing hexanoic acid (0.58 g, 5 mmol) and benzyl alcohol (0.54 g, 5 mmol) 

along with 50 mg of catalyst was heated under stirring for 4 h at 423 K in a 10 mL round-bottomed 

flask equipped with a reflux condenser. At the conclusion of the reaction, the mixture was cooled 

and diluted with 5 mL of toluene before GC analysis for hexanoic acid and benzyl alcohol 

concentrations. The catalyst was recycled by centrifugation and reused as such without any further 

treatment in subsequent experiments. Five consecutive experiments were conducted to test the 

endurance and resistance towards catalyst deactivation. 

For all reactions studied, the reaction products and unreacted reactants were analysed using a gas 

chromatograph unit (Agilent Technologies 7683B series) equipped with a flame ionization detector 

and a J&W capillary column. 

 

4.3 Results and Discussion 

Two sets of MFI zeolite samples with Si/Al ratios ranged from 15 to 87 were synthesized in this 

work, including four 2D SI-ONS samples and four conventional 3D bulk crystal (BC) samples as 
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references. The actual Si/Al ratios for each sample from ICP-AES elemental analysis are listed in 

Table 2. In this work, the nominal Si/Al ratio is used throughout to designate each specific sample. 

4.3.1 Effect of Si/Al ratio on structural properties 

XRD patterns (Figure S4.1) indicate each of the synthesized samples exhibit peaks characteristic to 

the MFI framework39, confirming MFI zeolites have been successfully synthesized.  Compared to 

the reference BC samples, the diffraction peaks for the SI-ONS samples which possess relatively 

high intensities, such as (101), (200), (501) and (303), were all found to be associated with 

crystallographic planes along a-c dimensions. The diffraction peaks associated with crystallographic 

planes along b-dimension, as seen in the BC samples including (111), (151) and (133), were largely 

absent. These observations are all consistent with the formation of 2D nanosheet stacks as was 

expected for the SI-ONS samples.  

SEM image analysis of the SI-ONS and BC samples (Figure S4.2) confirmed all SI-ONS samples 

had typical nanosheet stack-based self-interlocked structures, whilst the BC samples consisted of 

mainly 3D crystals. Generally speaking, four SI-ONS samples exhibited a relatively constant ONS 

size (a-c dimension) irrespective of the Si/Al ratio. The particle size of the BC samples, however, 

displayed a noticeable decreasing trend with increased Si/Al ratio as shown in Table 4.1. 

 

Table 4.1 Structural properties of SI-ONS and BC samples possessing different Si/Al ratios. 

Sample  
Mean Particle Size 

(nm) 

Micropore 

Volume (cm3 g-1) 

Mesopore Volume 

(cm3 g-1) 

Total Pore Volume 

(cm3 g-1) 

 
 Vmicro

a Vmeso
b Vtotal

c 

SI-ONS-87 - 0.108 0.259 0.367 

SI-ONS-50 - 0.107 0.375 0.482 

SI-ONS-30 - 0.105 0.383 0.488 

SI-ONS-15 - 0.102 0.326 0.428 

BC-87 390 0.121 0.037 0.158 

BC-50 400 0.131 0.016 0.147 

BC-30 470 0.130 0.010 0.140 

BC-15 500 0.115 0.008 0.123 

a Micropore volume determined from t-plot analysis. 

b Mesopore volume determined using non-local density-functional theory (NLDFT). 

c Total pore volume determined by summation of the micropore and mesopore volumes. 
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The microporous and mesoporous structures were examined using nitrogen adsorption-desorption 

measurements. The micropore volume, Vmicro, for each sample was extracted from its isotherm and 

listed in Table 4.1. It is observed that the SI-ONS samples exhibited a relatively lower Vmicro (on 

average, 15% lower) than the corresponding BC samples. This is somewhat expected as the current 

SI-ONS samples were produced under the synthesis conditions to ensure optimum formation of 

mesopores. This came at the cost of sacrificing a minor degree of the overall crystallinity of the 

sample, as shown in our previous work22. 

The isotherm curves (Figure S4.3) also show that all the SI-ONS samples exhibited a distinctive 

H2-type hysteresis loop30 in region of p/po = 0.42-0.8, whilst the BC samples showed no distinct 

hysteresis loops over the entire p/po range. The profiles suggest mesopores exist in all the SI-ONS 

samples. For BC samples, the measured low volume of mesopores listed in Table 4.1 was believed 

due to internal structural defects and physical gapping between particles, which were also widely 

reported by other published works40-42. 

The pore size distributions (PSD) of the mesopores were analysed using a model based on the non-

localized density function theory (NLDFT), accounting for the heterogeneity of the product 

surface33. All SI-ONS samples exhibited a broad PSD from 2 to 32 nm with the maxima centred at 

~ 6.4 nm (Figure S4.4). The small PSD peak located at ~ 27 nm is believed to be associated with 

gaps resulting from physical contact between the nanosheet stacks. The total mesopore volume for 

each SI-ONS sample is listed in Table 4.1.  

Figure 4.2 illustrates the total BET surface area (SBET), internal surface area (Sint) due to micropores, 

and ‘external’ surface area (Sext) due to both mesopores and physical external surfaces of the 

particles for both sets of samples. It is apparent that the observed differences in the BET surface 

areas (Figure 4.2A) for the SI-ONS and BC samples are mainly due to the differences in the 

external surface areas (Figure 4.2C), given that Sint was almost invariant with different Si/Al ratios 

for both sets of samples. For SI-ONS, considering that the samples with different Si/Al ratios all 

have similar microstructural features and dimensions, the observed trend of Sext (Figure 4.2C) is 

mainly due to the contribution of mesopores22. In contrast, the measured external surface area of the 

BC samples is mainly associated with physical surface area, thus correlates well with the particle 

size of the samples, decreasing with increased Si/Al ratio.  
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Figure 4.2 (A) Brunauer–Emmett–Teller (BET) surface area SBET, (B) Internal surface area Sint 

derived from t-plot method, and (C) External surface area Sext (Sext=SBET-Sint) versus 

nominal Si/Al ratio of SI-ONS and BC samples. 

 

4.3.2 Effect of Si/Al ratio on acidity 

4.3.2.1 Type of acid sites analysed using DRIFTS 

The acidity of the synthesised MFI zeolite samples were investigated, focusing on identifying and 

quantifying the type, number, strength and accessibility of acid sites. The identification of acid site 

types was conducted via the DRIFTS spectra analysis. DRIFTS spectra in the range 3000-4000 cm-1 

(i.e. the OH-stretching mode, ν(OH)) are shown in Figure 4.3 for SI-ONS (A) and BC (B) samples, 

respectively. To allow for a direct comparison of the relative band intensities, all DRIFTS spectra 

were normalized to the same intensity at band 3742 cm-1.  

It is widely acknowledged that, for the MFI framework, the DRIFTS bands at 3742 cm-1, 3685 cm-1 

and 3600 cm-1 are assigned to the terminal silanol (SiOH) groups43, 44, extra-framework Al (Al-OH) 

(with Lewis acidity and/or without acidity)45, 46, and SiOHAl bridging groups (strong Brønsted acid 

sites)45, 47, respectively. The DRIFTS spectra of the present samples conform to these characteristic 

bands, as shown in Figure 4.3. Besides the acid site-related bands, a tail in the lower frequency 

region (< 3600 cm-1) was also observed for both sets of samples. This tail is believed to result from 

the framework tetrahedral Si-O bonding and/or hydrogen bonding43.  

Comparing the DRIFTS spectra of the SI-ONS samples to the BC samples, several features can be 

observed. Firstly, it is clear that all acid site-related bands are observed in both sets of samples, 

indicating the nature of acid sites in the 2D SI-ONS samples are similar to those in the 3D BC 

samples. Secondly, the intensity ratio of the two bands associated with the terminal silanol groups 
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(3742 cm-1) and strong Brønsted acid sites (3600 cm-1) was significantly higher for the SI-ONS 

samples than for the BC samples, suggesting richer terminal silanol groups than strong Brønsted 

acid sites in the SI-ONS samples. This is consistent with the 2D microstructural feature and 

relatively lower crystallinity of the SI-ONS samples which potentially generate more terminal 

silanol groups at the external surface. In addition, two apparent differences between the two sets of 

DRIFTS spectra were observed. Firstly, a band at 3695 cm-1 was observed for BC samples but 

absent for SI-ONS samples, this band could be assigned to H-bonding vicinal silanols48, 49. 

Secondly, the long tails at the low frequency end of the 𝑣(OH) mode (i.e. to the right of 3590 cm-1) 

are much more prominent for the BC samples than for the SI-ONS samples. Both of these 

observations suggest that the 2D nanosheet-based structure provides a less complex chemical 

environment of Si-O compared to the 3D samples, causing the H-bonding vicinal silanols and low 

frequency tail to diminish in the 2D samples. 

  

Figure 4.3 DRIFTS spectra of (A) SI-ONS and (B) BC samples possessing different Si/Al ratios 

over the frequency range 3000-4000 cm-1 and normalized by the intensity of 3742 

cm-1. 
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4.3.2.2 Total number of acid sites  

The number of each type of acid sites was determined from TPD-NH3 measurements and analysis. 

Three peaks centred at 482 K, 668 K, and 818 K, respectively were evident in the NH3 desorption 

curve (Figure S4.5).  The low temperature peak at 482 K is commonly assigned to weak acid sites 

including terminal silanol groups and weak Lewis acid sites23, 50-52, and the desorption peak at 668 

K is assigned to strong acid sites53-55. The peak at the highest temperature (818 K), though under 

debated, could be assigned to strong Lewis acid sites50, 53, 56, 57. On deconvolutional and integrating 

the area under each peak, the total number of weak (Aw), and strong acid sites (AS) are obtained. 

From which, the percentage of strong acid sites (AS (%)=AS/(AS +AW)) are calculated. The values 

of AS, AW, and AS (%) are plotted against the Si/Al ratio in Figure 4.4A to C, respectively. It can be 

seen that AS (Figure 4.4A) and AW (Figure 4.4B) decreased with increasing Si/Al ratio for both sets 

of samples, and the SI-ONS samples possessed relatively lower AS and Aw (thus also lower AT) 

than the corresponding BC samples. In contrast, AS(%) is found to increase with increased Si/Al 

ratio (Figure 4.4C), indicating that the average strength per strong acid site increases with increased 

Si/Al ratio for both sets of samples, and this strength is higher for the SI-ONS than the BC samples. 

 

  

Figure 4.4 Curves of (A) AS, (B) AW, and (C) AS (%) versus nominal Si/Al ratio for both SI-

ONS and BC samples. 

 

Considering that Aw is mainly contributed by weak Lewis acid sites which are formed largely by 

extra-framework Al, the invert correlation of AW to Si/Al implies Al was more readily incorporated 

into the MFI framework with increased Si/Al ratio, suggesting that framework Al is more 

thermally/hydrothermally stable in the sample with higher Si/Al ratio or lower Al content.   
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4.3.2.3 Accessibility of Acid sites  

The accessible strong acid sites are quantified by Pn adsorption DRIFTS spectra as described in 

section 2.4. For both sets of samples, three main bands, near 2250 cm−1, 2274 cm-1 and 2310 cm-1 

(Figure S4.6) were obtained after both RT and HT adsorptions. Pure liquid Pn molecules are known 

to display a ν(CN) stretch58 at 2236 cm-1. This ν(CN) band, due to the interaction of Pn with the 

different types of acid sites in the MFI zeolite, will shift to higher frequencies depending on the site 

strength. The two bands at 2274 cm-1 and 2310 cm−1 (Figure S4.6) are due to Pn molecules 

adsorbed at the strong Brønsted and strong Lewis acid sites, respectively34, 59, whilst the intense 

band at 2250 cm-1 (Figure S4.6), although not fully understood, is believed to be, at least partially, 

associated with terminal silanol groups34, 59. Deconvolution of the Pn adsorption DRIFTS spectra 

(Figure S4.6) was performed and the percentage of accessible strong Bronsted AASB (%) and strong 

AASL (%) Lewis acid sites were estimated and listed in Table S4.3.  Figure 4.5 plots number of 

accessible strong Bronsted (AASB) and Lewis (AASL) versus the Si/Al ratio for both sets of samples. 

It is apparent that AASB and AASL display ‘mirror like’ correlation between each other for each set of 

sample, implying a strong interdependence between the strong Brønsted and Lewis acid sites at 

external surfaces.  

 

  

Figure 4.5 Curves of number of accessible strong Brønsted acid sites, AABS, and number of 

accessible strong Lewis acid sites, AALS, versus nominal Si/Al ratio for (A) SI-ONS 

and (B) BC samples. 

 

It is also evident that there is no obvious correlation between AASB or AASL and Si/Al ratio. This 

observation implies that the formation of strong Lewis acid sites at external surfaces is dictated by 
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the localized stability of the external strong Brønsted acid sties and this stability is largely 

independent of Si/Al ratio of the material, considering that the strong Lewis acid sites are formed by 

dehydration of strong Bronsted acid sites50, 53, 56, 57. This also explains the seemingly scattered 

nature of the accessibility of both types of acid sites as determined by the DRIFTS. 

Examination of the total number of accessible strong acid sites (AAS= AASB + AASL) and the 

percentage of accessible strong acid sites (AAS(%)=AAS/AS) have, however, revealed more definite 

correlation with the Si/Al ratio, as shown in the Figure 4.6. As expected, AAS decreased with 

increasing Si/Al ratio for both sets of samples and it is relatively higher for the SI-ONS samples 

(Figure 4.6A). For the AAS (%), however, it decreased with increasing Si/Al ratio for the BC 

samples, but increased definitely for the SI-ONS samples (Figure 4.6B). 

 

 

Figure 4.6 Curves of (A) number of accessible strong acid sites, AAS, (B) percentage of AAS (%), 

and (C) average external surface area occupied by each assessable strong acid site 

(Sext/ AAS) versus nominal Si/Al ratio for both SI-ONS and BC samples. 

