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Abstract 

Zeolites are considered as one of the key heterogeneous catalysts in refinery operations 

and petrochemistry processes. Researchers have been actively exploring new designs or 

concepts to foster the applications of zeolites in other fields. To improve the accessibility 

of active sites and reduce the diffusion limitations within micropores, various 

hierarchically organized pore systems have been architected based on the conventional 

microporous zeolites. Advances in zeolite synthesis and hierarchical structure design 

could bring about opportunities for new catalytic applications as well as improvements of 

current technological processes. However, the multilevel pore architectures complicate 

the understanding of their catalytic behaviors. Therefore, this dissertation has addressed 

the attempts on understanding the structure—activity relationship in hierarchical zeolites 

for maximal catalytic advantages and future rational catalyst design.  

Self-pillared pentasil (SPP) zeolite was selected as a prototype of hierarchical zeolites, 

and its formation mechanism was studied at the beginning of this dissertation. Different 

strategies were then developed to tailor the SPP zeolite structure and mesoporosity. 

Catalytic behavior of SPP zeolites was explored through studies of model reactions (i.e., 

benzyl alcohol self-etherification and alkylation with mesitylene). Key structural 

attributes to selectivity and catalytic efficiency were determined through kinetic studies. 

A quantitative analysis towards the catalytic contributions and diffusion resistance could 

assist the practical applications of SPP zeolites and other similar hierarchical zeolites in 

the future. 
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Chapter 1  Introduction 

1.1 Hierarchical zeolites 

Zeolites are among the most widely used catalysts in industry. The highly ordered 

microporous structure with well-defined pore size and properties make them an attractive 

choice for a variety of reactions and separation processes, such as in oil refining, 

petrochemistry, fine and speciality chemical productions (Davis, 2002). However, given 

the restricted size of micropores (ca. 3–12 Å), the catalytic activity becomes significantly 

hampered when dealing with molecules having kinetic diameters above 10 Å (Corma, 

1997). The limited accessibility of active sites in the framework and the diffusion 

resistance within the microporous domain have motivated the burgeoning interest in 

synthesizing extra-large pore zeolites (Corma et al., 2006; Sun et al., 2009; Li, Corma 

and Yu, 2015; Moliner, Martínez and Corma, 2015), nano-sized zeolites (Tosheva and 

Valtchev, 2005; Valtchev and Tosheva, 2013; Awala et al., 2015; Grand et al., 2017), 

and micro- and/or mesoporous materials (Corma, 1997; Pérez-Ramírez et al., 2008; 

Moller and Bein, 2013; Prasomsri et al., 2015; Schwieger et al., 2016).  

In consideration of thermal and hydrothermal stability, it is important to preserve the 

crystalline structure of zeolites when these are used as catalysts. However, most ordered 

mesoporous materials synthesized do not have crystalline frameworks (Perego and 

Millini, 2013). Therefore, significant efforts have been put into introducing a secondary 

porosity into the conventional microporous zeolites, or using microporous zeolites as 
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building blocks to construct materials with hierarchical pore architecture. The resulting 

micro- and mesoporous zeolites are commonly referred as “hierarchical zeolites”.  

The past decades have seen great advances in the design of hierarchical structures and the 

discovery of various synthetic routes to achieve them. Different synthetic routes are often 

classified based on the way mesopores are introduced (Pérez-Ramírez et al., 2008; Chal 

et al., 2011; Valtchev et al., 2013; Schwieger et al., 2016): 1) post-synthetic modification 

to create mesoporosity by extracting structural atoms from existing zeolite frameworks is 

usually known as a “top-down” or “destructive” method; 2) the use of soft or hard 

templates to control mesopore formation during zeolite crystallization is often known as a 

“bottom-up” or “constructive” method. Depending on the synthetic route used, 

hierarchical zeolites may have ordered or random, connected or isolated mesoporosity, as 

well as different acidities. The desired morphology and catalytic property should be 

carefully chosen based on the needs of target reactions.  

Unlike that in a conventional microporous zeolite, the diffusion lengths of microporous 

domains in a hierarchical zeolite can be reduced down to a single-unit-cell (i.e., 

nanometer scale). One specific case of single-unit-cell hierarchical zeolites to be 

discussed in this dissertation is called “Self-Pillared Pentasil (SPP)” zeolites (X. Zhang et 

al., 2012). Synthesized through one direct step using a tetrabutyl phosphonium structure 

directing agent, SPP forms a “house-of-cards” structure based on MFI/MEL intergrowths. 

No secondary growth or complex organic template molecules are needed during the 

synthesis, making it more economically attractive compared to other templating methods.  
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While intergrowth is a phenomenon commonly occurring in zeolitic materials, it is 

unclear how mesopores are generated or organized during the hydrothermal process of 

SPP synthesis. The ability to manipulate the intergrowth can be both interesting and 

useful as it can introduce a great level of structural flexibility and offer the potential of 

tailoring the structure based on catalytic needs.   

1.2 Catalysis applications 

The introduction of meso- or macro-porosity in conventional microporous zeolites has 

broadened their potential applications as catalysts, especially for reactions involving 

bulky molecules. Improved activity, selectivity or lifetime were frequently reported in 

different test reactions, from the synthesis of fuels and chemicals to biomass valorization 

and pollution abatement (Parlett, Wilson and Lee, 2013; Jacobs, Dusselier and Sels, 

2014; Hartmann, Machoke and Schwieger, 2016).  

Depending on how bulky molecules are involved, potential catalytic applications can be 

divided into two types: (1) reactions with bulky desired products, such as biomass 

conversion, alkylation of aromatics, production of 4,4'-methylenedianiline (MDA) and ɛ-

caprolactam, etc.; and (2) reactions with bulky side products, such as catalytic cracking, 

production of aromatics, methanol-to-hydrocarbon (MTH) process, etc. When the desired 

products have relatively large sizes, the improved selectivity and activity is often 

attributed the reduced diffusion limitation and a larger external surface (Sun and Prins, 

2008; Li, Prins and van Bokhoven, 2009; Chu, Wang, et al., 2010; Chu, Yang, et al., 

2010; Kim, Park and Ryoo, 2011; Leng et al., 2013; Keller et al., 2015; Ren et al., 2015; 
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Wang et al., 2015; Yin et al., 2015). When the side products are bulky or coke is 

concerned, the increasing lifetime in hierarchical zeolites is often attributed to the slower 

coke formation predominantly on the external surface, as a result of the open and 

interconnected mesopores (MEI et al., 2008; Choi et al., 2009; Kim, Choi and Ryoo, 

2010; Hu et al., 2012; Koekkoek et al., 2013; Milina et al., 2014; Ngoye et al., 2014; 

Wang et al., 2014; Zhang et al., 2015), while improved activity and selectivity, if 

observed, are often ascribed to the improved mass transport (Christensen et al., 2003). 