 

The higher AAS (%) in the SI-ONS samples seen in Figure 4.6B is anticipated as they have a much 

higher external surface area than the corresponding BC samples, allowing more strong acid sites to 

be exposed at the external surfaces. However, the opposition correlations to Si/Al ratio displayed by 

AAS (%) revealed that the strong acid sites preferably locate at external surfaces for SI-ONS samples 

of higher Si/Al ratios, but, in contrast, for BC samples of lower Si/Al ratios. The mechanism behind 

this observation is not fully understood at present. This observation, however, indicates the location 

of strong acid sites on external or internal surfaces may be highly influenced by the microstructure 

of the material and synthesis conditions.  
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This study has also revealed very high acid site accessibility for both the SI-ONS samples (> 80%) 

and BC samples (44-66%). This indicates the majority of framework Al in SI-ONS samples are 

located at the external surface that are accessible to Pn probe molecules. Such high accessibility has 

also been reported for the 2D MFI zeolite where ~ 88%28 and ~ 100%60 accessibility of strong 

Brønsted acid sites was shown in a previous published work. The probe molecule used in the 

published study is 2,6-di-tertbutyl pyridine and 2,4,6-collidine which have a kinetic diameter of 

1.05 nm and 0.78 nm, respectively. The size of the probe molecules used in the published works are 

significantly larger than the Pn probe molecule used in this study which has a kinetic size of only 

0.68 nm. Taking into the consideration that having the 2D nanosheet-based microstructure naturally 

limits the number of framework Al within the crystals and thus likely ‘exposes’ more Al sites on the 

external surfaces, we believe it is very plausible to have such high percentage of accessible strong 

acid sites. We, nonetheless, acknowledge that there is a potential for some over-estimation of the 

accessibility using the Pn probe molecule as its kinetic diameter is only just over 20% larger than 

the micropore size of the MFI zeolite. Some Pn molecules might penetrate into the acid sites at the 

subsurface region from the external surface during the RT adsorption61, 62. For the BC samples, the 

risk of over-estimation of accessible Brønsted acid sites also exists, as the framework Al are almost 

exclusively located at the rim of the 3D MFI crystals63, 64. Thus, there is a potential that strong acid 

sites at the subsurface region around the rims might be accessible to Pn molecules, causing over-

estimation of accessible acid sites.  

It is also found that each accessible strong acid site occupies a much larger external surface area for 

the SI-ONS samples than the BC samples, as shown in Figure 4.6C. This indicates a much more 

favourable diffusion environment exists for the SI-ONS than BC samples.  

4.3.3 Catalytic performance of the SI-ONS and BC samples 

The catalytic performance of both the SI-ONS and BC samples were evaluated using three liquid 

phase reactions as schematically described in Figure S4.7 with the kinetic diameters of the 

molecules involved in the reactions listed in Table S4.2. The selected reactions involve bulky 

molecules of kinetic sizes significantly exceeding the micropore size (~ 0.56 nm) of the MFI 

framework, thus preventing them from diffusing into the micropores. Consequently, it is expected 

that the reactions will primarily occur on the external surfaces of both sets of MFI samples and the 

reaction results will reveal the catalytic activity of the acid sites on the accessible external surfaces 

as discussed earlier. Note that for the SI-ONS samples, the external surfaces comprise both external 

surfaces and accessible surfaces arising from the intercrystalline mesopores, the latter being 
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dominant. For the BC samples, the external surfaces are mostly the external surfaces of the 

crystals/particles in the sample.   

4.3.3.1 Overall catalytic performance 

The overall conversions of the three reactions are plotted against the Si/Al ratio for the SI-ONS and 

BC samples in Figure 4.7. Clearly, the SI-ONS samples offer an overall better catalytic 

performance than the BC samples for all three reactions. In addition, the overall conversion 

difference between the two sets of catalysts becomes increasingly prominent for the reactions in the 

order OCM < EBH < PBP, coinciding with the increasing kinetic diameter of the product molecules 

formed in each reaction. This observation highlights the favourable diffusion environment created 

in the SI-ONS samples where high Sext supporting the distribution of accessible acid sties required 

for the reactions.  

 

Figure 4.7 Plots of conversion Conv. (%) of (A) cyclohexanone (abbreviated as C) in the OCM 

reaction, (B) hexanoic acid (abbreviated as HA) in the EBH reaction, and (C) 

benzaldehyde (abbreviated as B) in the PBP reaction, versus nominal Si/Al ratio for 

both the SI-ONS and BC samples. (Reaction conditions: (A) cyclohexanone (0.98g, 

10 mmol), methanol (3.2g, 100 mmol), catalyst 0.02 g, temperature 298 K, reaction 

time 440 min; (B) hexanoic acid (0.58 g, 5 mmol), benzyl alcohol (0.54 g, 5 mmol), 

toluene (2 mL), catalyst 0.05 g, temperature 423 K, reaction time 4 h; (C) 

benzaldehyde (0.54g, 5 mmol), pentaerythritol (0.34g, 2.5 mmol), toluene (2 mL), 

catalyst 0.02 g, temperature 383 K, reaction time 4 h.) 

 

It is also apparent that the mid-range Si/Al ratios of 50 and 30 seem to provide the best overall 

catalytic performance for both sets of samples, with this being most obvious for the BC samples in 

OCM reaction. This is thought to be closely linked to the nature of the chemical reaction and is 

further elaborated in section 4.3.3.2. 
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4.3.3.2 Overall acidic strength and catalytic activity 

To evaluate the overall strength of the accessible acid sites, the kinetics of the OCM reaction were 

studied for both sets of samples. The OCM reaction utilises relatively small molecules, thus the 

reaction kinetics should be mostly dictated by the number and strength of the acid sites, rather than 

their accessibility. The OCM reaction has been found to proceed via two key reversible 

intermediate steps which require contrary weak and strong acidic environments, respectively65. 

Consequently, a medium overall acidic strength is required to support the OCM reaction to achieve 

a high conversion.  

The results for conversion versus reaction time are provided in Figure S4.8. The initial 

cyclohexanone reaction rate (r) was derived based on per mol of total acid site (AT), and plotted 

against the Si/Al ratio in Figure 4.8. It is evident that maximum reaction rate was achieved at 

intermediate Si/Al ratio of 50 (generally corresponded to a medium acidic strength) for both the SI-

ONS and BC samples. While similar reaction rates are observed for both the SI-ONS and BC 

samples of intermediate Si/Al ratios (i.e. 30 and 50), it is apparent that SI-ONS performed better at 

both low Si/Al ratio (15) and high Si/Al ratio (87). 

 

  

Figure 4.8 Plot of initial reaction rate, per mole of total acid site AT, of cyclohexanone in the 

OCM reaction versus nominal Si/Al ratio for both SI-ONS and BC samples. 

(Reaction conditions: cyclohexanone (0.98g, 10 mmol), methanol (3.2g, 100 mmol), 

catalyst 0.02 g, temperature 298 K, reaction time 440 min) 
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4.3.3.3 Catalytic activity per strong acid site 

The catalytic activity of the strong acid sites was examined using both the EBH and PBP reactions 

which primarily occur on the strong acid sites66, 67. The conversion values for both reactions were 

divided by the AAS of the SI-ONS and BC samples and are shown in Figure 4.9A and B, 

respectively. It is apparent that the catalytic activity per strong acid sites in the SI-ONS samples is 

generally greater than for the BC samples, with the difference becoming more prominent for the 

PBP reaction, as was also observed for the overall catalytic performance (Figure 4.7B and C). 

Considering that the average strength of the strong acid sites in both sets of samples is similar at 

each given Si/Al ratio, it is reasonable to believe the more prominent difference between SI-ONS 

and BC samples in PBP reaction compared with EBH reaction is mainly due to high surface area 

occupied per acid site on the external surfaces of SI-ONS samples (Figure 4.6C). This facilitates the 

migration of reacting molecules to and from acid sites with little hindrance. Thus, the advantage in 

terms of molecule diffusion in the SI-ONS samples is more obvious and significant for reactions 

involving large molecules in PBP reactions. 

It is also observed that the catalytic activity per accessible strong acid site increases with increased 

Si/Al ratio for both sets of samples, consistent with the increased trend found for the strength of 

accessible strong acid sites shown in Figure 4.4C. 

 

  

Figure 4.9 Plots of (A) conversion of hexanoic acid, CHA (%), for the EBH reaction and (B) 

conversion of benzaldehyde, CB (%), for the PBP reaction per accessible strong acid 

sites versus nominal Si/Al ratio for both the SI-ONS and BC samples. (Reaction 

conditions: (A) hexanoic acid (0.58 g, 5 mmol), benzyl alcohol (0.54 g, 5 mmol), 

toluene (2 mL), catalyst 0.05 g, temperature 423 K, reaction time 4 h; (B) 

benzaldehyde (0.54g, 5 mmol), pentaerythritol (0.34g, 2.5 mmol), toluene (2 mL), 

catalyst 0.02 g, temperature 383 K, reaction time 4 h) 
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4.3.3.4 Catalytic activity of the weak Lewis acid sites 

The DRIFTS analysis (Figure 4.3) revealed that both the SI-ONS and BC samples contain weak 

acid sites, including terminal silanol groups and weak Lewis acid sites, with the total number AW 

quantified by TPD-NH3 (Table 2). While it was not possible to quantify the terminal silanol groups 

in the present work, the number of accessible weak Lewis acid sites may be indirectly probed by 

studying the yield and selectivity of the ether by-product from the EBH reaction. The EHB reaction 

proceeds via two parallel reactions, as shown in Figure S4.9. For the main reaction to occur, one 

benzyl alcohol (BA) molecule and one hexanoic acid (HA) molecule need to be co-adsorbed onto 

one strong acid site so as to form one molecule of the main product, ester66, 68. For the side reaction 

to occur, BA molecules normally require weak Lewis acid sites69 followed so as to form the side 

product, ether. Thus, the number of accessible weak Lewis acid sites (AAWL) relative to the number 

of accessible strong acid sites (AAS) can be evaluated by studying the yield and selectivity of ester 

and ether in the EBH reaction. 

The yields of ester (Yester) and ether (Yether) as well as ester selectivity (SEester) versus the nominal 

Si/Al ratio are plotted in Figure 4.10A to C, respectively, for the SI-ONS and BC samples.  

 

  

Figure 4.10 Ester and ether yields, Y (%), for the EHB reaction over (A) SI-ONS and (B) BC 

samples versus nominal Si/Al ratio; (C) Selectivity of ester SEester (%) for the EHB 

reaction versus nominal Si/Al ratio for both the SI-ONS and BC samples. (Reaction 

conditions: hexanoic acid (0.58 g, 5 mmol), benzyl alcohol (0.54 g, 5 mmol), toluene 

(2 mL), catalyst 0.05 g, temperature 423 K, reaction time 4 h) 

 

It seems no clear dependence of the product yield and ester selectivity on Si/Al ratios for both sets 

of samples. These observations are reasonable considering ester formation only occurs at accessible 
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strong acid sites and ether forms at accessible weak Lewis acid sites. The accessible weak Lewis 

acid sites AAWL is not expected to be linked to Si/Al ratios, while accessible strong acid site AAS 

shows a decreasing trend with Si/Al ratios (Figure 4.6A). The combined functions of these two 

types of acid sites result in curves which have no correlations with Si/Al ratios for both sets of 

samples. In comparison of SI-ONS with BC samples, SI-ONS shows higher yield and lower 

selectivity of ester. As it has been found that SI-ONS samples have higher AAS (Figure 4.6A), it 

may be possible to conclude that there is a higher number of accessible weak Lewis acid sites in the 

SI-ONS than in the BC samples. The deduction is plausible as the nanosheet stacks in the SI-ONS 

samples were more vulnerable towards thermal/hydrothermal treatment at the external surfaces, 

resulting in a higher number of weak Lewis acid sites at external surfaces. 

4.3.3.5 Resistance towards catalytic deactivation 

The resistance towards catalytic deactivation for both the SI-ONS and BC samples was studied by 

running the MFI zeolite samples for five cycles of the EHB reaction with the subsequent overall 

conversion and yield illustrated in Figure 4.11A, B and 12C, D, respectively. It is observed that the 

resistance towards deactivation by the SI-ONS samples was higher than for the BC samples. All the 

BC samples suffered from significant deactivation after the first run, whilst the SI-ONS samples 

were able to partially sustain their activity for up to three runs. The stabilized conversions over the 

SI-ONS samples after three cycles were also higher than those over the BC samples. The improved 

resistance towards deactivation is believed to be due to a favourable distribution of accessible 

strong acid sites in the SI-ONS samples.  

It appears that the resistance towards deactivation is in part related to the yield of the ether side 

product. For example, Yether for the SI-ONS-50 sample decreased slightly during the first three runs 

(Figure 4.11C), where the resistance towards deactivation was also seen to be ‘pushed up’ 

compared to the SI-ONS samples possessing other Si/Al ratios. The behaviour was consistently 

observed when the test was repeated twice at this Si/Al ratio. For the other SI-ONS samples, the 

deactivation rate also appeared to follow the trend of Yether in each run.  

The relationship between deactivation resistance and Yether for the SI-ONS samples may derive from 

the relatively high number of accessible weak Lewis sites. It is known that most of the weak Lewis 

acid sites are in close proximity to the strong acid sites in the MFI framework70 and there are 

competing reactions of BA to form ester and ether, as mentioned earlier. The ether side product may 

block access by the BA to the strong acid sites where the main product ester is formed. 

Consequently, the ease by which the ether detaches from the weak Lewis acid sites will influence 
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accessibility to the adjacent strong acid sites for the ester reaction. Additionally, the reduced ester 

formation rate arising from the ether reaction slows the ester accumulation rate near the strong acid 

sites. This may account for the observation that a relatively higher number of weak Lewis acid sites 

can invoke a greater resistance towards deactivation.  

  

Figure 4.11 Plots of deactivation behaviour over five cycles of the EHB reaction for (A) SI-ONS 

and (B) BC samples; Ether yield, Yether (%), for each reaction cycle involving (C) SI-

ONS and (D) BC samples. (Reaction conditions: hexanoic acid (0.58 g, 5 mmol), 

benzyl alcohol (0.54 g, 5 mmol), toluene (2 mL), catalyst 0.05 g for 1st cycle and 

reused for 2nd to 5th cycles, temperature 423 K, reaction time 4 h) 

 

4.4 Conclusions 

Intercrystalline mesoporous 2D MFI zeolites composed of self-interlocked ordered nanosheet stacks 

with different Si/Al ratios were successfully synthesized, together with a set of conventional 3D 

bulk crystals as reference materials. The comparative study undertaken revealed a strong 
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interdependence of the structural and acid site properties, and their combined impacts on the 

catalytic activities of these materials. The significant findings are summarized as follows. 

The 2D MFI zeolite samples were found to provide considerably more accessible acid sites, mostly 

due to the creation of intercrystalline mesopores. The mesopores contributed significantly to the 

measurable external surface area in the 2D samples, which, on average, is three times higher than 

that found in the 3D samples. The mesopores were also found to support more than 80% of the 

strong acid sites on their surfaces. Both the availability of the acid sites and their accessibility 

significantly increased the apparent catalytic activity of the 2D samples as was illustrated by their 

performance in the three liquid phase reactions studied. The highly accessible surface area of the 2D 

samples greatly improved the diffusivity of the reacting species, thus enhancing their resistance 

towards deactivation as was also observed in the reaction testing. 

Additionally, for the first time, the relationships between the acid site strength, stability, and the 

Si/Al ratio were established for 2D MFI zeolite. It was found that, as the Si/Al ratio increased, the 

strong acid site number decreased, while average strength and accessibility of the acid sites 

increased. These relationships are of significant importance as they enable the rational selection of a 

Si/Al ratio when designing a zeolite catalyst for a targeted application.  