Emerging (potential) commercialization of hierarchical zeolites includes areas from 

traditional oil refining to new energy (such as natural gas, biomass, etc.) and 

environmental applications (Martínez and Corma, 2011; Pérez-Ramírez et al., 2011; Li, 

Valla and Garcia-Martinez, 2014a; Perego et al., 2017).  

Despite the promise for advanced catalysis applications, relatively few efforts have been 

directed to a systematic investigation of the underlying reasons for the observed 

performance (Christensen et al., 2003; Liu et al., 2011; X. Zhang et al., 2012; Konno et al., 

2014; Gamliel et al., 2018). The connectivity of mesopores, which leads to a significantly 

increased area of accessible mesopore surface, and the reduced size of micropore 

domains, which reduces the characteristic diffusion path lengths, are considered two key 

factors for catalytic applications that distinguish them from conventional microporous 

zeolites. A more detailed understanding and quantification of the structure—activity 

relationship is pivotal for the rational design of hierarchical structures.  
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1.3 Scope and organization 

This dissertation is divided into six chapters, focusing on two directions: 1) SPP structure 

formation and control (Chapter 2, 3 and 4) and 2) understanding the structure—activity 

relationship using SPP as model catalysts (Chapter 5).  

Unraveling the growth mechanism responsible for SPP formation is pivotal to enable the 

precise control of pore structures. In Chapter 2, a complete phase evolution during SPP 

hydrothermal process was given with a proposed growth mechanism to explain the 

formation of the “house-of-cards” structure. The understanding from this study serves as 

the foundation for the following Chapter 3, 4 and directs us to the further morphology 

control of SPP structure. 

Chapter 3 and Chapter 4 describe our efforts in manipulating the SPP structure by 

controlling MFI/MEL intergrowth. In Chapter 3, different synthetic conditions and 

compositions in SPP synthesis were explored, and two strategies to change the layer 

thickness (i.e., the diffusion length of microporous domain) were developed without 

altering the pore size distribution. The tunable mesoporosity, on the other hand, is 

achieved in Chapter 4, by controlling the intergrowth frequency using a freeze-drying 

technique. The underlying reason for the change of intergrowth frequency was also 

discussed. All strategies on structure control were successfully extended to 

aluminosilicate SPP synthesis, where aluminum is incorporated in the SPP framework 

and ion-exchanged to obtain Brønsted acidity. The incorporation efficiency and acidity of 

Al-SPP synthesized is discussed by the end of Chapter 3 and 4, respectively.  
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With the Al-SPP synthesized and Brønsted acid site densities determined, Chapter 5 

further studies the structure—activity relationship based on SPP zeolites. Frequently 

reported potential applications of hierarchical zeolites are often related to the reactions 

that include bulky molecules. In Chapter 5, two parallel liquid-phase reactions, alkylation 

and self-etherification of benzyl alcohols, were selected as the model reactions. Kinetic 

models were developed based on the experimental data, including a mass transport analysis. 

These models allowed us to quantitatively assess the catalytic contributions from mesopore 

surface and micropores of SPP zeolite in the model reactions, and also to correlate the 

selectivity with the characteristic length of microporous domains (i.e., half of the layer 

thickness in SPP zeolites).  

When a desired product is produced from a bulky reactant, the reaction may only access to 

the external surface active sites. To such a kind of surface reaction, the surface topology 

effect is also discussed. Two 10MR zeolites, SPP and MCM-22, with different surface 

topology were selected as model catalysts. Their catalytic performances were compared 

under the same conditions and the significantly different catalytic performances were found 

and explained based on the corresponding kinetic analysis.  

Finally, based on the main conclusions and understandings from Chapter 2 to 5, Chapter 6 

proposes some promising directions for future study regarding the practical applications of 

SPP zeolites, in the hope of fostering the interests from industry. 
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Chapter 2  Growth mechanism of single-unit-cell hierarchical 

zeolites made by rotational intergrowths1 

2.1 Introduction 

Hierarchical zeolites are materials with ordered micropores, typical of zeolites (0.5–2 

nm), and mesopores that are up to an order of magnitude larger in size (2–50 nm) (Pérez-

Ramírez et al., 2008). They can be viewed as a network of zeolitic domains separated by 

mesopores. This special morphology can give hierarchical zeolites advantages for certain 

applications in adsorption and catalysis, because the diffusion length in the zeolitic 

domains becomes smaller and thus diffusion limitations can be eliminated or reduced 

(Pérez-Ramírez et al., 2008; Liu et al., 2011). Moreover, the domains in hierarchical 

zeolites (such as lamellar and spherical domains) can be isolated and used for other 

applications including seed layers for thin zeolite membranes for separations (Corma, 

Fornes, et al., 1998; Wang et al., 2005; Choi et al., 2009; Lee et al., 2011; Roth and 

Dorset, 2011). One challenge is to prepare hierarchical zeolites with at least one 

dimension of the domains as small as the size of a zeolite unit cell (e.g., 1 to 5 nm) to 

eliminate any micropore diffusion resistance and maximize the fraction of external 

surface area over micropore surface area. At the single-unit-cell limit, the microporous 

framework is still preserved and, as a result, three-dimensional confinement of 

                                                 

1 Results presented in this chapter are published in: 

Xu et al. Adv. Funct. Mater. 24, 201 (2014) 
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adsorbates, reactants and products is still possible as in typical zeolites. However, 

external surface adsorption is prevalent for bulky molecules that do not fit in the 

micropores, while configurations with partial confinement, where one part of the 

molecule resides in the microporous interior and another part resides on the external 

surface, may be encountered and even dominate catalytic activity and adsorption 

selectivity. 

The preparation of hierarchical zeolites is usually done with two approaches: (1) by the 

“addition” of framework material, with methods such as crystallization with or without 

mesopore templates and pillaring (Wang et al., 2007; Na et al., 2011; Serrano et al., 

2011; Inayat et al., 2012; X. Zhang et al., 2012; Chaikittisilp et al., 2013), and (2) by the 

“subtraction” of framework material from a zeolite crystal, with methods such as 

desilication and dealumination (Ogura et al., 2001; Pérez-Ramírez et al., 2008). 