Undoubtedly, the combined structural and acidity characteristics of the mesoporous 2D MFI zeolite 

makes it a superior catalyst for applications, especially for those involving bulky molecules. 
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4.7 Supporting Information 

Table S4.1 Reagents used to synthesise the surfactants and SI-ONS and BC samples. 

Reagent Used in Purity Supplier 

1-bromohexane Surfactant synthesis 

- reactant 

>98.0 % TCI, Tokyo 

Kasei 

 

N,N,N',N'-tetramethyl-1,6-

diaminohexane 

Surfactant synthesis 

- reactant 

>98.0 % TCI, Tokyo 

Kasei 

 

1-bromodocosane Surfactant synthesis 

- reactant 

>98.0 % TCI, Tokyo 

Kasei 

 

Acetonitrile Surfactant synthesis 

- solvent 

≥99.9 % RCI Labscan 

Limited 

 

Toluene Surfactant synthesis 

- solvent 

 

≥99.9 % RCI Labscan 

Limited 

 

Diethyl ether Surfactant synthesis 

- wash solvent 

≥99.7 % RCI Labscan 

Limited 

 

Aluminium sulphate hydrate 

(Al2(SO)4·14H2O) 

SI-ONS sample synthesis 

- aluminium source 

100 % Chem-Supply 

Pty Ltd 

 

Sodium aluminate 

(anhydrous) 

BC sample synthesis 

- aluminium source 

 

100 % Sigma-Aldrich 

Tetraethyl orthosilicate (TEOS) SI-ONS and BC sample 

synthesis - silicon source 

98 % Acros Organics 

BVBA 

 

Tetrapropylammonium hydroxide 

(TPAOH, 1 M H2O) 

BC sample synthesis 

- structure directing agent 

 

- Sigma-Aldrich 

Tetrapropylammonium bromide 

(TPABr) 

BC sample synthesis 

- structure directing agent 

 

>98 % Sigma-Aldrich 

Sodium hydroxide 

(anhydrous) 

SI-ONS and BC sample 

synthesis – mineralizer 

 

100 % Merck KGaA 

Sulphuric acid solution 

(40 wt% in H2O) 

SI-ONS sample synthesis 

- pH regulator 

 

- Fluka Chemical 

Corp 
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Table S4.2 Kinetic diameter of molecules involved in selected reactions. 

Reactions Reactants Products 

 Molecular name 
Kinetic diameter a 

(nm) 

Molecule 

name 

Kinetic diameter a 

(nm) 

OCM 
Methanol 0.36 

1,1 dimethoxy 

cyclohexane 
0.96 

Cyclohexanone 0.75   

EHB 
Benzyl alcohol 0.96 Benzylhexanoate 1.45 

Hexanoic acid 1.15 Dibenzyl ether 1.54 

PBP 
Benzaldehyde 0.88 Diaccetal 2.53 

Pentaerythritol 0.90 - - 

a The kinetic diameter is determined as the largest distance between two atoms in a molecule plus 

the van der Waals radius. 
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Table S4.3 Percentage of accessible acid sites for the SI-ONS and BC samples. 

 

 

 

 

 

 

 

 

 

 

a Si/Al ratio determined by ICP-AES analysis. 

b Percentage of accessible strong Brønsted acid sties relative to total number of strong Brønsted 

acid sties AASB (%), and percentage of accessible strong Lewis acid sites relative to total number 

of strong Lewis acid sties AASL (%) determined by DRIFTS using pivalonitrile adsorption. 

  

Sample  Si/Ala Percentage of accessible strong acid sites 

  

AASB (%) 
b AASL (%) 

b 

  
SI-ONS-87 74 97 90 

SI-ONS-50 47 98 22 

SI-ONS-30 29 93 45 

SI-ONS-15 13 94 20 

BC-87 67 44 74 

BC-50 42 62 35 

BC-30 30 63 13 

BC-15 13 66 61 
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Figure S4.1 XRD patterns of (A) SI-ONS and (B) BC samples with different nominal Si/Al ratios. 

The red peak labels in (B) are associated with crystallographic planes absent in SI-

ONS samples shown in (A). 
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Figure S4.2 Typical SEM images of (A) SI-ONS and (B) BC samples with different nominal 

Si/Al ratios.  
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Figure S4.3 Nitrogen adsorption-desorption isotherms of (A) SI-ONS and (B) BC samples with 

different Si/Al ratios.  
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Figure S4.4 Mesopore size distribution curves obtained by the NLDFT method for SI-ONS 

samples with different nominal Si/Al ratios.  
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Figure S4.5 TPD-NH3 curves for SI-ONS-30 and BC-30 samples. 
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Figure S4.6 DRIFTS spectra in frequency range of C-N stretching for (A) SI-ONS-30 and (B) 

BC-30 after pivalonitrile adsorption at room temperature (RT) and high temperature 

(HT) of 473 K respectively; spectra deconvolution for SI-ONS-30 at (A') RT and (A'') 

HT; spectra deconvolution for BC-30 at (B') RT and (B'') HT. 
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Figure S4.7 Schematic of reactions describing (1) o-methylation of cyclohexanone with methanol 

(OCM), (2) esterification of benzylalochol with hexanoic acid (EBH), and (3) 

protection of benzaldehyde with pentaerythritol (PBP). 

 

 

Figure S4.8 Plots of conversion Conv. (%) of cyclohexanone (abbreviated as C) in the OCM 

reaction versus reaction time for (A) the SI-ONS and (B) the BC samples. (Reaction 

conditions: cyclohexanone (0.98g, 10 mmol), methanol (3.2g, 100 mmol), catalyst 

0.02 g, temperature 298 K, reaction time 440 min) 
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Figure S4.9 Schematic depicting two parallel reactions in the EBH reaction: (1) the main reaction 

for benzyl hexanoate (ester) formation and (2) the side reaction for dibenzyl ether 

(ether) formation. 
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Abstract 

This study explores a facile synthesis method by simply changing the type of precursor cations or 

anions to regulate the nanosheet stack size of mesoporous 2D MFI zeolites while preserving the 

‘self-interlocked ordered nanosheet stack’ (SI-ONS) microstructural characteristics. The important 

roles of precursor cations and anions in controlling the structural and hence chemical properties of 

the 2D MFI zeolites are demonstrated and the corresponding mechanisms explained. The ability to 

facilitate microporous MFI framework development followed the order Na+<K+<Rb+<Cs+ for 

cations and SO4
2-≈NO3

-≈Cl- for anions. Conversely, the capability to generate intercrystalline 

mesopores followed the order Na+>K+>Rb+>Cs+ and SO4
2->NO3

->Cl-. The cations and anions 

showed little effect on the amount and strength of strong acid sites, but clearly influenced their 

hydrothermal stability. The hydrothermal stability of strong acid sites in the resulting 2D MFI 

zeolites followed the order Na+<K+<Rb+ for cations and SO4
2-<Cl-<NO3

- for anions. A general 

micelle-aggregation mechanism governing the microstructure formation of SI-ONS in precursors 

containing different types of cations and anions was proposed. It was found, for the first time, that a 

linear relationship exists between nanosheet stack size and mesopore volume of 2D MFI zeolites, 

which provides valuable guidelines for predicting mesopore volume from nanosheet stack size for a 

2D MFI zeolite product. Catalytic performance of the synthesised 2D MFI zeolites was examined 

using three selected liquid phase reactions including the o-methylation of cyclohexanone, the 

esterification of benzyl alcohol with hexanoic acid and the protection of benzaldehyde with 

pentaerythritol. It was shown that the catalytic activity of the 2D MFI zeolites was primarily 

dictated by the amount of mesopores present, for example, the reaction conversion increased by as 

much as 300% when the mesopore volume increased from 0.05 to 0.55 cm3 g-1.  

Keywords: 2D MFI zeolite; acid sites; catalytic activity; hydrothermal stability; mesopores; 

nanosheet size;  
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5.1 Introduction 

Owing to the chemical nature and specific micropore arrangement of the MFI framework, MFI 

zeolites can be made to possess a broad range of acidities, large specific surface areas, and 

relatively high thermal and hydrothermal stabilities, suitable for many industrial applications as 

catalysts1, 2. By incorporating different amounts of Al in the MFI framework, the amount and 

strength of acid sites can be tuned1, 2. However, the application of MFI zeolites is intrinsically 

limited to reactions involving molecules with kinetic diameters below 0.6 nm which represents the 

upper limit of the micropore size in the MFI framework. To alleviate this limitation, various 

approaches have been reported, predominantly employing two general strategies, namely, 

nanosizing and generating hierarchical mesopores3-7. 

The nanosizing approach aims to increase external surface area through particle size reduction. This 

not only exposes more acid sites at accessible external surfaces, but also reduces the general 

diffusion path for molecules to gain access to, or depart from, internal acid sites. Consequently, 

nanosizing is expected to improve the catalytic activity for reactions involving large bulky 

molecules. However, MFI zeolite nanocrystals can only be produced with good consistency at low 

temperatures and in dilute conditions. The synthesis usually requires a long crystallization time 

(>200 h) and often results in low yields (~ 20%)8. Additionally, nanosizing to increase external 

surface area seems to be mostly limited to within 120 m2  g-1 at particle sizes of ~ 100 nm9. A 

further reduction in particle size to below 100 nm would normally incur particle aggregation, 

hindering the improvement to external surface area.  

Generating secondary mesopores in MFI zeolite is a more attractive approach with the created 

mesopores directly contributing to accessible surface area and acid sites. Mesopores are generally 

created as intracrystalline mesoporoes by destructive leaching or dual-templating methods10-13. 

Destructive leaching often produces mesopores with severely deteriorated strong acid sites, leaving 

a large amount of extra-framework Al. In addition, the leaching method can only be applied to 

zeolites with limited framework Si/Al ratios, which means that the resulting mesopores will only 

have a narrow range of acidity10, 11. The dual-templating method utilizes a secondary template to 

generate intracrystalline mesopores. The resultant zeolite, however, often has mesopores 

constrained within the crystals without open paths to external surfaces of the crystals. 

Consequently, these intracrystalline mesopores are not effectively accessible.   

With recent success in the synthesis of 2-dimensional (2D) MFI zeolites14-18, we have carried out a 

series of systematic studies on the structural, chemical and catalytic properties of these zeolites. We 
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revealed that intercrystalline mesopores naturally exist within the commonly formed SI-ONS (self-

interlocked ordered nanosheet stack) cores19. To put it simply, within 2D MFI zeolites, layers of 

nanosheets orderly arrange themselves along the b-dimension to form an ordered nanosheet stack 

(ONS) as illustrated by a typical TEM image in Figure 5.1a. Furthermore, ONS can form in a self-

interlocked (SI) manner, resulting in the formation of what is termed as self-interlocked ONS (SI-

ONS) microstructures19. These self-interlocked cores, as highlighted by the dashed circles in Figure 

5.1b, have been identified as the origin of the intercrystalline-mesopores19. Such mesopores 

typically have a broad diameter distribution, ranging from 5 to 25 nm with a peak at ~ 6 nm19. We 

have mapped out the ternary SiO2-AlO1.5-NaOH composition domains19 to enable the synthesis of 

mesoporous SI-ONS samples with Si/Al ratios ranging from 15 to 87. We have further studied the 

chemical properties of these 2D zeolites and found that more than 80% of the strong acid sites in SI-

ONS materials are located within mesopores (results to be published elsewhere). This represents a 

significant outcome as, for the first time, we have genuine controllability over the microstructure on 

the basis of mesopore quantity while largely preserving the active acid sites.  

 

 

Figure 5.1 Typical microstructure observed in 2D MFI zeolites showing self-interlocked 

nanosheet stacks (SI-ONS): (a) a typical TEM image of a nanosheet stack, showing 

ordered stacking of the nanosheets (ONS) and (b) a typical SEM image showing SI-

ONS (highlighted by the dashed circles) and ONS (highlighted by the solid 

rectangle). 

 

This paper reports a facile approach to manipulating nanosheet stack dimensions while preserving 

the key morphological characteristics of SI-ONS in 2D MFI zeolites. A micelle aggregation 
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mechanism is also proposed on microstructure formation for precursors containing different cations 

or anions. The type and relative location of acid sites, the quantity of each acid site type, and the 

hydrothermal stability of strong acid sites in the synthesised 2D MFI zeolites were also investigated 

via a combination of diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and 

temperature-programed desorption of ammonia (TPD-NH3). The catalytic performance of the 

samples was evaluated using three liquid phase reactions including the O-methylation of 

cyclohexanone (OMC), the esterification of benzyl alcohol with hexanoic acid (EBH) and the 

protection of benzaldehyde with pentaerythritol (PBP)20-23. 

 

5.2 Experimental 

5.2.1 Materials 

1-bromohexane (>98.0 %), N,N,N',N'-tetramethyl-1,6-diaminohexane (>98.0 %), 1-bromodocosane 

(>98.0 %) were acquired from TCI, Tokyo Kasei. Acetonitrile (≥99.9 %), toluene (≥99.9 %) and 

diethyl ether (≥99.7 %) were purchased from RCI Labscan Limited. Aluminium sulphate hydrate 

(Al2(SO)4·14H2O, 100 %) and tetraethyl orthosilicate (TEOS, 98%) were supplied by Chem-Supply 

Pty Ltd and Acros Organics BVBA, respectively. Tetrapropylammonium hydroxide (TPAOH, 1M 

in water), tetrapropylammonium bromide (TPABr, >98%), and sodium aluminate (technical, 

anhydrous) were purchased from Sigma-Aldrich. Sodium hydroxide (≥99.9 %), sodium sulphate 

(≥99.9 %) and sodium bromide (≥99.9 %) were obtained from Merck KGaA while sulphuric acid 

solution (40 wt% in water) was purchased from Fluka Chemical Corp. Deionized (DI) water was 

used in all syntheses. 

5.2.2 Template preparation 

The bi-functional surfactant, C22H45-N
+(CH3)2-C6H12-N

+(CH3)2-C6H13 ( Br− )2 (C22-6-6Br2), was 

synthesized following a two-step procedure reported by Roo and co-workers14. In brief, 78.0 g (0.2 

mol) of 1-bromodocosane and 344.0 g (2 mol) of N,N,N´,N´-tetramethyl-1,6-diaminohexane were 

dissolved in 2000 mL of acetonitrile/toluene mixture (1:1 vol/vol) and heated to 343 K where it was 

held for 24 h. The solution was cooled to room temperature and the solid product was filtered, 

washed with diethyl ether, and dried in an oven in air at 333 K for 12 h. Then, 112.0 g (0.2 mol) of 

the produced intermediate product, C22H45-N
+(CH3)2-C6H12-N(CH3)2 Br−, and 52.8 g (0.2 mol) of 

1-bromohexane were dissolved in 600 mL of acetonitrile and refluxed for 24 h. After cooling to 
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room temperature, the final surfactant product was filtered, washed with diethyl ether, dried in air at 

333 K for 12 h, and stored for use. 

5.2.3 MFI zeolite synthesis 

Two series of materials were synthesized to investigate the impact of cations and anions on the 

structural, chemical and catalytic properties of 2D MFI zeolites. For the cation series, the counter 

cation of the base MOH was changed to NaOH, KOH, RbOH or CsOH with the resulting materials 

denoted as SI-ONS-Na, SI-ONS-K, SI-ONS-Rb, and SI-ONS-Cs, respectively. The aluminium 

source and acid used for this zeolite series were Al2(SO4)3 and H2SO4, respectively. For the anion 

series, while the base remained as NaOH, the counter anion of the aluminium source (AlyN3) and 

acid (HyN) was varied using Al2(SO4)3/H2SO4, Al (NO3)3/HNO3 and AlCl3/HCl combinations with 

the resulting materials denoted as SI-ONS-SO4, SI-ONS-NO3 and SI-ONS-Cl, respectively. Details 

on the synthesis procedure are provided below.  