However, the preparation of these materials usually requires multiple synthesis steps, 

and, in many cases, it is challenging to form hierarchical zeolites with ultra‐small 

features of size close to one unit cell. A new strategy of making hierarchical zeolites with 

single-unit-cell microporous domains, known as “Self-Pillared Pentasil (SPP)” zeolites, 

was discovered recently (X. Zhang et al., 2012). In an environment that encourages the 

epitaxial intergrowth of two structures with different levels of symmetry, the higher-

symmetry structure (MEL) acts as a connector to connect the lower-symmetry structures 

(MFI) to create branching. After this process is repeated, a “house-of-cards” structure is 

formed where the mesopore dimensions are determined by the frequency of branching. 
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Although the work described here features the intergrowth of MFI [a zeolite structure that 

contains sinusoidal 10-member ring (10-MR) channels along the a-axis, interconnected 

with straight 10-MR channels along the b-axis] and MEL (a zeolite structure that contains 

straight 10-MR channels along the a-axis, interconnected with straight 10-MR channels 

along the b-axis) to generate a SPP zeolite, the approach could be generalized. 

Intergrowths between other zeolite structures, such as EMT/FAU (Treacy et al., 1996), 

ETS-4/ETS-10 (Jeong et al., 2002), CAN/SOD (Okubo et al., 2001), MFI (Karwacki et 

al., 2009), and CHA (Millward, Ramdas and Thomas, 1985), are common, and could also 

be used to prepare hierarchical zeolites. Recently, FAU and MFI hierarchical materials 

have been prepared using this branching approach (Inayat et al., 2012; Chaikittisilp et al., 

2013). However, only in the case of MFI as reported in SPP zeolites (X. Zhang et al., 

2012), single-unit-cell (2 nm) layers are produced, in all other cases, the layers are much 

thicker. 

In this chapter, we followed the formation process of SPP zeolite by transmission 

electron microscopy (TEM) and small-angle X-ray scattering (SAXS). Three phases of 

crystal growth were observed, where amorphous precursor nanoparticles, one-unit-cell 

MFI nanosheets, and self-pillared particles are formed sequentially. We discuss these 

findings in the context of previous MFI nucleation and growth models and point to some 

unique features observed during the SPP growth, which could be critical to the formation 

of its “house-of-cards” structure. 
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2.2 Experimental methods 

2.2.1 Synthesis of pure silica SPP 

The silica sols for SPP synthesis were prepared with the composition 1 SiO2 : 0.3 SDA : 

10 H2O : 4 EtOH, where SDA (structure-directing agent) was either tetrabutyl-

phosphonium hydroxide (TBPOH, 40% by weight, Sigma-Aldrich, TCI America or 

SACHEM) or tetrabutylammonium hydroxide (TBAOH, 40% by weight, Sigma-Aldrich 

or SACHEM). The SDA solution was firstly added dropwise into tetraethylorthosilicate 

(TEOS, 98%, Sigma-Aldrich) with vigorous stirring until the system turns clear. Then 

distilled water was added into the clear system at room temperature. The clear sol was 

sealed with Teflon tape and aged at 80 °C in a Teflon bottle with continuous stirring. 

After 48 h aging, the clear sol was quickly transferred to a Teflon-lined stainless steel 

autoclave, sealed and heated for 3 - 40 h in a pre-heated oven at 120 °C. The final sols 

after heating were then collected for further characterizations. 

2.2.2 Characterizations 

SAXSess (Anton-Parr) was used to obtain small angle X-ray scattering patterns from the 

sols after hydrothermal treatment. The sols were placed into a vacuum-tight 1 mm quartz 

capillary. All measurements were carried out at room temperature (25 °C). The scattering 

vector q was calculated from the scattering angle 2θ through q = 4πλ-1sinθ. Scattering 

from an equivalent water-ethanol mixture was used as a background pattern and 

subtracted from all sample scattering patterns. Patterns were then de-smeared from the 

beam profile and fitted using the GIFT program (Bergmann, Fritz and Glatter, 2000). Pair 
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distance distribution functions (PDDF) were obtained by indirect Fourier transform of the 

fitted data. 

The synthesis sols obtained at different times were diluted 10 times (1:10 by volume) 

with distilled water, and used for TEM samples. TEM specimens were prepared by 

placing droplets of the diluted sol onto the copper grid coated with ultra-thin carbon film 

and holey carbon film (Ted Pella Inc.). The non-diluted TEM specimen was prepared by 

drawing a thin line onto the same type of grid from the clear sols without any dilution, 

and then spreading over the copper grid. All images included here, except Figure 2-3 (b), 

are from diluted sols. Comparative experiments, not shown here, using diluted and non-

diluted samples indicate that the morphology of the MFI particles is not altered by the 

dilution. The specimens were dried at room temperature. TEM imaging was performed 

on an FEI Tecnai G2 F30 TEM operating at 300 kV. All TEM images were captured 

using a CCD camera. 

Argon (87.3 K) adsorption was performed using a commercially available automatic 

manometric sorption analyzer (Quantachrome Instruments Autosorb iQ MP). Prior to 

adsorption measurements, the samples were outgassed at 300 °C for 16 h under 

turbomolecular pump vacuum. Full micro- and mesopore size distributions were 

calculated from the argon isotherms using the argon on zeolites/silica cylindrical pore 

adsorption branch method (Ravikovitch and Neimark, 2001). 
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2.3 Results and discussion 

2.3.1 SPP synthesis based on tetrabutyl structure-directing agents (SDAs). 

In our earlier report on SPP (X. Zhang et al., 2012), the focus was on the use of 

tetrabutylphosphonium hydroxide (TBPOH) as SDA, however, as mentioned in the 

supporting information of that report, tetrabutylammonium hydroxide (TBAOH) can also 

be used to obtain similar orthogonally intergrown 2 nm MFI lamellae. This fact is further 

elaborated here. Figure 2-1 shows self-pillared MFI prepared using TBPOH and TBAOH 

from various sources. It appears that the synthesis is robust and insensitive to the source 

of SDA. As seen in Figure 2-2, the argon adsorption/desorption isotherms of SPP made 

with these two SDAs show both the micropores of MFI and the characteristic mesopores 

ranging from 2–7 nm. The adsorption isotherms are identical up to p/p0 = 0.6, indicating 

that the two materials have the same textural properties in the micropore and mesopore 

regions. Thus, TBPOH and TBAOH can be used interchangeably for the synthesis to 

yield the characteristic hierarchical porosity of SPP.  
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Figure 2-1 SPP synthesized based on tetrabutyl SDAs from different sources. The SDAs 
are a) TBAOH from SACHEM, b) TBAOH from Sigma-Aldrich, c) TBPOH from 
SACHEM, d) TBPOH from Sigma-Aldrich, and e) TBPOH from TCI America. 

2.3.2 Phase evolution during SPP formation 

In order to understand the sequence of events leading to the formation of the SPP zeolite, 

one composition (1 SiO2 : 0.3 TBPOH : 10 H2O : 4 EtOH) was followed over time. A 

clear sol was obtained after the hydrolysis of tetraethylorthosilicate (TEOS), indicating 

the absence of large aggregates. A clear synthesis mixture gives the possibility of 

studying the system evolution with small-angle X-ray scattering (SAXS), which could 

identify the size and shape of ultra-small particles, especially when the particles are 

uniform (Davis et al., 2006). This clear system was heated first at 80 °C for 48 h, then at 
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120 °C for up to 40 h. During the hydrothermal synthesis at 120 °C, samples from the 

synthesis mixtures were collected and analyzed by SAXS and TEM. 

 

Figure 2-2 The hierarchical porosity of SPP zeolites as determined from argon adsorption. 
The pore size distribution (inset, fitted from non-local density functional theory (NLDFT) 
method) shows that SPP has the typical micropores of MFI (0.52 nm) and characteristic 
mesopores within the 2–7 nm range. Samples made with TBPOH and TBAOH show 
similar micro- and mesoporosity. 

The SAXS and TEM experiments revealed three phases of evolution. 

During the first phase, with increasing hydrothermal synthesis time from 0–7 h, the 

SAXS patterns (Figure 2-4) show the existence of a population of globular nanoparticles, 

which grows slightly in concentration and/or density. The particle size obtained from an 

IFT (indirect Fourier transform) analysis of the SAXS patterns is 4 nm (Figure 2-4 (b)). 

No evidence for crystallinity is observed by TEM for samples collected up to 7 h. The 

existence of amorphous precursor nanoparticles is expected based on earlier studies of 
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MFI precursor sols: for example, the synthesis of TPA-silicalite-1 in a TPAOH 

(tetrapropylammonium hydroxide)-TEOS-water system involved the formation of small 

precursor nanoparticles (Davis et al., 2006; Kumar et al., 2008). These particles are 

formed spontaneously upon TEOS hydrolysis and remain nearly constant in size during 

the initial phases of hydrothermal growth.  

After 8.5 h, the growth entered the second phase, where the low-q intensity increase 

indicated the appearance of particles with a larger characteristic dimension. (Figure 2-4) 

IFT analysis from these patterns showed that in addition to the 4 nm nanoparticles, 

another length scale (10–50 nm) emerged. Interestingly, the intensity increase in the low-

q region is not accompanied by intensity loss in the higher-q region. Parallel HRTEM 

studies confirmed the emergence of a new population of crystalline particles. Consistent 

with SAXS, the lateral size of these crystalline particles ranged from 10–50 nm. They 

were found to be highly crystalline MFI. (Figure 2-4 (c), (d)) The low contrast as well as 

the uniform orientation of the particles suggested that these particles are nanosheets, thin 

along the b-direction and wide along the a- and c-directions. Previously reported AFM 

images confirmed that the thickness of these particles is around 2 nm (X. Zhang et al., 

2012). In the formation of TPA-silicalite-1, a closely related system, Davis et al. and 

Kumar et al. found that amorphous precursor nanoparticles increased in size, then 

aggregated to form 100 nm-sized aggregates, which, subsequently, transformed to MFI 

(Davis et al., 2006; Kumar et al., 2008). Examples of intermediate amorphous aggregates 

also exist in the formation of other zeolites, where at a certain stage amorphous particles 
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transform to crystals by parts (Mintova et al., 1999). Unlike these previous observations 

in zeolite systems, where zeolite crystals nucleate within amorphous aggregates, the 

formation of SPP either does not involve amorphous-to-crystal evolution (i.e., crystals 

directly form from the clear synthesis sols), or this transformation is much faster than the 

formation rate of the amorphous aggregates. 

To our knowledge, the coexistence of precursor nanoparticles and MFI nanosheets is a 

unique characteristic of the SPP system. The absence of any amorphous aggregates 

(detectable by TEM) at this MFI nucleation phase is also a unique feature of this system 

among reported MFI syntheses. 

During the second phase and as early as 8.5 h, crystalline nanoparticles clearly started to 

exhibit lamellar breakouts on the MFI nanosheets (Figure 2-3). This is the point where 

the rotational intergrowth starts. TBAOH and TBPOH are structure directing agents that 

are known to direct the intergrowth of MFI and MEL (Olson and Bisio, 1984; Li et al., 

2005), i.e., both MFI and MEL can coexist in one crystal with fully connected SiO4 

tetrahedra or with the presence of Si-OH defects (Ohsuna et al., 1997). In the synthesis of 

SPP, it seems that these SDAs create an environment that encourages the intergrowth of 

MFI and MEL. Thus, MEL can be formed onto the MFI nanosheets, and new MFI layers 

can emerge out of MEL. If the structures of MFI and MEL are compared, one notices that 

although they have the same building units (the pentasil unit), they differ in symmetry. 

On MFI nanosheets, MEL can only be incorporated along its a-direction, which could 

lead to branching in 2 opposite directions; however, on MEL, MFI can be formed along 
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both (equivalent) a- and b- directions, which could lead to branching in 4 directions. 

When MEL is formed, it can act as connector to connect new features that lead to 

branching (one-unit-cell nanosheets, in this case). If these newly formed features also 

contain MEL, another generation of branching could happen. The above-mentioned 

intergrowth of MFI and MEL is discussed in more detail in our previous report, where the 

possible structures are enumerated (X. Zhang et al., 2012). This repetitive rotational 

intergrowth led to anisotropic particle shapes, and also wider particle size distributions. 

In the third phase, as seen in the SAXS patterns at low-q range, much larger particles 

were observed: the crystalline particles after 19 h hydrothermal synthesis (Figure 2-4 (e)) 

are much larger comparing to the particles after 10 h synthesis (Figure 2-4 (d)). Finally, 

with complete hydrothermal synthesis after 40 h, the crystals are fully developed with the 

typical self-pillared morphology (Figure 2-1) and their long dimensions are beyond the 

low angle resolution limit of SAXS.  