A 0.005 mol amount of the prepared template was dissolved in deionised water to form a 10 wt% 

template solution. Next, 0.06 mol of base MOH and 0.1 mol of TEOS were added to the template 

solution. The resultant solution, Solution-A, was stirred at 333K for 0.5 h. Separately, a desired 

amount (in x mol) of Aly(N)3·14H2O and 0.015 mol of acid, HyN, were mixed while being 

dissolved in deionized water to form Solution B. Solution B was then added drop-wise to Solution 

A to form the final colloidal solution, designated as the precursor in this work. The final precursor 

had a composition, in terms of molar ratio, of 30NaO2: Al2O3: 100SiO2: 5C22-6-6Br2: 18H2SO4: 

4000H2O. The precursor was further stirred at 333K for 6 h. After aging, the precursor was 

transferred to a Teflon-coated stainless-steel autoclave and heated to, and maintained at, 423 K for 

120 h with the autoclave being tumbled at 60 rpm. The autoclave was then removed from the oven 

and quenched with cold water to ambient temperature. The solid product was recovered and washed 

with deionised water after which it was centrifuged and dried in an air oven at 343 K for 14 h. The 

dried product was calcined in air at 823 K for 5 h to remove the template. 

To convert MFI zeolite from its as-synthesised Na+ form to a H+ form so as to protonate the acid 

site, the calcined products were ion-exchanged three times with NH4
+ at room temperature using a 1 

M NH4NO3 aqueous solution, followed by calcining at 823 K for 5 h.  

5.2.4 MFI zeolite characterization 

Powder X-ray diffraction (XRD) patterns of the products were obtained using a Panalytical 

Empyrean X-ray Diffractometer equipped with Cu Kα radiation (40 kV, 40 mA). Scanning electron 
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microscopy (SEM) imaging analysis was performed using a Zeiss 1555 VP-FESEM instrument 

operating at 3 kV. Transmission electron microscopy (TEM) images were taken with a JEOL 2100 

at an accelerating voltage of 200 kV. Inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) analysis, using a Thermo Scientific iCAP 6500 Duo system, was performed to 

determine the Al content and Si/Al ratio. 

N2 absorption-desorption isotherms were measured at liquid N2 temperature using a Micromeritics 

Tristar II 3020 volumetric analyser. Before a typical measurement, a sample was degassed under 

vacuum at 473K for 14 h. The Brunauer-Emmett-Teller (BET) equation was used to calculate the 

BET specific surface area from the adsorption data range determined using the method reported by 

Rouquerol and co-workers24-26. The micropore volume, Vmicro, was calculated using the t-plot 

method. The mesopore size distribution and mesopore volume Vmeso were analysed with the non-

local density-functional theory (NLDFT) of cylindrical pore model developed by P. Tarazona and 

co-workers27. A non-negative regularization parameter of 1 was used to smooth the data obtained 

from the NLDFT model.  

5.2.5 Acidity characterisation 

Identification of the different types of acid sites was conducted using Diffuse Reflectance Infrared 

Fourier Transform Spectroscopy (DRIFTS). In a typical run, the DRIFTS cell cup was filled with a 

zeolite sample and activation was carried out by heating up to 523K under vacuum for 3 hours and 

then cooling to 293K. A spectrum was recorded against the background spectrum of KBr powder 

measured under the same conditions. DRIFTS spectra were obtained at a resolution of 1 cm-1 

averaged over 128 interferometer scans in the 4000–600 cm-1 range. 

The total amounts of strong and weak acid sites of the products were measured from the 

temperature-programmed desorption profiles of ammonia gas (TPD-NH3) using a Micromeritics 

AutoChem II 2920. 50 mg of a powder zeolite sample was placed in a quartz reactor and degassed 

under He gas at 873 K for 1 h. After cooling to room temperature, 5% NH3 in He gas was passed 

over the sample for 1 h, followed by flushing with He gas at 393K for 1 h to remove freely 

absorbed NH3. A NH3 desorption profile was then obtained by flushing the sample with He gas 

under a temperature gradient of 10K min-1 using a TCD detector. The method to quantify each type 

of acid site based on the TPD-NH3 peak area was adopted from our previous works28-36. 

Steam treatment was carried out in a 10 mL enclosed glass tube with a thermal jacket. 0.05 g of a 

sample and 2 mL of water were added together into the tube. The loaded tube was heated by the 

thermal jacket to 573K and maintained at this temperature for 14 h. The tube was then opened and 
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dried at the same temperature for 6 h. The dried sample was cooled to room temperature and its 

residual acidity was measured again using the TPD-NH3 procedure described above.  

5.2.6 Catalytic performance 

Catalytic performance of the synthesized MFI zeolite samples was evaluated via three selected 

liquid phase reactions of relevance to a wide range of industrial applications22, 23, 37. In the context 

of this study, these reactions were selected as they all involved reacting molecules of kinetic sizes 

significantly larger than the micropore size of the MFI zeolite. Thus, the reactions would only 

proceed on accessible acid sites situated on the external surfaces and mesopores of the MFI zeolite 

samples, enabling the probing into the nature and distribution of the acid sites in these samples. The 

specific nature of each reaction also affords an opportunity to understand the finer characteristics of 

the acid sites. 

5.2.6.1 Methylation of cyclohexanone 

The reaction was carried out in a 5 mL round-bottomed flask. 0.98 g Cyclohexanone (10 mmol) and 

3.2 g methanol (100 mmol) along with 20 mg of a catalyst were mixed and magnetically stirred at 

298K for 440 min. The reaction kinetics were analysed by periodically taking a small portion of the 

reacting slurry, centrifuging it to remove the catalyst, and then diluting it for gas chromatograph 

(GC) analysis for cyclohexanone concentration. 

5.2.6.2 Protection of benzaldehyde with pentaerythritol 

Benzaldehyde (0.54 g, 5 mmol), pentaerythritol (0.34 g, 2.5 mmol), and toluene (2 mL) were mixed 

and charged with 10 mg of a freshly activated catalyst in a 10 mL round-bottomed flask equipped 

with a reflux condenser. The reaction was carried out at 383K under magnetic stirring for 4 h. After 

cooling to room temperature, the reaction mixture was diluted with 4 mL of dimethylformamide. 

The diluted mixture was centrifuged to remove the catalyst before being analysed using a GC for 

benzaldehyde concentration in the liquid.  

5.2.6.3 Esterification of benzyl alcohol with hexanoic acid 

A reaction mixture containing hexanoic acid (0.58 g, 5 mmol) and benzyl alcohol (0.54 g, 5 mmol) 

along with 50 mg of a catalyst was heated under stirring for 4 h at 423K in a 10 mL round-bottomed 

flask equipped with a reflux condenser. At the conclusion of the reaction, the mixture was cooled 

and diluted with 5 mL of toluene before being analysed using a GC for hexanoic acid concentration.  
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Following the reaction experiments, the samples were analysed for reactants remaining and 

products formed using a GC (Agilent Technologies 7683B series) equipped with a flame ionization 

detector and a J&W capillary column. 

 

5.3 Results and Discussion 

5.3.1 Effect of cations and anions on structural properties 

Figure 5.2 shows the XRD patterns of SI-ONS samples synthesized using precursors containing 

different cation types. It is evident that all the XRD patterns show characteristic peaks of the MFI 

framework structure with distinctive peaks such as (101), (200), (501) and (300) associated with 

crystallographic planes in the a-c dimension14, 19. The peaks usually occurring in conventional 3D 

MFI crystals, such as (111), (151), (153) and (432), associated with the b-dimension14, 19, are largely 

absent. This confirms that nanosheets along the a-c dimensions had formed in this set of synthesized 

samples.  

 
 

Figure 5.2 XRD patterns of SI-ONS samples synthesized using different precursor cations: (a) 

SI-ONS-Na; (b) SI-ONS-K; (c) SI-ONS-Rb; and (d) SI-ONS-Cs. 
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As the XRD spectra for all samples were taken under the same conditions in terms of sample mass, 

scan step size and time, the XRD intensity may be compared to reflect on the relative crystallinity 

of the samples. It can be noted that the overall XRD peak intensity increases from curve (a) to (c) 

suggesting the crystallinity of the samples increased as the precursor cation was changed from Na+, 

to K+, and then to Rb+, respectively, following the order of increasing cation size. However, the 

sample synthesized from precursor cation Cs+ (Figure 5.2, curve d), despite it being the largest 

cation size, shows an unexpected lower peak intensity as compared to the rest of the sample set. A 

similar observation is evidenced in the ensuing N2 adsorption-desorption study conducted on this 

set of samples.  

The N2 adsorption-desorption study allowed for evaluation of the pore volume and surface area due 

to the micropores and mesopores with the results listed in Table 5.1 for all samples. It is clear that 

the micropore volume Vmicro increased in the order of SI-ONS-Na, to SI-ONS-K and then to SI-

ONS-Rb, consistent with increased crystallinity as seen in the XRD analysis. However, for the SI-

ONS-Cs, it is noted that the micropore volume is 0.08 cm3g-1, which is significantly lower than the 

values observed for the other samples.  

 

Table 5.1 Structural properties of SI-ONS samples synthesized with different precursor cations 

and anions. 

Sample 

Micropore 

Volume 

(cm3 g-1) 

Mesopore 

Volume 

(cm3 g-1) 

Total Pore 

Volume  

(cm3 g-1) 

Internal 

Surface Area 

(m2 g-1) 

External 

Surface Area 

(m2 g-1) 

Total 

Surface Area 

(m2 g-1) 

 
Vmicro

a Vmeso
b VT

c Sint
d Sext

e ST
f 

SI-ONS-Na 0.11 0.55 0.65 241 403 644 

SI-ONS-K 0.12 0.26 0.38 259 238 497 

SI-ONS-Rb 0.13 0.07 0.19 272 108 380 

SI-ONS-Cs 0.08 0.05 0.13 173 53 227 

 
SI-ONS-SO4 0.11 0.55 0.65 241 403 644 

SI-ONS-NO3 0.11 0.31 0.40 238 247 485 

SI-ONS-Cl 0.11 0.24 0.32 232 190 422 

d Micropore volume determined using the t-plot analysis. 

e Mesopore volume determined using the non-local density-functional theory (NLDFT). 

f The total pore volume determined by the sum of micropore volume and total mesopore volume. 

g Total surface area (ST) determined using the Brunauer-Emmett-Teller (BET) equation. 

h Internal surface area (Sint) determined using the t-plot method. 

i External surface area (Sext) determined by subtracting Sint from ST. 

 



     129 Chapter 5  

The relationship between the crystallinity and cation size in the cation series samples is consistent 

with the trend observed in our previous study in which the key role played by 𝑂𝐻 – in the precursor 

in forming the MFI framework was articulated19. Put simply, the higher the [𝑂𝐻 –], the higher the 

crystallinity of the resultant MFI zeolites under otherwise identical synthesis conditions19. As it is 

known that the bonding strength between 𝑂𝐻 – and the cations decreases with increasing cation 

size38, the 𝑂𝐻 – activity and consequently the basicity of the precursor ought to follow the order 

Na+<K+<Rb+<Cs+. The exception regarding the behaviour of SI-ONS-Cs is believed to arise from 

the co-formation of an amorphous phase in the sample, which will be discussed in the following 

SEM and TEM studies.  

Figure 5.3 shows typical SEM images of the samples in the cation series. Generally speaking, the 

samples were found to consist of SI-ONS microstructures typical of 2D MFI zeolites synthesised 

using the C22-6-6Br2 template. The petal-like basic microstructural building units were confirmed by 

TEM analysis to be stacks comprising five layers of orderly arranged nanosheets for all samples, 

showing little effect of cation type on the thickness of the ONS formed. The most obvious change in 

microstructure is the significantly increased nanosheet petal size, from SI-ONS-Na to SI-ONS-Cs as 

shown in Figure 5.3. With increasing nanosheet petal size, the number of SI cores is decreased. As 

the intercrystalline mesopores mainly originate from the self-interlocked cores in the SI-ONS 

samples19, the changes to the microstructure imply the amount of mesopores decreases as the 

precursor cation size increases.  
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Figure 5.3 Typical SEM images of samples obtained using different precursor cations: (a, a') SI-

ONS-Na, (b, b') SI-ONS-K, (c, c') SI-ONS-Rb, and (d, d') SI-ONS-Cs. 

 

A detailed inspection of the SEM image for SI-ONS-Cs revealed small round particles, as 

highlighted by the dashed circles (Figure 5.3d'), protruding from the petal surfaces, which are not 

present in the other samples. The microstructure of the SI-ONS-Cs sample was examined at a 

higher magnification, with the associated SEM and TEM images provided in Figure 5.4. Images 4a 
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and 4b illustrate that a large amount of small round shaped particles were present in the sample in 

addition to the SI-ONS clusters. TEM analysis reveals two types of amorphous particles exist in the 

sample. One type is randomly organised round or ellipse shaped particles ranging in size from ~ 50 

to 200 nm (Figure 5.4c'), while the other is small worm-like particles of dimensions ~ 20 × 40 nm 

(Figure 5.4d'). Both type of particles do not have discernible lattice under high resolution TEM and 

are therefore concluded secondary amorphous phase. It is apparent the SI-ONS-Cs contains a 

secondary amorphous phase which could be responsible for the lower XRD intensity and lower 

specific Vmicro observed in this sample as compared to the other samples in the cation series. 

 

Figure 5.4 (a, b) SEM images and (a', b', c, d') TEM images of the SI-ONS-Cs sample. 

 

The isotherms and mesopore size distributions obtained from the N2 absorption-desorption profiles 

are shown in Figure S5.1. It can be seen that for all the cation series samples, three distinct p/po 

regions are present in the isotherms corresponding to the micropores, intercrystalline mesopores, 

and mesopores formed by physical packing, hereafter named MIC, MES-SI and MES-P, 

respectively19, 24. On further examination of the MES-SI region within the isotherms, which 
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accounts for the majority of the mesopores formed, the area decreases significantly from SI-ONS-

Na to SI-ONS-Rb and is almost non-existent for SI-ONS-Cs. Figure S5.1B shows that the 

mesopores had a broad size distribution, ranging from 2 to 25 nm and peaking at 6.6 nm. The 

associated mesopore volumes were calculated and the results are listed in Table 5.1. Clearly, Vmeso 

decreased with increasing cation size, consistent with the descending number of SI cores observed 

in the SEM image analysis (Figure 5.3).  