 

Figure 2-3 High-resolution transmission electron microscopy (HRTEM) images showing 
rotational intergrowths observed after 8.5 (a) and 10 (b) h hydrothermal synthesis. 
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Figure 2-4 Small-angle X-ray scattering (SAXS) data (a) and corresponding pair distance 
distribution functions (PDDF) (b) from sols (with composition 1 SiO2 : 0.3 SDA : 10 
H2O : 4 EtOH) heated at 80 °C for 48 h and then at 120 °C for 3, 5, 7, 8.5, 10, 13, 16, and 
19 h. Representative TEM images from the solids contained in the sols after c) 8.5 h, d) 
10 h, and e) 19 h at 120 °C. A schematic of the three phases identified is shown in (f). 
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Figure 2-5 Proposed growth mechanism of SPP zeolites. a) When two structures with two 
different levels of symmetry can intergrow, the higher-symmetry structure may serve as a 
connector to connect the lower-symmetry structure. If this process is repeated, 
hierarchical materials can be formed. b) A hierarchical zeolite, SPP, formed by the 
intergrowth of MEL and MFI is shown. Here, MFI (red) has the lower symmetry (Pnma) 
and MEL (blue) has the higher symmetry (I 4 m2) 

The presence of MFI nanosheets at early phases of growth taken together with the 

presence of orthogonally arranged lamellae in SPP particles after 40 h heating suggested 

that these nanosheets are responsible for the formation of the lamellae, since they have 

the same thickness and crystallographic orientation. Two possible mechanisms exist for 

the formation of the intergrown crystals: oriented aggregation, and direct growth of 

nanosheets by addition of silicate species. Oriented aggregation is a non-classical crystal 

growth mechanism, according to which crystalline particles aggregate in a 

crystallographically aligned manner (Davis et al., 2006; Liang et al., 2007; Kumar et al., 

2008; Revealed et al., 2010). If oriented aggregation of the nanosheets was the formation 

mechanisms of SPP, one would expect that the SPP particles would have a more open 
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structure. Instead of the 2–7 nm mesopores, the mesopore dimensions would have been 

similar to the dimension of the nanosheets, i.e., 10–50 nm. Therefore, direct growth by 

addition of molecular silicate species or by aggregation with precursor nanoparticles 

seems to be more likely mechanisms for the formation of SPP. Based on the observation 

above, the scheme of SPP growth mechanism is further summarized below, as shown in 

Figure 2-5. 

2.4 Conclusions 

In this chapter, tetrabutyl SDAs from different sources have been successfully applied in 

SPP zeolite synthesis, showing the same pillared structures and pore size distributions.  

The growth process of SPP was followed over time using TEM and SAXS to reveal three 

phases of crystal growth. The repetitive branching mechanism based on the rotational 

intergrowth of MFI and MEL structures is confirmed through the TEM observations.  

The formation of MFI nanosheets did not go through the aggregation of amorphous 

precursors, and the single-unit-cell thickness of MFI lamella have been directly formed 

from clear solution and well preserved during the crystallization under reported 

hydrothermal reaction condition. The initial branching was observed during the SPP 

phase evolution and the repetitive branching based on the frequent fault growths of MEL 

structure was then considered to lead to the formation of the “house-of-cards” structure.  
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Chapter 3  Synthesis of self-pillared pentasil zeolites with 

various layer thicknesses                                           

3.1 Introduction 

In conventional microporous zeolites, the utilization of active sites is often found to be 

inefficient as the so-called “dead zone”—defined as a region where the active sites are 

inaccessible to the reactants—exists in the center of the catalyst particle (Pérez-Ramírez 

et al., 2008; York et al., 2011; Schwieger et al., 2016). The catalytic contribution from 

external acid sites is often neglected due to the low surface to volume ratio. Such a low 

utilization degree of zeolite crystals is mainly attributed to the limited transportation 

inside the micropores. Additionally, the slow mass transport in microporous zeolites may 

also lead to an accumulation of coke or coke precursors, causing the catalyst deactivation 

or a reduced catalyst lifetime. 

To improve the mass transport in the conventional microporous zeolites, efforts can be 

made on (1) increasing the molecular diffusivity inside the micropores, such as 

synthesizing extra-large pore zeolites (Corma et al., 2006; Sun et al., 2009; Li, Corma 

and Yu, 2015; Moliner, Martínez and Corma, 2015); and (2) reducing the diffusion path 

lengths, such as synthesizing nano-sized zeolites (Tosheva and Valtchev, 2005; Valtchev 

and Tosheva, 2013; Awala et al., 2015; Grand et al., 2017) or introducing hierarchical 

porosity into the microporous zeolites (i.e., hierarchical zeolites) (Corma, 1997; Pérez-

Ramírez et al., 2008; Moller and Bein, 2013; Prasomsri et al., 2015; Schwieger et al., 

2016). For bulky microporous zeolites with irregular shapes, the diffusion path length (or 



 

 22 

so-called correlation length) can be defined as the ratio of particle volume over the 

external surface area (Hartmann, Machoke and Schwieger, 2016). While for the 

hierarchical zeolites with layer structures, the diffusion path length for microporous 

domains can be approximated as one half of the layer thickness.  

In the case of SPP zeolites, the layer thickness could be reduced to a single-unit-cell with 

up to 40% external acid sties accessible through its mesopore (X. Zhang et al., 2012). 

The significantly reduced diffusion path length and improved accessible active sites 

could be beneficial to the reactions that included bulky reactants or products. Yet when a 

large side-product or coke is concerned, the effect of the diffusion path length on 

selectivity becomes unclear, considering the resultant large external surface exposed. The 

improving lifetime of the hierarchical zeolites with open and interconnected 

mesoporosity is often accompanied by the increase of coke formation (Choi et al., 2009; 

Kim, Choi and Ryoo, 2010; Hu et al., 2012; Ramasamy et al., 2014; Sun et al., 2014; 

Zhang et al., 2015). The ability to manipulate the characteristic lengths of microporous 

domains is therefore important and could provide opportunities to further study the 

structure—activity relationship. Additionally, a more flexible structure of the SPP zeolite 

also allows the future rational design aimed at the selective production of desired 

chemicals. 

In a single-unit-cell SPP structure, the diffusion path length of a microporous domain 

approximates to one-half of the layer thickness along b-axis (i.e., 1 nm). As discussed in 

Chapter 2, the nanosheets of SPP are directly formed from nanoparticle precursors and 
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branchings start at the MEL fault growth in phase II. Tetrabutyl SDA plays a critical role 

in forming the pillared structure by encouraging the MFI/MEL intergrowths. Therefore, 

the formation of thicker layers in SPP zeolites is likely related to an accelerated or 

preferential growth of MFI phase along b-axis.  

To synthesize SPP zeolites with various layer thicknesses, different strategies are 

explored in this Chapter. The effect of synthetic conditions (such as temperature, 

hydrothermal reaction time) and chemical sources (such as SDAs, silica/SDA ratios) on 

the SPP morphology are studied and discussed respectively. Aluminosilicate SPP zeolites 

are also synthesized with different layer thicknesses, and their acidities are further 

evaluated and compared accordingly. 