Figure 5.5 shows the XRD patterns of the SI-ONS samples synthesized from precursors containing 

different anion types. All the samples were confirmed to possess the MFI framework structure with 

characteristic peaks associated with crystallographic planes in the a-c dimensions, indicating 

successful formation of the 2D MFI nanosheets in this series of samples. In addition, the overall 

peak intensities and associated Vmicro (Table 5.1) were very similar for all three samples, implying 

they had relatively similar crystallinities. This is expected as anions in the precursors have little 

impact on 𝑂𝐻 – activity, and hence are not expected to significantly influence crystallization of the 

MFI framework structure during synthesis. 

 

Figure 5.5 XRD patterns of samples synthesized using different precursor anions: (a) SI-ONS-

SO4, (b) SI-ONS-NO3, and (c) SI-ONS-Cl. 
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Figure 5.6 provides typical SEM images of the anion series samples. All the samples displayed the 

typical microstructure of SI-ONS, similar to those observed in the cation series samples (Figure 

5.3). It is also evident that the petal size of ONS increased but the number of SI cores decreased 

from SI-ONS-SO4 (Figure 5.6a, a'), to SI-ONS-NO3 (Figure 5.6b, b'), to SI-ONS-Cl (Figure 5.6c, 

c'), which follows the increasing trend of binding strength of these anions. However, unlike the 

cation series, the ONS thickness, i.e. the number of nanosheets in each stack, increased with 

increasing anion binding strength. A detailed TEM image analysis showed that the ONS thickness 

was ca. 20 nm, 40 nm, and 68 nm, corresponding to 5, 10, 17 layers of nanosheets in each stack, for 

SI-ONS-SO4, SI-ONS-NO3, and SI-ONS-Cl, respectively. Clearly, the anion binding strength plays 

a major role in dictating nanosheet stacking along the b-dimension. 

 

Figure 5.6 Typical SEM images of samples obtained using different precursor anions: (a, a') SI-

ONS-SO4, (b, b') SI-ONS-NO3, and (c, c') SI-ONS-Cl. 
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Figure S5.2 presents the isotherm (A) and mesopore distributions (B) for the anion series of 

samples. Similar to the cation series, each isotherm displayed distinct MIC, MES-SI and MES-P 

regions. In the MES-SI region representing intercrystalline mesopores, the area decreased from SI-

ONS-SO4 to SI-ONS-Cl in accordance with increasing binding strength of the anions. This trend is 

consistent with the number of SI cores observed in Figure 5.6 and the calculated mesopore volumes 

listed in Table 5.1. The mesopore size distribution shown in Figure S5.2B illustrates similar 

behaviour to that of the cation series samples with mesopore sizes ranging from 2-25 nm overall, 

being more concentrated at 5-15 nm and peaking at 6.6 nm. 

Detailed analysis of the microstructural data reveals strong correlations exist among the mesopore 

volume, external surface area and nanosheet stack size (in a-c dimensions) as illustrated in Figure 

5.7. The results for SI-ONS-Cs are not included in the figure as the sample contained a secondary 

amorphous phase as was discussed earlier.  Figure 5.7A reveals a linear relationship exists between 

external surface area, Sext, and Vmeso. Note that the external surface area refers to the total area of 

the physical external surfaces and surfaces of the mesopores. Consequently, the observed linear 

relation implies that the external surface area can be mostly attributed to the intercrystalline 

mesopores. The finding is consistent with our previous work19. Figure 5.7B shows that the Vmeso 

linearly decreases with increasing nanosheet stack size. The earlier SEM image analysis 

demonstrated that the number of SI cores decreased while the ONS nanosheet size increased for 

both the cation (Figure 5.3) and anion (Figure 5.6) series samples. This implies that the chance for 

ONS to grow in the SI manner, hence the formation of intercrystalline mesopores, is restricted when 

the samples are composed of large nanosheets.  

Furthermore, the similar linear dependence of Vmeso on nanosheet stack size observed for both the 

cation and anion samples (Figure 5.7C) suggests that the intercrystalline mesopore formation is 

primarily governed by the nanosheet stack size rather than the ONS thickness which varied 

significantly in the anion series samples. The observation is significant as it implies that, at SI cores, 

the intercrystalline mesopores form only in the vicinity of interfaces where two nanosheet stacks 

meet, rather than penetrating the whole thickness of the two perpendicular stacks. The structure of 

the intercrystalline mesopores will be further analysed and reported elsewhere.  

Combining the results of Figure 5.7A, 7B, and 7C reveals a near linear relationship exists between 

Sext and nanosheet stack size, providing a convenient tool to directly estimate the external surface 

area from the nanosheet stack size of SI-ONS. 
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Figure 5.7 Relationships between mesopore volume (Vmeso), external surface area (Sext) and 

nanosheet stack size: (A) Sext vs Vmeso; (B) Vmeso vs nanosheet stack size; and (C) Sext 

vs nanosheet stack size. 

 

5.3.2 Effect of cations and anions on chemical properties 

Elemental analysis results of the Al content, residual cations after ion-exchange with NH4
+, and 

actual Si/Al ratio for both the cation and anion series samples are listed in Table S1. The type and 

number of acid sites in the samples were analysed using DRIFTS and TPD-NH3. Note that in Figure 

5.10 the labels Na+, K+, Rb+ and Cs+ refer to the samples SI-ONS-Na, SI-ONS-K, SI-ONS-Rb and 

SI-ONS-Cs, respectively, while the labels SO4
2-, NO3

-, and Cl- represent the samples SI-ONS-SO4, 

SI-ONS-NO3, SI-ONS-Cl, respectively. Figure 5.8 illustrates the DRIFTS spectra of the cation 

series samples across the frequency of the OH-stretching mode (ν(OH)). Peaks at 3760-3710 cm-1 

(Figure 5.8A) are associated with v(OH) of terminal silanol groups while peaks at 3710-3530 cm-1 

(Figure 5.8B) are related to the Lewis and Brønsted acid sites. From Figure 5.8A, it can be seen 

there are three peaks at 3741 cm-1, 3736 cm-1 and 3723 cm-1 for all of the samples. Based on 

previous studies 39, 40, the band 3741 cm-1 is assigned to the terminal silanol groups (Si-OH) at 

external surfaces, whilst the bands at 3736 cm-1 and 3723 cm-1 are associated with terminal silanol 

groups at internal surfaces which act as framework defects. In terms of Lewis acid sites, the bands 

3685 cm-1 (Figure 5.8B) is assigned to Al-OH, which can serve as Lewis acid sites, but may also 

present as non-acidic extra-framework Al41, 42. The band at 3600 cm-1 is attributed to strong 

Bronsted acid sites (Si-O(H)-Al)41, 42. 
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Figure 5.8 DRIFTS spectra of the cation series samples in the frequency ranges of (A) 3765 - 

3710 cm-1 and (B) 3710-3560 cm-1. 

 

To further understand the interdependence of the acid sites formed and the associated structural 

properties described in section 3.1, the peak intensity ratio of band 3741 cm-1 to band 3736 cm-1 

(I3741/I3736) was calculated for all samples and presented in Figure 5.9. The peak intensity I3741/I3736 

ratio represents the relative amount of terminal silanol groups on the external surfaces to those on 

the internal surfaces. Figure 5.9 shows that I3741/I3736 decreased with increasing cation size, 

suggesting that there are relatively lower amounts of external to internal terminal silanol groups in 

the samples obtained using precursors containing larger cations. This observation is consistent with 

the structural properties listed in Table 5.1. Sext decreases with increasing cation size (Table 5.1), 

potentially leading to a lower amount of external terminal silanol groups compared to internal ones, 

giving the negative relationship between I3741/I3736 and cation size as observed in Figure 5.9.  
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Figure 5.9 Semi-quantitative analysis of the variation in intensity ratio of terminal silanol groups 

on the external surface relative to the internal surface of cation series samples.  

 

A quantitative analysis of the acid sites was conducted using TPD-NH3 with the results for the total 

weak acid sites (AW), total strong Bronsted acid sites (ASB), and total strong Lewis acid sites (ASL) 

listed in Table S1. The total number of acid sites, AT (calculated by adding all types of acid sites 

together), and total strong acid sites, AS (from the summation of ASB and ASL), for the cation series 

samples are plotted in Figure 5.10A. With the exception of SI-ONS-Cs, it can be seen that the 

samples exhibit similar AT and AS amounts. In addition, as shown in Figure 5.10B, the percentage 

of AS for all the samples is similar, suggesting the average site strength of all samples is relatively 

identical.  

To further examine the chemical stability of the acid sites, the samples were subjected to 

hydrothermal treatment at 573 K for 14 h and then the acid sites were again quantified. Figure 

5.10C shows the percent change in the number of strong acid sites to the number of the original 

total strong acid sites (i.e. before hydrothermal treatment). Interestingly, with the exception of SI-

ONS-Cs, it is apparent that the loss in strong acid sites decreases from SI-ONS-Na, to SI-ONS-K, to 

SI-ONS-Rb. It is known that the weak Lewis acid site formation usually derives from the de-

alumination of strong acid sites in the MFI framework43 44, inferring that the resistance towards de-

alumination, thus the chemical stability of strong acid sites, increases as the precursor cation size 

increases. For SI-ONS-Cs, the significantly larger loss of strong acid sites may be attributed the co-

existing amorphous phase. However, the exact nature of the potential acid sites in the amorphous 

phase is unknown at present. 
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Figure 5.10 (A) Total number of acid sites AT and total number of strong acid sites AS of cation 

series samples; (B) Percentage of strong acid sites AS (%) of cation series samples; 

(C) Percentage change in AS (ΔAS) following hydrothermal treatment of the cation 

series samples. 

 

Figure 5.11 depicts the DRIFTS spectra of the anions series samples across the OH-stretching mode 

(ν(OH)). When compared with the cation series samples (Figure 5.8), the anion series samples 

exhibit similar peaks meaning the associated acid sites are identical to those for the cation series 

samples. Semi-quantitative analyses of the ratio of external to internal terminal silanol groups 

(I3741/I3736) was plotted in Figure 5.12. It is clearly shown that I3741/I3736, thus the relative amount of 

external to terminal silanol groups, decreases with increasing anion binding strength. This is again 

consistent with the Sext for these samples, just as observed in the cation series samples.  
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Figure 5.11 DRIFTS spectra of the anion series samples in the frequency ranges of (A) 3765-

3710 cm-1 and (B) 3710-3560 cm-1.  

 

Figure 5.12 Semi-quantitative analysis of the variation in intensity ratio of terminal silanol 

groups on the external surface relative to the internal surface of anion series samples. 

 

The number of acid sites, AT and AS, for the anion series samples are plotted in Figure 5.13A with 

the associated AS (%) provided in Figure 5.13B. Figure 5.13 clearly shows that the anion series 
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samples not only contained a similar number of total (AT) and total strong (AS) acid sites, they also 

exhibited similar average acid strengths.  

Hydrothermal treatment was also applied to the anion series samples at 573K for 14 h to evaluate 

their chemical stability and with associated changes in the strong and weak acid sites plotted in 

Figure 5.13C. It is notable that the effect of anion variation was irregular and did not follow any 

specific trend in relation to anion binding strength as seen for the other characteristics discussed so 

far. The loss in strong acid sites, ∆AS, was more prominent for SI-ONS-SO4, whilst being negligible 

for SI-ONS-NO3. However, SI-ONS-Cl unexpectedly exhibited a gain in ∆AS. It follows that the 

strong acid site stability followed the order of NO3
- > Cl- > SO4

2- for the anion series samples.  

 

Figure 5.13 (A) Total amount of acid sites, AT, and total amount of strong acid sites, AS, of 

cation series samples; (B) Percentage of strong acid sites, AS (%), in the anion series 

samples; (C) Percentage change in AW (ΔAW) and AS (ΔAS) following hydrothermal 

treatment of the anion series samples. 

 

In contrast, the change in the total number of weak acid sites, ∆AW, calculated from the number of 

weak acid sites lost relative to the number of original weak acid sites before hydrothermal 

treatment, showed the exact opposite trend to ∆AS. It is well known that framework Al and extra-

framework Al can be exchangeable for the MFI zeolites45-49. That is, the extra-framework Al (weak 

Lewis acid sites) could re-enter the framework to become strong acid sites under favourable 

conditions. The present results suggest that a portion of extra-framework Al in the SI-ONS-Cl 
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sample re-entered the framework to form additional strong acid sites during the hydrothermal 

treatment process.  

5.3.3 Catalytic performance 

The catalytic performance of both the cation and anion series samples was assessed for three 

selected liquid-phase reactions, namely the OCM, PBP and EHB reactions. Apart from methanol in 

the OCM reaction, the molecules involved in these reactions all have a kinetic diameter greater than 

0.6 nm but less than 2.5 nm. Consequently, it is anticipated that the reactions only take place on the 

active acid sites residing on the physical external surfaces and mesopore surfaces. This approach 

offers a simple and effective means to directly probe the catalytic nature of the mesopores the 

synthesized samples. Note that, while the catalytic performance data for SI-ONS-Cs are presented 

along with the results for the other samples, SI-ONS-Cs was excluded from further analysis due to 

the existence of the dual phases (i.e. crystalline and amorphous) in this sample.  

Catalytic activity is primarily dictated by the type, amount, strength and accessibility of the acid 

sites present in the MFI zeolites. For the reactions considered here, the acid sites are mostly 

distributed across the mesopore surfaces. As it was not possible to separately quantify the surface 

area of the mesopores and the external surfaces, the catalytic performance was evaluated based on 

the total external surface area, Sext.   

Figure 5.14 compares the conversion data of hexanoic acid (abbreviated as HA) in the EHB reaction 

and of benzaldehyde (abbreviated as B) in the PBP reaction for all the samples. Both reactions 

chiefly occur on strong acid sites20, 50. It can be seen that the conversions for all samples followed 

an increasing trend with Sext. As the samples examined in this study exhibit similar amounts of 

strong acid sites and average acidic strengths (Figure 5.10 and Figure 5.13, respectively) a larger 

Sext infers a greater accessible surface area per acid site to support diffusion of the reacting 

molecules. The results highlight the essential role the intercrystalline mesopores play in enhancing 

the accessibility to, and the diffusion of, reacting species to the active acid sites.  
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Figure 5.14 Conversions Conv. (%) of hexanoic acid (abbreviated as HA) in the EBH reaction 

over (A) the cation series samples and (A') the anion series samples versus Sext; 

Conv. (%) of benzaldehyde (abbreviated as B) in the PBP reaction over (B) the 

cation series samples and (B') the anion series samples versus Sext. (Reaction 

conditions: EBH reaction, hexanoic acid (0.58 g, 5 mmol), benzyl alcohol (0.54 g, 5 

mmol), toluene (2 mL), catalyst 0.05 g, temperature 423 K, reaction time 4 h; PBP 

reaction: benzaldehyde (0.54g, 5 mmol), pentaerythritol (0.34g, 2.5 mmol), toluene 

(2 mL), catalyst 0.02 g, temperature 383 K, reaction time 4 h) 

 

In the instance of the EBH reaction, apart from the primary reaction (i.e. the esterification of 

hexanoic acid (HA) by benzyl alcohol (BA) to form benzylhexanoate (ester)), a side reaction also 

occurs concurrently whereby BA undergoes self-esterification to form dibenzyl ether (ether). It is 

known that the primary reaction takes place on strong acid sites20, 50, whilst the side reaction occurs 

mainly on weak Lewis acid sites51. In addition, in the main reaction, one HA molecule and one BA 

molecule need to firstly adsorb on the same strong acid site for the reaction to proceed20, 50. The side 

reaction occurs when BA molecules are adsorbed on weak Lewis acids sites52. Thus, the selectivity 

(%) towards each ester in the EBH reaction may be used to evaluate the relative activity of the 

strong acid sites against that of the weak Lewis acid sites. Figure 5.15 presents the results of ester 

selectivity and the corresponding ratio of the adsorbed amount of BA to that of HA (BA/HA) after 

the reaction for both cation and anion series of samples. 
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Figure 5.15A and 15A' compare the ester selectivity for the cation series and anions series samples, 

respectively. It can be seen that both series of samples exhibit very similar selectivity. The ester 

selectivity should depend directly on the relative catalytic activity of strong to weak Lewis acid 

sites in the MFI sample tested. Given the amount and average strength of strong acid sites are 

similar for samples in both the cation (Figure 5.10A) and anion (Figure 5.13A) series, it suggests 

that the catalytic activity of the strong acid sites is similar for all samples. Consequently, the similar 

ester selectivity observed in Figure 5.15A and 15A' implies the catalytic activity of the weak Lewis 

acid sites for all the samples similar as well. 

The BA/HA ratio for the catalysts following the reaction was evaluated with the results for the 

cation and anion series samples compared in Figure 5.15B and 15B', respectively. A decreasing 

trend with increasing cation size is evident for the cation series samples, whilst a decreasing trend 

with increasing binding strength is apparent for the anion series samples. It is known that BA 

adsorbs on both strong and weak Lewis acid sites52, whilst HA mainly adsorbs on strong acid 

sites20, 50. The findings indicate there is a lower number of weak Lewis acid sites in the 2D MFI 

zeolites when cations with a large size or anions with a high binding strength are present.  

 

Figure 5.15 Ester selectivity within the EBH reaction for (A) cation series samples and (A') anion 

series samples; the ratio of amounts of BA adsorbed to HA adsorbed (BA/HA) after 

reaction for the (B) cation series samples and (B') anion series samples. (Reaction 

conditions: EBH reaction, hexanoic acid (0.58 g, 5 mmol), benzyl alcohol (0.54 g, 5 

mmol), toluene (2 mL), catalyst 0.05 g, temperature 423 K, reaction time 4 h) 
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The observations are consistent with the findings from the hydrothermal stability analysis presented 

in Figure 5.10C and 13C. They further support the conclusion that precursors possessing either 

large cations or anions with a high binding strength facilitate MFI frameworks with local chemical 

environments favouring framework-Al incorporation while discouraging framework de-

alumination, thus forming fewer weak Lewis acid sites at the external surfaces. 

A kinetic study of the OCM reaction was also conducted with the conversion of cyclohexanone 

(abbreviated as C) versus reaction time plotted in Figure 5.16A and 16B for the cation and anion 

series samples, respectively. As the OCM reaction involves relatively small molecules, it was 

anticipated that the reaction kinetics should be predominantly dictated by the number and strength 

of the acid sites, rather than their accessibility.  

The OCM reaction requires both weak Lewis and strong acid sites, and an optimum overall acid 

strength53. The conversion results indicate that the activity of the cation series samples decreases 

with increasing cation size. Considering the amounts of strong acid sites in these samples are 

similar (Figure 5.10A), this result suggests that greater number of weaker Lewis sites might 

promote higher conversion, as higher number of weak Lewis acid sites existed in the samples of 

smaller cation size (Figure 5.15B). 

In the case of the anion series samples, the conversion results indicate that SI-ONS-SO4 has the 

highest overall catalytic activity, whilst SI-ONS-NO3 and SI-ONS-Cl have similar but lower 

activities. SI-ONS-SO4 could contain higher amount of weaker Lewis acid sites than the other 

samples as analysed in Figure 5.15B′, thus providing higher activity. The observations of similar 

activity for SI-ONS-NO3 and SI-ONS-Cl infer that these two samples might contain lower but 

similar amount of weak Lewis acid sites. 
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Figure 5.16 The conversion Conv. (%) of cyclohexanone (abbreviated as C) in the OCM reaction 

versus reaction time for (A) cation series samples and (B) anion series samples. 

(Reaction conditions: Cyclohexanone (0.98g, 10 mmol), methanol (3.2g, 100 mmol), 

catalyst 0.02 g, temperature 298 K, reaction time 440 min) 

 

5.3.4 Mechanisms of microstructure formation  

Based on the previously established knowledge and the results obtained in this work, a silicate 

micelle aggregation mechanism was proposed to explain microstructure formation in the cation 

series samples. As schematically illustrated in Figure 5.17, the ONS formation proceeds as follows: 

(1) Initially, when the template is dissolved in water, micelles of the template molecules form with 

positively charged heads positioned outwardly towards H2O and the Br− counter ions attached 

at the micelle surfaces54; 
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(2) Following TEOS and MOH addition, soluble silicates are released from the precursor through a 

series of hydrolysis reactions assisted and dictated by the 𝑂𝐻 – and M+ ions. the Br− ions have 

a greater hydration ability, they are replaced by silicate ions on the surfaces of the micelles to 

form silicate micelles54; 

(3) The net surface charge of the silicate micelles is reduced, thus the repulsive force among the 

silicate micelles is also reduced, promoting their aggregation via silicate condensation; 

(4) The aggregated silicate micelles develop into a solid mesophase, which further undergoes a 

series of solid phase transformations with concurrent crystallization55, to form the final lamella 

phase in the form of ONS. 

 

 

Figure 5.17 Schematic depicting the ONS formation mechanism for the cation series samples. 

 

The described mechanism enables a satisfactory explanation of the increased nanosheet stack size 

with increasing cation size (Figure 5.3). It is known that TEOS hydrolysis is strongly influenced by 

the activity of 𝑂𝐻 – in the precursor56. Additionally, TEOS hydrolysis will produce silicates with a 

range of sizes from small monomers to large polymeric ions, as depicted in Figure 5.18. On adding 

TEOS and MOH in the precursor, H2O molecules form a hydration shell around the 𝑀 + ions. The 
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hydrated 𝑀 + ions adsorb on and neutralize the negatively charged silanol groups in the silica gel, 

enabling 𝑂𝐻 − to penetrate through the water shell and ‘attack’ the silanol groups56. This weakens 

the Si-O bonds and encourages the release of silicate ions from the silica gel phase 56. Depending on 

the activity of 𝑂𝐻 −, the hydrolysis will result in silicates in the form of monomer, oligomer or 

polymer ions. Consequently, the ability of 𝑂𝐻 −  to penetrate through the water shell plays an 

important role in the hydrolysis process. A thinner water shell around 𝑀 + should favour 𝑂𝐻 – 

penetration to facilitate the silicate release, which leads to fast hydrolysis as well as the release of 

small silicate ions. As the water shell thickness decreases with increasing cation size (due to the 

decreased polarization (hydration) ability56), the extent of hydrolysis and the resulting amount of 

monomer silicates follows the order of increasing cation size.  

 

Figure 5.18 Schematic depicting the hydrolysis process of silica in the precursor solution. 

 

It has been reported that smaller silicate monomers find it more difficult to interact with the heads 

of the surfactant template compared to larger silicate oliogmers or polymers57, 58, hindering the 

formation and aggregation of silicate micelles. Consequently, as expected, a higher aggregation rate 

resulted in the formation of mostly smaller silicate micelle aggregates, and vice versa. 

Following this analysis, the rate of silicate micelle aggregation is expected to follow the decreasing 

order Na+ > K+ > Rb+ > Cs+, while the silicate aggregate size follows the increasing order Na+ < K+ 
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< Rb+ < Cs+, where the size of the aggregates dictate the dimension of the final ONS formed. This is 

precisely what was observed in the final products of the cation series samples in the present work.  

Anions in the precursor also interact with the heads of the surfactant molecules with a greater 

binding strength invoking a higher affinity between the two59. A high affinity between the anions 

and surfactant micelles inevitably hinders silicate micelle formation and thus promotes the 

formation of large silicate aggregates, as discussed above. In addition, a high binding strength of the 

anion affects the mesophase transformation process, leading to the formation of a large lamella 

mesophase, not only along the a-c dimensions but also in the b dimension, as is shown in Figure 

5.19. In accordance with this formation process, a greater anion binding strength will give larger 

and thicker ONS in the final product as was seen for the anion series samples (Figure 5.6).  

 

 

Figure 5.19 Schematic depicting the ONS formation mechanism for the anion series samples. 

 

5.4 Conclusions 

A facile synthesis route was explored to control the structural and chemical properties of the 

resultant mesoporous 2D MFI zeolites with characteristic self-interlocked ordered nanosheet stacks 
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been preserved. The microstructure formation process, based on a silicate micelle aggregation 

mechanism, has also been established. The key conclusions of the present work are summarised as 

follows:  

(1) Precursor cations have a noticeable effect on formation of the microporous structure of the MFI 

framework. A larger cation size promotes higher crystallinity within the 2D MFI product. In 

contrast, precursor anions do not invoke the same effect; 

(2) Both precursor cations and anions influence intercrystalline mesopore formation with the 

ability to form mesopores following the order Na+>K+>Rb+>Cs+ for the cation series and SO4
2-

>NO3
->Cl- for the anion series. A linear correlation between the nanosheet stack size and 

intercrystalline mesopore volume in the 2D MFI zeolites has been revealed, for the first time;  

(3) Both precursor cations and anions have a similar impact on the amount and strength of strong 

acid sites in the resulting 2D MFI samples.   In addition, it was found that the hydrothermal 

stability of the strong acid sites in these samples increases with increasing cation size for the 

cation series, while it follows the order SO4
2-<Cl-<NO3

- for the anion series; 

(4) Mesopores in the 2D MFI zeolites significantly improve the accessibility of active acid sites by 

the bulky molecules. Thus, the quantity of mesopores dictates the catalytic activity of the 2D 

MFI zeolites, as was evidenced by the increased conversion for selected chemical reactions, 

with up to a 300% improvement when mesopore volume increased from 0.05 to 0.55 cm3 g-1; 

(5) The study has systematically demonstrated that by merely modifying the type of precursor 

cation or anion, 2D MFI zeolites with precise characteristics can be synthesised with 

confidence and consistency. For instance, mesopore volumes exhibit a linear dependency on 

the nanosheet stack size, Vmeso, ranging from 0.05 to 0.55 cm3 g-1 when the average nanosheet 

stack size changed from 2000 to 100 nm. This structural controllability enables the design and 

synthesis of optimum mesopore functionality for given applications. 
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5.7 Supporting Information 

Table S5.1 Chemical composition and the number of each type of acid site of SI-ONS samples 

synthesized using various cations and anions. 

Sample  

Total Al 

content 

(µmol g-1) 

Residual 

cations 

(µmol g-1) 

Si/Ala 
Number of Acid Sites 

(µmol g-1) 

 
T-Ala RCa 

 
AW

b AS
b AT

c 

SI-ONS-Na 282 13 50 117 181 298 

SI-ONS-K 291 17 44 152 165 317 

SI-ONS-Rb 246 0.13 56 141 172 313 

SI-ONS-Cs 364 151 40 52 77 129 

 
  

  
  

SI-ONS-SO4 282 13 50 117 181 298 

SI-ONS-NO3 263 64 57 131 176 308 

SI-ONS-Cl 297 71 50 171 175 345 

a The total Al content (T-Al), amount of residual cations (RC), defined as the the amount of 

cations after ionic exchanged with NH4NO3 in order to expose the acid sites), and actual Si/Al 

ratios determined using ICP-AES analysis. 

b The total weak acid sites (AW), total strong acid sties (AS) determined using TPD-NH3. 

c The total number of acid sites (AT) determined by adding AW and AS.  
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Figure S5.1 (A) N2 adsorption-desorption isotherms and (B) mesopore size distributions for SI-

ONS samples synthesized using different precursor cations. 
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Figure S5.2 (A) N2 adsorption-desorption isotherms and (B) mesopore size distributions for 

samples synthesized using different precursors anions. 
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CHAPTER 6 Evaluations and Practical Implications 

 

In this chapter, the main findings from chapters 3 to 5 are evaluated against relevant literature with 

the specific research objectives set up in chapter 2 as the benchmark. The evaluation mainly focuses 

on the consistency and significance of the findings obtained in this study and the practical 

implication of the key findings. New research gaps are identified through the evaluation, leading to 

recommendations for future work given in the next chapter. 

 

6.1 Microstructure supporting intercrystalline mesopores in 2D MFI zeolites 

This research project has conducted a comprehensive study on the newly discovered 2D MFI zeolite, 

focusing on the ONS type MFI zeolite materials. It has resulted in an important discovery that 

intercrystalline mesopores can naturally form at the junction where two ONS intercept within the 

unique SI-ONS microstructure, signifying the necessity of having SI cores for mesopore generation. 

This discovery explains the obvious disparity between the mesopore size measured by N2 

adsorption-desorption 1-41 and TEM images1, 2 as mesopores were believed to have formed at the 

inter-nanosheet spacing in the literature. This rationalization sets the foundation for intercrystalline 

mesopore generation in 2D MFI zeolites and paves the way to create mesopores via synthesis 

control instead of post-synthetic pillaring treatment, simplifying the material preparation procedures.   

Guided by this discovery, the SI-ONS microstructure has been optimized to ensure large Vmeso and 

Sext in the resulting 2D MFI zeolites. The obtained intercrystalline mesopores are typically from 5 to 

15 nm and centred at ~ 6.4 nm, which enable most of the bulky molecules to access the mesopore 

surfaces. The resultant Vmeso and Sext are in the range of 0.49-0.53 cm3 g-1 and 280-403 m2 g-1 

respectively for any Si/Al ratio from 15 to 87. The obtained Sext was proved to be mainly 

contributed by the mesopores generated, and are more than three times higher than the conventional 

3D MFI bulk crystals of size ~ 500 nm.  