3.2 Experimental methods 

3.2.1 Synthesis of purer silica SPP at different hydrothermal conditions 

7.464 g tetrabutyl phosphonium hydroxide solution (TBPOH, 40% by weight, Sigma-

Aldrich) was added dropwise into 7.500 g tetraethyl orthosilicate (TEOS, Sigma-Aldrich) 

while stirring. A clear solution was obtained, and 3.305 g water was added into the 

solution. The hydrolysis was carried out at room temperature and kept for 24 h with 

stirring. A clear sol was obtained with the composition of 10 SiO2 : 3 TBPOH : 100 H2O 

: 40 EtOH. The sol was then transferred to a Teflon-lined stainless steel autoclave. The 

hydrothermal treatments for SPP were performed in a rotation oven at different 

temperatures or using different reaction time. 
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The product was washed with distilled water by repeated centrifugation and decanting of 

the supernatant, until the pH of the final supernatant was lower than 9. The final 

precipitate was dried at 343 K for 12 h, followed by calcination at 823 K for 12 h in air.  

3.2.2 Synthesis of purer silica SPP with different Si/SDA ratios 

The silica sols for SPP synthesis were prepared with different chemical compositions 10 

SiO2 : 4/3/2/1 TBPOH : 100 H2O : 40 EtOH and 20/15/10 SiO2 : 3 TBPOH : 100 H2O : 

40 EtOH following the same procedure as described in section 3.2.1. The hydrothermal 

treatments for SPP with different Si/SDA ratios were all performed in a rotation oven at 

388K for 72 h. The separation and calcination procedure are also the same as described 

above. 

3.2.3 Synthesis of purer silica SPP using dual-SDAs 

A desired percentage of TBPOH was replace with tetrapropyl ammonium hydroxide 

(TPAOH, Sigma-Aldrich) or tetraethyl ammonium hydroxide (TEAOH, Sigma-Aldrich) 

or tetramethyl ammonium hydroxide (TMAOH, Sigma-Aldrich) to obtain a mixed SDA 

solution. The mixed SDA solution was then added dropwise into 7.500 g TEOS while 

stirring. A clear solution was obtained and 3.305 g water was added into the solution. The 

final molar chemical composition is kept at 10 SiO2 : 3 SDAs : 100 H2O : 40 EtOH. The 

rest procedures and hydrothermal conditions are the same as described in section 3.2.2. 

3.2.4 Synthesis of Al-SPP at different hydrothermal temperatures 

Solution A was prepared by dissolving 0.100 g aluminum isopropoxide (Sigma-Aldrich) 

in 3.662 g tetra (n-butyl) phosphonium hydroxide solution (TBPOH, 40% by weight, 
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Sigma-Aldrich). Solution B was prepared by adding 6.500 g TBPOH solution dropwise 

into 10.211 g tetraethyl orthosilicate (TEOS, Sigma-Aldrich) while stirring. Sodium 

hydroxide solution was prepared by dissolving 0.162 g sodium hydroxide in 4.485 g 

water. A clear solution was obtained by adding B to A, followed by the addition of the 

sodium hydroxide solution. The hydrolysis was carried out for 24 h at room temperature 

with stirring. A clear sol was obtained with the composition of 10 SiO2 : 0.05 Al2O3 : 3 

TBPOH : 0.125 NaOH : 100 H2O : 40 EtOH. The sol was then transferred to a Teflon-

lined stainless steel autoclave.  

To prepare SPP with different layer thicknesses, we varied the hydrothermal synthesis 

temperature and time. The hydrothermal treatments for SPP-2, SPP-4 and SPP-8 were 

performed in a rotation oven at 388K for 7 days (SPP-2); 393K for 7 days (SPP-4); and at 

423K for 2 days (SPP-8), respectively. 

The product was washed with distilled water by repeated centrifugation and decanting of 

the supernatant, until the pH of the final supernatant was lower than 9. The final 

precipitate was dried at 343 K for 12 h, followed by calcination in air at 823 K for 12 h in 

a static furnace.  

For ion exchange (to allow Na+ in the framework to be exchanged by NH4+), the calcined 

zeolite was first mixed with distilled water to yield a 5% (by weight) suspension. The 

suspension was then heated at 343 K for 12 h and washed with distilled water by 

centrifugation and decanting of the supernatant, so that the pH of the supernatant was 6-7. 

The precipitate was then mixed with 1.0 mol L-1 ammonium nitrate solution to yield a 5% 
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(by weight) suspension. The suspension was then heated at 353 K for 5 h and the solid 

was recovered with centrifugation. The treatment in ammonium nitrate solution was 

repeated three times, and the final product was washed with water, dried at 343 K and 

calcined in air at 823 K for 4 h in a static furnace. 

3.2.5 Characterizations 

The morphology of SPP zeolites was determined by transmission electron microscopy 

(TEM). Typically, a specimen was prepared by applying a few droplets of an aqueous 

suspension of the washed zeolite product onto an ultra-thin carbon coated 400 mesh 

copper grid on lacey carbon support film (Ted Pella Inc.). In order to study the 

morphology of smaller particles obtained at early stages, the final suspension after 

synthesis was diluted 10 times (volume) with H2O, and deposited on the same type of 

grid. All TEM images were obtained under an FEI Tecnai G2 F30 TEM operating at 300 

kV using a CCD camera. 

Argon (87.3K) adsorption was performed using a commercially available automatic 

manometric sorption analyzer (Quantachrome Instruments AutosorbiQ MP). Prior to 

adsorption measurements, the samples were outgassed at 573 K for 16 h under 

turbomolecular pump vacuum. The micro- and mesopore size distributions were 

simulated based on zeolites/silica (cylindrical, pores, NLDFT ads.) model.  

Si/Al ratios of all zeolites samples were obtained through inductively coupled plasma 

optical emission spectroscopy (ICP-OES) analysis carried out by Galbraith Laboratories. 
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The IR spectra of pyridine and collidine on zeolites employed here were measured on a 

Nicolet 6700 FT-IR spectrometer using self-supporting zeolite wafers of ca. 13 mg cm−2. 

Prior to IR measurements, each zeolite wafer was activated under vacuum (10-4 Pa) at 

450 °C for 2 h inside a home-built IR cell with CaF2 windows, contacted with containing 

pyridine and collidine of 1.3 × 103 Pa at 150 and 200 °C for 0.5 h, respectively, and 

evacuated (10−4 Pa) at 150 °C for 0.5 h to remove physisorbed molecules. Then, the IR 

spectra were recorded at temperatures up to 350 °C. The concentrations of Brønsted and 

Lewis acid sites in zeolites were determined from the intensities of the IR bands by using 

integrated area of a given band with the molar extinction coefficient given in the 

literature (Emeis, 1993; Nesterenko et al., 2006). 

Brønsted acid site density was determined by Hoffman elimination of isopropylamine 

based on a reactive gas chromatography (RGC) technique as reported in (Abdelrahman et 

al., 2017) or dimethyl ether (DME) titration as reported in (X. Zhang et al., 2012).  