In addition, the mesopores generated in the 2D MFI zeolites are intercrysalline, naturally 

interconnected and exposed to the external surface. This is in contrast to most of the reported 3D 

mesoporous MFI materials, in which mesopores are often intracrystalline, isolated and closed 

towards external surface42. 
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Table 6.1 provides a summative comparison of structural properties obtained in this study with 

those reported in the literature for both the 2D and 3D mesoporous MFI zeolites. The 2D MFI 

zeolites obtained in this study possess similar mesopore size and size distribution to the other 

reported data for 2D materials, implying that perhaps similar mesopore structure forms in all 2D 

MFI zeolites regardless of the apparent very diverse microstructures observed. This needs to be 

supported by in-depth TEM study in the future. Compare to the reported 3D mesoporous MFI 

zeolites, the 2D materials collectively show much smaller mesopore size and size distribution, 

implying the mesoporous structures of 2D materials potentially have higher mechanical stability, 

which has also been highlighted by other published works1. 

 

Table 6.1 Comparison of the structural properties of this study with the reported 2D and 3D 

mesoporous MFI zeolites in the literature. 

 
Mesopore 

structure 

Mesopore 

sizea 

Mesopore size 

distributionb 

Vmeso 

(cm3 g-1) 

Sext 

(m2 g-1) 

This study Intercrystalline 6.4 nm 10 nm  0.49-0.58  280-403  

2D mesoporous 

MFI zeolite 

(Chapter 2, 

section 2.5.2) 

Intercrystalline 4.5 nm 12 nm < 0.4 (70%)c < 250 (70%)c 

3D mesoporous 

MFI zeolite 

(Chapter 2, 

section 2.4.2) 

Intrarcrystalline 10.4 nm 33 nm < 0.4 (85%)c < 250 (75%)c 

a Mesopore size was determined at the peak position of BJH pore size distribution curve. The 

mesopore sizes listed were the medium values derived from all the reported data.  

b Mesopore size distribution was determined by start-to-end distance of the curve of BJH pore size 

distribution. The mesopore size distribution for this study was 10 nm with BJH curve sit at 5-15 

nm, while it is the averaged value of all the reported data for 2D and 3D mesoporous MFI 

zeolites. 

c The value in the bracket represents the percentage of the published journal papers surveyed fall 

in the range of Vmeso or Sext listed. 

 

The Vmeso and Sext obtained in this study have exceeded ~ 70% of the reported data on 2D MFI 

zeolites (out of a total of 62 published journal papers surveyed), the outcome of having optimized 

SI-ONS microstructure in the ONS materials. In comparison to 3D mesoporous MFI zeolites, the 

2D materials obtained in this study have outperformed ~ 85% of reported data in Vmeso (out of a 

total of 114 published journal papers surveyed) and ~ 75% reported data in Sext (out of a total of 100 

published journal papers surveyed), which further highlights the ease to achieve high mesoporosity 

in the 2D MFI zeolites. 
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To evaluate the effectiveness of generating accessible external surface by mesopores, the reported 

Sext versus Vmeso were plotted for the 2D (Figure 6.1A) and 3D (Figure 6.1B) mesoporous MFI 

zeolites including the data of this study.  Compared to the reported 2D materials, the minimum Sext 

achieved in this study is ~ 160% of the lower limits (marked by the dashed line in Figure 6.1A).  

When compared to the reported 3D materials, the minimum Sext achieved in this study is greater 

than 200% the lower limits (marked by the dashed line in Figure 6.1B). This increased capacity in 

generating external surface is clearly evident via the optimized SI-ONS microstructure.  

 

 

Figure 6.1 Reported data of external surface area (Sext) versus mesopore volume (Vmeso) for (A) 

2D and (B) 3D mesoporous MFI zeolites; the dashed line represents the lower limits 

of Sext. 

 

6.2 Acidity in 2D MFI zeolites 

The impact of mesopores in 2D MFI zeolites on the acidity (including the type, number, strength, 

distribution of acid sites) has been studied and rationalized in this study. In comparison to the 

conventional 3D MFI bulk crystals, the mesopores generated have little impact on the nature and 

strength, but slightly lower the quantity of acid sites. These findings agree well with the literature 

on 2D MFI zeolite1, 2, 6, 19, 43, 44 and imply that the 2D structure naturally makes Al in the material 

less thermal/hydrothermal stable, thus less of the Al incorporated in the MFI framework compared 

the conventional 3D MFI bulk crystals. 
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The distribution, thus accessibility of strong acid sites was investigated using pivalonitrile as probe 

molecules. It was found that the mesopores in the 2D MFI zeolite enable greater than 90% of total 

strong Brønsted acid sites accessible at any Si/Al ratios, suggesting that majority of the framework 

Al distribute at the external surface of the material. In comparison with the reported accessibility 

data listed in Table 6.2, the overall high acid site accessibility achieved in this study further reveals 

the significance of the optimized SI-ONS achieved in not only supporting large mesoporosity but 

also the high acid site accessibility. 

It is commonly accepted that high Sext potentially enables more acid sites accessible in MFI zeolites. 

Figure 6.2 plots the reported percentage of accessible strong Brønsted acid sites AABS (%) data 

against the measured Sext including the results obtained in this study. Evidently, there is no 

correlation between AABS (%) and Sext and the reported AABS (%) can vary from 16% to 100% for a 

MFI material with similar Sext, regardless of the probe molecules used to study the acid sites. This 

broad variation in AABS (%) data further implies that the framework Al distribution is strongly 

influenced by other factors besides Sext, most likely the synthesis conditions adopted. 

The literature review in Chapter 2 revealed that there are virtually no published studies on 

accessible Lewis acid sites for 2D MFI zeolites, which highlights the necessity of the present study. 

For the first time, the percentage of accessible strong Lewis acid site AASL (%) was revealed in this 

study as highlighted in Table 6.2, providing new data for applications demanding strong Lewis 

acidity. Compared with AASB (%), the AASL (%) is generally lower and varies from 20% to 45% for 

materials of Si/Al ratio of 13-47. Considering the formation mechanism of strong Lewis acid sites45-

48, the lower AASL (%) implies that the thermal/hydrothermal stability of strong Brønsted acid sites 

is weaker at the internal than the external surface, thus forming more internal strong Lewis acid 

sites. The implication of this finding is supported by the previous published work on hydrothermal 

stability of framework Al for 2D MFI zeolites49. 
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Table 6.2. Comparison of acid site accessibility of reported 2D and 3D mesoporous MFI zeolites 

with SI-ONS obtained in this study. 

Material Measurement method  Sext (µmol g-1) AASB (%) AASL (%) Ref 

2D 

TPD-NH3
a & Pn-IRb 

280 97 20 

This 

Study 

376 98 45 

403 93 22 

306 97 90 

Py-IRb & CLD -IRb 

261 17 - 
44 

209 18 - 

393 51 - 

19 

429 42 - 

- 81 - 

420 111 - 

453 53 - 

- 100 - 43 

TMPO-NMRc/ TBPO-NMRc 

400 32 - 50 

460 28 - 51 

350 28 - 52 

Py-IRb & DTBP-IRb 

100 87 - 49 

555 39 - 53 

360 40 - 

28 

350 40 - 

490 28 - 

270 26 - 

370 16 - 

DME &DTBP titration 

185 36 - 
54 

126 25 - 

224 29 - 55 

- 39 - 56 

- 29 - 

57 - 38 - 

- 44 - 

3D 

Py-IRb & Pn-IRb 

134 19 27 

58 

144 24 42 

193 58 98 

175 45 66 

108 102 75 

182 104 89 

140 104 93 

83 69 40 

TMPO-NMRc/ TBPO-NMRc 
330 26 - 

50 
260 23 - 

Py-IRb & DTBP-IRb 

- 4 - 59 

154 44 - 

60 
197 34 - 

217 70 - 

383 100 - 

171 39 -  

 

61, 62 

 

 

293 87 - 

327 89 - 

216 53 - 

254 31 - 

a TPD-NH3 represents temperature-programmed desorption of NH3. 

b Py-IR, CLD -IR, DTBP-IR represent IR measurement using Pyridine(Py), 2,4,6 collidine (CLD), and 2,6-Di-tert-

butylpyridine (DTBP) as the probe molecule, respectively. 

c TMPO-NMR, TBPO-NMR represent 31P NMR measurement using trimethylphosphine oxide (TMPO) and 

tributylphosphine oxide (TBPO) as probe molecule, respectively. 

d DME&DTBP titration represent titration measurement using dimethyl ether (DME) and DTBP as probe molecules. 
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Figure 6.2  Reported percentage of accessible strong Brønsted acid sites AABS (%) versus 

external surface area (Sext) for 2D and 3D mesoporous zeolites. 

 

The present study on catalytic activity also revealed that 2D MFI zeolites exhibit higher amount of 

accessible weak Lewis acid sites compared with conventional 3D MFI bulk crystals, consistent with 

the previously reported work20. It is believed that the nanosheets allow the majority of framework 

Al to sit at the external surface on which the strong acid sites are more vulnerable towards chemical 

attacks, forming excessive amount of weak Lewis acid sites at the extra-framework. Similarly,  

higher amount of accessible weak Lewis acid sites were also reported in 3D MFI zeolites with 

mesopores generated by alkaline leaching63. In such case, the base leached out Si and thus 

generated large number of external weak Lewis acid sites in the extra-framework63. However, the 

exact form of weak Lewis acid sites remains debatable in the field of zeolite research, demanding 

further research to rationalize its detailed formation mechanism and distribution in 2D MFI zeolites. 

 

6.3 Catalytic performance 

The catalytic performance of the 2D MFI zeolite materials has been studied by three selected liquid 

phase reactions including OMC, PBP, and EBH, using conventional 3D MFI bulk crystals as 

reference counterparts. It has demonstrated that the 2D MFI zeolites support higher reaction 
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conversions and possess higher resistance to catalytic deactivations in all the three reactions, but 

have lower main product selectivity in the EBH reaction, in comparison of the conventional 3D 

bulk crystals. 

Table 6.3 lists the reported catalytic performances including conversion (%) and selectivity (%) of 

reported mesoporous MFI zeolites in PBP and EBH reactions. It is worthy to be noted that, as a 

convention, conventional bulk crystals are normally used as reference materials to evaluate the 

catalytic performances of mesoporoue MFI zeolites. Thus, the catalytic performances, and 

improvement (%) in reaction conversion of mesoporous MFI zeolites relative to conventional MFI 

bulk crystals, are also listed in Table 6.3. It is shown that mesoporous MFI zeolites consistently 

have more than 50% improvement in reaction conversions, proving mesopores have significantly 

positive impacts on catalytic conversions. Compared with the published works, the conversion 

improvement (%) achieved in this study sits at medium to high level, highlighting the potential of 

the materials obtained at present research to be effective catalysts in the applications. Overall, the 

collective results of improved catalytic conversions in mesoporous MFI zeolites represent the 

positive brought by mesoporosity. However, the mesoprosity of MFI zeolites could lead to some 

disadvantages when it comes to the product selectivity.  

As evident in Table 6.3, the selectivity of ester main product, SEester (%), in EBH reaction are 

consistently lower for mesoporous MFI zeolites compared to conventional bulk crystals in all 

reported studies surveyed. This seems to suggest that our finding of relatively more accessible weak 

Lewis acid sites on mesopore surfaces in SI-ONS may be generalized to all other mesoporous MFI 

materials. This is an important conclusion for catalyst design as it points out that it is unavoidable to 

generate excessive weak Lewis acid sites at external surface when introducing mesoporosity in MFI 

zeolites. 
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Table 6.3 Comparison of catalytic performances of reported mesoporous MFI zeolites (MESO) 

with SI-ONS obtained in this study, using conventional 3D MFI bulk crystals (BC) 

as references. 

Reaction Conversion (%) Reactant b Improvement (%)c SEester (%)d   Ref 

 
MESOa BC a 

  
MESOa BC a  

EBH 

96 26 BA 269 71 84 
This study 

59 18 HA 228 71 84 

90 25 

BA 

260 73 99 

64 87 25 248 75 99 

76 25 204 75 99 

69 27 156 54 91 
65 

51 27 89 65 91 

92 23 300 75 98 66 

45 15 200 100 100 67 

75 5 
HA 

1567 79 100 68 

70 40 75 70 70 63 

PBP 

93 33 

B 

182 - - This study 

86 42 105 - - 1 

88 3 2833 - - 

69 83 3 2667 - - 

8 3 167 - - 

95 0 - - - 68 

50 13 287 - - 
70 

88 13 591 - - 

a MESO: mesoporous MFI zeolites; BC: conventional 3D bulky crystals. 
b Reactant benzyl alcohol (BA), hexanoic acid (HA), and benzaldehyde (B) represent the reactants 

used for conversion (%) calculations. 
c Improvement (%) represents the percentage of conversion improvement (%) in mesoporous 

materials (MESO) compared with conventional 3D MFI bulk crystals (BC). 
d SEester (%) represents the selectivity of the main product ester, benzylhexanoate. 

 

6.4 Controllability on structural properties  

Guided by the discovery that it was the SI core that supports mesopore formation in the 2D ONS 

type of MFI zeolites, this study has truly established the structural controllability. It identified the 

critical roles played by the [OH-] in the precursor and established the optimum [OH-] to support the 

formation of SI cores. Consequently, a ternary compositional system of SiO2-AlO1.5-NaOH was 

established which maps out optimum precursor compositions supporting the formation of SI-ONS 

microstructure for Si/Al ratios of 15 to 87. Additionally, at a given Si/Al ratio, the study has also 

shown that the Vmeso can be regulated by varying nanosheet stack size via changing precursor 



     164 Chapter 6  

cations (Na+, K+, Rb+, Cs+) or anions (SO4
2-, NO3

-, Cl-) during the synthesis. It has discovered, for 

the first time, that there is a linear relationship between the Vmeso and nanosheet stack size in these 

2D MFI zeolites.  

The clarified key role of [OH-] in facilitating crystal growth is in line with the results reported by 

Van Grieken and co-workers71 in MFI nanocrystal synthesis, which infers the primary function of 

[OH-] is to increase crystal growth rate in any synthesis of MFI zeolites. Thus, this is a significant 

finding which highlights the importance to carefully control [OH-] in synthesis of mesoporous MFI 

zeolites with desirable crystal size.    

The establishment of the ternary SiO2-AlO1.5-NaOH compositional domain is a significant 

contribution of this research. As it established, for the first time, a generalized precursor 

composition map to synthesize 2D MFI zeolites with high mesoporosity and acid site accessibility 

over a wide range of Si/Al ratios. It overcomes the challenge of achieving highly crystallized 2D 

MFI zeolites when the Si/Al ratio is reduced to below 2510. The developed ternary compositional 

system, therefore, sets the benchmark for the synthesis of 2D MFI zeolites of high mesoporosity 

with tuneable Si/Al ratios. 