3.3 Results and discussion 

3.3.1 Hydrothermal temperature and time effect 

To understand the temperature effect on MFI/MEL intergrowth, the hydrothermal reaction of 

SPP zeolites was carried out at different temperatures. The morphologies of SPP zeolites 

were examined under TEM, as shown in Figure 3-1. The thickness of SPP layers can be 

measured based on those SPP particles that were imaged along c-axis. According to Figure 

3-1, the layer thickness of SPP zeolites was found to increase with elevated hydrothermal 

temperatures, from 2 nm (1 unit cell) at 120 ℃ (Figure 3-1, a) to 3 nm (1.5 unit cell) at 135 



 

 28 

℃ (Figure 3-1, b) or 150 ℃ (with a reduced hydrothermal reaction time to 36 h in Figure 

3-1, c). A complete destroy of the pillared structure in SPP zeolite was found at 150 ℃ as the 

hydrothermal reaction time increased to 72 h, and a morphology that was more close to 

the conventional microporous MFI was observed (Figure 3-1, d). One may speculate that 

a high temperature during hydrothermal synthesis could facilitate the growth of SPP, 

especially along b-axis, so that the thickening of layers was observed and a further increased 

hydrothermal reaction time at a high temperature would eventually lead to the formation of a 

conventional microporous MFI zeolite. 

Given that the SPP pillared structure could be destroyed at 150 ℃ after 72 h 

hydrothermal reaction time, it is unclear that whether the SPP zeolite could maintain its 

“house-of-cards” structure at a low temperature (T < 135 ℃) over a long hydrothermal 

reaction time (t > 72 h). Therefore, we further studied the morphology change of SPP 

zeolites under different hydrothermal reaction times at 115 ℃ using the same chemical 

composition (10 SiO2 : 3 TBPOH : 100 H2O : 40 EtOH) before the hydrothermal step. 

As shown in Figure 3-2, a rapid growth in particle size was observed in the first two days 

during the hydrothermal synthesis of SPP zeolites at 115 ºC. The increase of particle size 

was not significant from 2.25 days to 8 days, and no morphology change or layer 

thickening was detected from the TEM images. Therefore, the single-unit-cell pillared 

structure of SPP zeolite could be well preserved at 115 ºC for up to 8 days.  
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Figure 3-1 TEM images of SPP zeolite particles synthesized at different temperatures and 
different hydrothermal reaction times. a) 120 ℃ with 72 h; b) 135 ℃ with 72 h; c) 
150 ℃ with 36 h; d) 150 ℃ with 72 h. (Scale bar: 20 nm in a–d); 50 nm in the insert of 
b); 1 μm in the insert of c); and 100 nm in the insert of d).) 
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Figure 3-2 The morphology change of SPP zeolites under TEM, synthesized with 
different hydrothermal reaction times at 115 ºC. a) 1 d; b) 1.5 d; c) 2 d; d) 2.25 d; e) 3 d; f) 
8 d. (Scale bar: 20 nm) 

The argon adsorption isotherms were also measured and compared among the SPP 

zeolites synthesized with different hydrothermal reaction times. As shown in Figure 3-3, 

when the relative pressure is below 0.8, no significant difference was found among all the 

adsorption isotherms, indicating all SPP samples have the same intra-particle porosity. 

Similar mesopore size distributions were observed based on the simulation of the 

adsorption branches from all SPP samples with a slight increase of the mesopore volume 

for SPP synthesized from 1.5 days to 2 days (see Figure 3-3 right). The increasing 

adsorption volume at high relative pressure (0.8 < p/p0 < 1) usually represents the inter-

particle meso-/macro-pores. In this case, the high adsorption volume at high relative 
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pressure (0.8 < p/p0 < 1) observed in the SPP zeolite with 1.5 d hydrothermal reaction 

time could be attributed to the irregular shape of the SPP particle before ripening (as 

shown in the inserted schemes in Figure 3-3). In a conclusion, the argon adsorption 

behaviors of SPP zeolites confirm the preservation of SPP mesoporosity from 2 d to 8 d 

at 115 ℃, which is consistent with the observation under TEM.  

 

Figure 3-3 (a) Argon (87.3 K) adsorption isotherms of SPP prepared with different 
hydrothermal reaction times. The isotherms for samples 2, 2.25, 8 d were vertically offset 
by 600, 1200, 1800 cm3/g respectively. (b) The corresponding normalized mesopore size 
distribution (NLDFT/GCMC, cylindrical pore model). The distribution of mesoporous 
diameters for samples 2, 2.25, 8 d were vertically offset by 0.05, 0.10, 0.15 /nm, 
respectively. The SPP synthesis mixture composition before hydrothermal treatment was 
10 SiO2 : 3 TBPOH : 100 H2O : 40 EtOH. 

In summary, a low hydrothermal temperature (T ~ 115 ℃) is necessary to ensure the 

formation of the single-unit-cell pillared structure in SPP synthesis, and such a structure 
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can hold up to 8 days at 115 ℃. However, as a high hydrothermal temperature is used (T 

> 115 ℃), the layer thickening of SPP zeolites can be observed and a longer 

hydrothermal reaction time may destroy the pillared morphology, forming a microporous 

zeolite that is close to the conventional MFI structure. 

3.3.2 Silica/SDA ratios 

The effect of silica/SDA ratio on the MFI/MEL intergrowth in SPP zeolites synthesis was 

studied by varying silica and TBPOH content respectively. Specifically, the chemical 

compositions of 10 SiO2 : 4/3/2/1 TBPOH : 100 H2O : 40 EtOH and 20/15/10 SiO2 : 3 

TBPOH : 100 H2O : 40 EtOH were investigated in this section.  

When SiO2/TBPOH ratio was high (SiO2/TBPOH = 10.0 or 6.66), the silica cannot be 

well dissolved and the gels were not clear after 24 h hydrolysis at room temperature. As 

the SiO2/TBPOH ratio was reduced to 5.0, the synthesis with high silica content in the 

composition (15 SiO2 : 3 TBPOH : 100 H2O : 40 EtOH) led to a deteriorated pillared 

structure (Figure 3-4, g and h), while the synthesis with low silica content (10 SiO2 : 2 

TBPOH : 100H2O : 40EtOH) led to a layered structure with less pillars observed under 

TEM (Figure 3-4, e and f). When SiO2/TBPOH ratio further decreased to 3.3 and 2.5 (10 

SiO2 : 3/4 TBPOH : 100 H2O : 40 EtOH), typical “house-of-cards” structures with single-

unit-cell layers were observed (a–d in Figure 3-4), indicating that a certain range of 

SiO2/TBPOH ratio is essential to ensure the formation of pillars, and thus the MFI/MEL 

intergrowths. Without a clear indication, all SPP zeolites were synthesized with 

Silica/SDA ratio around 3.3 in the rest of this dissertation.  
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Figure 3-4 TEM characterization of SPP zeolite with different silica/SDA ratios. a) and b) 
10SiO2:4TBPOH:100H2O:40EtOH. c) and d) 10SiO2:3TBPOH:100H2O:40EtOH. e) and 
f) 10SiO2:2TBPOH:100H2O:40EtOH. g) and h) 15SiO2:3TBPOH:100H2O:40EtOH (Scale 
bar: 50 nm in a, c, e, g); 100 nm in b, d. f, h).) 
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An alternative silica source, fumed silica, can also be used to synthesize SPP zeolites 

using the same initial composition of 10 SiO2 : 3 TBPOH : 100 H2O : 40 EtOH. Severe 

aggregations with significantly increased particle sizes were observed under TEM. 