The controllability of mesoporosity through regulating nanosheet stack size is another significant 

contribution of this research. It enables Vmeso to be tuned from 0.07 to 0.55 cm3/g by simply 

reducing the nanosheet stack size from 2000 to 100 nm. It is the first time tunability of such broad 

range of mesoporosity in 2D MFI zeolites has been achieved. Similar structure controllability was 

ever reported by Larsen et al in the synthesis of 3D MFI zeolites72. In their work, the crystal size 

could be tuned from 20 to 1000 nm by co-ordinately varying synthesis gel composition, pressure, 

temperature, and time72, thus a demanded exercise on modification of synthesis parameters. In 

comparison, the structure controllability can be achieved simply in this study. 

While a micelle formation mechanism has been proposed in this study to explain the effect of 

cations and anions on the a-c dimension of ONS in the resulting 2D MFI zeolites, it is recognized 

that the detailed formation mechanism of SI-ONS is far more complicated at the molecular level 

than depicted phenomenologically. The formation and growth of ONS evolve through coordinated 

processes involving surfactant mesophase formation and transformation, and MFI framework 

formation and development. This is still a vital research subject considering its fundamental and 

practical significance. 
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6.5 Evaluation of acidity  

This study has also conducted a systematic investigation on the impact of Si/Al ratio on the acidity 

2D MFI zeolites. The individual relationship of the number, strength and accessibility of acid sites 

versus the Si/Al ratio was established for the 2D MFI zeolites in reference to their corresponding 

3D bulk crystal counterparts. 

Specifically, for the overall acidity, the number of total and strong acid sites were found to decrease, 

while the average acidic strength increase, with increased Si/Al ratio for both 2D and 3D MFI 

zeolites. For the accessibility of the strong acid sites, it increases for 2D MFI zeolites but decreases 

for conventional 3D MFI bulk crystals, with increased Si/Al ratios. The dependences of overall 

acidity on Si/Al ratio are in the agreement with published works56, 73-75 for both 2D and 3D 

mesoporous MFI zeolites. The revealed dependences of acid site accessibility on Si/Al ratio, to our 

best knowledge, have never been reported before for both 2D and 3D MFI zeolites. 

Based on current understanding, it is believed that the Al distribution is hardly uniform in the 

framework at a given Si/Al ratio and is strongly dictated by synthesis conditions76-87. The observed 

opposing trends of acid site accessibility versus Si/Al ratio in this study seem to indicate the 

influence of Si/Al ratio on Al distribution at external surface might be very different between 2D 

and 3D MFI zeolites. While not fully understood at present, the revealed dependences of acid site 

accessibility on Si/Al ratios have nonetheless provided new scientific data for rational selection of 

Si/Al ratios in the catalyst design. 

In addition, this study has also demonstrated partial ability to control the hydrothermal stability of 

strong acid sites in the 2D MFI zeolite via varying precursor cations or anions. The resulting 2D 

MFI materials display hydrothermal stability following the order Na+< K+< Rb+ and SO4
2- < Cl-< 

NO3
-. Although the exact mechanism supporting the observed stability orders is not fully 

understood at present, it is, however, believed to be associated with the local chemical environment 

(e.g. bond angle, bond length) of strong Bronsted acid sites and details of framework Al distribution. 

For example, it was reported that83, compared with precursor NO3
-  which generated more “single 

Al”, precursor Cl- could generate more “Al pairs” as shown in Figure 6.3. The close “Al pairs” were 

in the side pockets and could work cooperatively together to alter the thermal/hydrothermal stability 

of the associated acid sites88. However, further in-depth studies are still needed to fully understand 

the mechanism behind this finding.  
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Figure 6.3 Schematic representation of “single Al” and “Al pairs” in MFI framework. 

Reproduced from Ref 83 with permission of The Royal Society of Chemistry. 

 

6.6 Practical implications  

Practically, the catalytic performance study carried out in this study has demonstrated the potential 

advantages of using 2D MFI zeolites in fine chemical synthesis. For example, the acetals formed in 

acetalization reactions (e.g. OCM, PBP) have been widely used in selective protection of carbonyl 

groups (e.g. aldehydes, ketone)89, 90. The acetals have also been used in cosmetic, pharmaceutical, 

food, beverage, lacquer, and detergent industries91. For example, pentaerythritol acetals, the 

products of the PBP reaction, have been widely used as physiologically active substances92, 93. The 

use of MFI zeolites in esterification (e.g. EHB) process has also been proven a great success as they 

can remove the water by-product via absorption to enhance the conversion94, 95, and the bulky ester 

product has been used substantially in the fragrance industry68.  

Table 6.4 lists the published works on potential applications of 2D MFI zeolites in petrochemical 

processing or fine chemical synthesis. It can be seen that, since the invention of 2D MFI zeolites, 

they have been investigated for the applications conventionally catalysed by 3D MFI zeolites. The 

studies have proved that, as expected, the 2D MFI zeolites offer higher diffusivity and accessibility 

of active sites for molecules involved in the reactions, thus collectively displays increased catalytic 

activity, resistance to catalytic deactivation, and catalyst lifetime. 
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Table 6.4 Summary of applications investigated in the published works using 2D MFI zeolites 

as catalysts or catalyst supports. 

Acid-catalysed reactions 

Alkylation  • Friedel-Crafts alkylation of: benzene with benzyl alchol; pyrene with 9–phenyl–
9–fluorenol; 1–methoxynaphthalene with benzoic anhydride 

Acylation • Acylation of: indole; 1,3-dimethoxybenzene 

Dehydration • Aldol condensation of benzaldehyde 

• Esterification of: hexanoic acid with benzyl alcohol; glycerol with tert-butyl 

alcohol 

• Mesitylene reacts with benzyl alcohol 

• Pechmann condensation reaction of phenols (pyrogallol and resorcinol) with ethyl 

acetoacetate 

• Protection of benzaldehyde with pentaerythritol 

• Synthesis of jasminaldehyde, vitamin E (α-tocopherol), flavanone 

• Self-esterification of: methanol; ethanol; benzyl alcohol  

Isomerization • Isomerization of: n-decane; o-xylene 

Hydrocarbon 

conversion 
• Annulation of Phenols 

• Aromatics chlorination  

• Beckmann rearrangement of cyclohexanone oxime 

• Ethylene conversion 

• Hydroamination of methyl acrylate 

• Hydrolysis of sucrose 

• Methanol to hydrocarbons (e.g. propylene, gasoline) 

• Propanal to hydrocarbons 

Cracking • Cracking of n-butane, n-decane, decalin, 1-octane, polyethylene, canola oil 

• Pyrolysis of biomass cellulose, xylan, lignin to bio oil 

Oxidation reactions required MFI framework substitutions 

 

Framework Ti 

incorporation 

• Oxidation of cyclohexene, cyclooctene, cyclododecene, hexane, norbornene, 

propylene, α-pinene or verbenol with H2O2 t-butyl or cumene H2O2 

• Organic sulphide oxidation with H2O2 

• Epoxidation of plant oil-derived substrates with H2O2 

Framework Sn 

incorporation 
• Baeyer-Villiger oxidation of cyclic ketones 

Framework Fe 

incorporation 
• Selective oxidation of benzene 

Other reactions using 2D MFI zeolites as catalyst supports for loading other particles 

 

Pt particles 
• Ethylbenzene, n-heptane hydroconversion 

• N-heptane isomerisation 

• N-hexadecane to linear alkanes 

Pd particles • Synthesis of benzylidene malononitrile from benzyl alcohol 

Co particles • Fischer-Tropsch process 

Cu particles • Synthesis of chalcones, indolizines 

• Synthesis of 1,2,3-triazoles from epoxides/benzyl halides 

MoOx particles • Methane aromatization, conversion 

MnO, ZnO 

particles 
• Pyrolysis of eucalyptus woodchips 
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The 2D MFI zeolite obtained in this study may also have the potential to be used in the applications 

other than catalysis. For example, the 2D zeolite with large nanosheet stack size but low Vmeso may 

be an effective membrane in separation technology96 permitting molecules of small sizes (< ~ 0.56 

nm) and particular shapes to pass through along b-dimension. Such potential applications deserve 

further research attention.  

Finally, it is to bear in mind the production cost of materials when considering their industrial 

applications. Among all, the overall zeolite production cost is largely dictated by the template cost97. 

Table 6.5 lists the estimated costs per kilogram of templates used in the laboratory scale, including 

typical templates97 used in the published works, and C22-6-6Br2 used in this study. The estimated 

costs of templates per kilogram of MFI zeolites synthesized before template removal are also listed. 

For this study, C22-6-6Br2 was used as the sole template and was synthesised in house using relevant 

reagents. Its cost was thus estimated based on the prices of reagents used and the assumption that 

reagent cost accounts for around 30-80% template production cost98.  Compared with other 

templates, it seems that the cost of C22-6-6Br2 sits between the cost of TPAOH and carbon particles. 

In other words, there is no extra material cost imposed on the production of 2D MFI zeolites 

relative to both conventional 3D MFI zeolites obtained from TPAOH, and 3D mesoporous MFI 

zeolites obtained from hard templates. It is also noted that, as the reagent prices used for the cost 

estimation of C22-6-6Br2 were based purchases at laboratory scales, these prices could be reduced 

exponentially for industrial purchases. Consequently, on economic terms, the 2D MFI zeolites 

obtained could be an advantageous catalyst to be used in industrial applications. 

 

Table 6.5 Examples of template costs of zeolite materials. 

Template 
Template 

Price 

wt% of template in 1 kg 

material synthesized 

Template cost for 1 kg 

material synthesized 

 
[€ kg-1] 

 
[€ kg-1

material synthesized] 

CTABa 530 73 387 

P123a 100 55 55 

TPAOHa 2610 44 1148 

Carbon nano-

fibersa 
2520 72 1814 

Carbon 

particlesa 
6150 74 4551 

 
C22-6-6Br2

b 2523-6727 35 883-2354 

a Table including the costs from Ref 97. Copyright © 2010 by John Wiley Sons, Inc. Reprinted by 

permission of John Wiley & Sons, Inc. 

b The template cost estimated in this study. 
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CHAPTER 7 Conclusions and Recommendations for Future Work 

 

This chapter presents the key conclusions drawn from this PhD project and the recommendations 

for future study in this area of research. 

 

7.1 Conclusions 

This study has successfully synthesised 2D MFI zeolites in the form of self-interlocked ordered 

nanosheet stacks (SI-ONS) with controllable mesoporosity and a broad range of acidity. The 

resulting mesopores not only extend the usage of MFI zeolites to catalysis applications involving 

bulky molecules larger than 0.56 nm, but also significantly increase the molecule diffusivity and 

acid site accessibility, compared with the conventional 3D MFI bulk crystals. The systematic study 

has also resulted in a comprehensive understanding on the formation mechanism, the structural 

properties and acidity and their close interrelationship, as well as the catalytic performance of the 

ONS type of 2D MFI zeolites. The main conclusions are as follows. 

• 2D MFI zeolites in the form of SI-ONS support intercrystalline mesopores at the structural 

intercepts of two nanosheet stacks within the SI cores. Thus, the specific number of SI cores 

dictate the mesopore volume in the 2D materials obtained.   

• The key synthesis parameter is the precursor [OH-] which dictates the formation of SI-ONS. The 

precursor compositions to support the optimum formation of SI-ONS over Si/Al ratios of 15-87 

were established as a ternary SiO2-AlO1.5-NaOH compositional diagram.  

• At a given [OH-], the precursor cations (Na+, K+, Rb+, C+) or anions (SO4
2-, NO3

-, Cl-) also play 

crucial roles in influencing the size and thickness of nanosheet stacks, thus directly impacting on 

changing the number of SI cores formed. 

• Within the SI-ONS, there is a linear relationship between mesopore volume and size of 

nanosheet stacks. The mesopore volume can be controlled from 0.05 to 0.55 cm2/g via tuning 

nanosheet stack size (a-c dimension) of SI-ONS from 2000 to 100 nm.  

• The formation of intercrystalline mesopores in the 2D MFI zeolites does not adversely impact on 

the nature of acid sites (including the type, number, and strength), but drastically improves 
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molecule diffusion environment and surface accessibility compared to their 3D counterparts.   In 

addition, there are more than 80% of strong acid sites distributed at accessible mesoporous and 

physical external surfaces in the 2D MFI zeolites, which is 40% higher than in the 3D 

counterparts. 

• The acidity can be controlled by varying Si/Al ratios.  Specifically, with increased Si/Al ratios, 

total number of acid sites, number of strong acid sites decrease while average acid strength and 

accessibility of strong acid sites, increase. In addition, the hydrothermal stability of the strong 

acid sites can also be fine-tuned via the use of precursor cations or anions during synthesis, as 

the stability followed the order of Na+ <K+ <Rb+ for cations, and SO4
2- < Cl- < NO3

- for anions, 

respectively. 

• The catalytic performances (in terms of reaction conversion, kinetics and resistance to 

deactivation) of the 2D MFI zeolites are superior compared to their 3D counterparts. The large 

mesopore volume enables more than three times higher molecule diffusivity in the synthesized 

2D MFI zeolites compared to the conventional 3D MFI bulk crystals without mesopores. 

 

7.2 Recommendations for future work 

Following the evaluation of the key findings, the identified new research gaps and associated 

recommendations for future work are as follows. 

• While one of the main achievements of this study is the identification of structure origin of 

mesopores in ONS type of 2D MFI zeolites, the detailed mesopore network structure is still to be 

fully characterised. Detailed microstructure analysis of SI-ONS using microtome-SEM and 

microtome-TEM techniques is recommended. The finding will guide future microstructure 

design and refinement for truly controllable mesoporosity in the 2D MFI zeolites.   

• This study found not only there are excessive accessible weak Lewis acid sites in mesoporous 

MFI zeolites, these sites may also function to manipulate product selectivity and enhance 

resistance to catalytic deactivation in the ONS type of 2D MFI zeolites. Currently, there is a lack 

of understanding on the exact form of weak Lewis acid sites in the 2D MFI zeolites.  This 

inevitably impedes on the understanding their formation mechanism and their intrinsic role in 

catalytic reactions.  

• This study has, for the first time, revealed the influence of Si/Al ratio on acid site accessibility in 

the 2D MFI zeolites. Though unclear, it is speculated these dependences are the results of Al 
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distribution which is dictated by synthesis conditions. Further studies on how Al distribution is 

affected by the synthesis conditions used in this study, are highly recommended.  

• This study has found that the precursor cations or anions directly influence the a-c dimension of 

ONS and alter the acid site hydrothermal stability of the resultant 2D MFI zeolites.  

While a phenomenological based mechanism was proposed in this study to explain the influence 

of precursor cations or anions on the formation of ONS, it is recognized that the detailed 

formation mechanism of SI-ONS is far more complicated at the molecular level than depicted 

phenomenologically. The formation and growth of ONS evolve through coordinated processes 

involving surfactant mesophase formation and transformation, and MFI framework formation 

and development. This is still a vital research subject requires future attention. 

In addition, the influence of precursor cations or anions on acid site hydrothermal stability points 

to the need of understanding local chemical environment around framework acid sites. Such 

understanding may enable the development of new passage to control and improve acid site 

hydrothermal stability through simple synthesis adjustment for not only the 2D but also other 

MFI zeolites.  
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