However, the pillared structure can still be detected at the edge of the particles, as shown 

in Figure 3-5.  

 
Figure 3-5 TEM characterization of SPP zeolite with fumed silica as silica source at 
composition of 10SiO2:3TBPOH:100H2O:40EtOH (Scale bar: 20 nm in a); 200 nm in 
b).) 

3.3.3 Dual-SDAs  

As discussed in section 2.3.1, both tetrabutyl ammonium (TBA+) and tetrabutyl 

phosphonium cations (TBP+) could be used to synthesize SPP zeolites (Xu et al., 2014).  

While tetrabutyl SDAs might favor the MFI/MEL intergrowth, tetrapropyl SDA (e.g. 

TPA+) is commonly used to direct the formation of MFI phase (Davis and Lobo, 1992). 

Considering that the ethyl chain of tetraethyl ammonium cation (TEA+) could be 

complementary to the butyl chain of TBP+ in terms of the length of alky chain, and 
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perhaps be better accommodated in the MFI channel with TBP+, the use of two SDAs 

might favor the growth of MFI phase. Therefore, as an attempt to alter the MFI/MEL 

intergrowth in SPP structure, TEA+ was introduced during the SPP synthesis as a 

secondary SDA. Specifically, different percentages of TBP+ were replaced with TEA+ 

and the corresponding morphologies were examined under TEM. 

As shown in Figure 3-6, the “house-of-cards” structure in SPP eventually disappeared 

with the increased molar percentages of TEA+ and a bulk microporous MFI was formed 

at the composition with 7% of TEA+. The morphology change suggests that the 

introduction of TEA+ could destroy the pillared structure, leaving less or no mesopore in 

the structure. Argon adsorption isotherms were measured to further examine the change 

of mesoporosity. 

As shown in Figure 3-7, the two adsorption branches of SPP synthesized with and 

without TEA+ overlap at low relative pressure (p/p0 < 0.1), indicating no significant layer 

thickening was observed in the samples that synthesized with 1% TEA+. However, the 

hysteresis loop (0.2 < p/p0 < 0.8) is not clear in the 1% TEA+ sample. A significantly 

reduced mesopore volume was observed in the pore size distribution simulated based on 

the adsorption branch (see the insert in Figure 3-7), confirming the observation of more 

layer structures with less pillars under TEM. Although the mesopore volume decreased, 

the mesopore size did not change, indicating that TEA+ did not alter the MFI/MEL 

intergrowth frequency.  
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Figure 3-6 TEM images of SPP synthesized with dual-SDAs. The molar percentage of the 
secondary SDA are: a) 0% TEAOH; b) 1.3% TEAOH; c) 3.7% TEAOH; d) 7.0% 
TEAOH. The chemical composition of clear sols is 10 SiO2 : 3 SDAs : 100 H2O : 40 
EtOH in all samples. (Scale bar: 50 nm in a, b); 20 nm in insert in c, d); and 100 nm in c, 
d).) 

As shown in Figure 3-7, the two adsorption branches of SPP synthesized with and 

without TEA+ overlap at low relative pressure (p/p0 < 0.1), indicating no significant layer 

thickening was observed in the samples that synthesized with 1% TEA+. However, the 
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hysteresis loop (0.2 < p/p0 < 0.8) is not clear in the 1% TEA+ sample. A significantly 

reduced mesopore volume was observed in the pore size distribution simulated based on 

the adsorption branch (see the insert in Figure 3-7), confirming the observation of more 

layer structures with less pillars under TEM. Although the mesopore volume decreased, 

the mesopore size did not change, indicating that TEA+ did not alter the MFI/MEL 

intergrowth frequency.  

 
Figure 3-7 Argon (87.3 K) adsorption isotherms of SPP synthesized with dual-SDAs. 
Left: on a log scale. Right: on a linear scale (arrow pointed to the start of hysteresis loop), 
and the insert is the mesopore size distribution using NLDFT/GCMC simulation based on 
cylindrical pore model. 

Additional experiments that partially replace TBP+ with TPA+ or tetramethyl ammonium 

cation (TMA+) as a secondary SDA were also attempted here. Unlike the case of TEA+, 
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when 1% TBP+ was replaced with TPA+ or TMA+, no significant change in morphology 

was observed under TEM (see a) and c) in Figure 3-8). An obvious layer thickening was 

only observed when the secondary SDA content was increased to 2% (see b) and d) in 

Figure 3-8). The pillared structures were well-preserved in all cases shown in Figure 3-8.  

The change of mesoporosity was further examined through the measurement of argon 

absorption isotherm. At low relative pressure (p/p0 < 0.1), increased adsorption volumes 

of argon were found per gram of SPP with 2% TPA+ and TMA+ (see Figure 3-9, left), 

confirming the layer thickening observed in both samples under TEM. The pore size 

distributions simulated based on the adsorption branches further show the change of 

mesopore volume. A significantly reduced mesopore volume was found in the sample of 

SPP synthesized with 2% TPA+, which is similar as observed in the SPP sample with 1% 

TEA+. However, the mesopore volume was less affected in the SPP synthesized with 2% 

TMA+, where only a slight decrease was detected compared to the control group (SPP 

synthesized without a secondary SDA), suggesting a better preservation of the pillared 

structure. Therefore, TMA+ could be a good candidate as the secondary SDA to obtain 

thicker layers of SPP zeolites while with little effect on their pillared structures under the 

investigated synthesis condition.  
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Figure 3-8 TEM images of SPP synthesized with dual-SDAs. The molar percentage of the 
secondary SDA are: a) 1% TPAOH; b) 2% TPAOH; c) 1% TMAOH; d) 2% TMAOH. 
The chemical composition of clear sols is 10 SiO2 : 3 SDAs : 100 H2O : 40 EtOH in all 
samples. (Scale bar: 100 nm.) 
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Figure 3-9 Argon (87.3 K) adsorption isotherms of SPP synthesized with dual-SDAs. 
Left: on a log scale. Right: on a linear scale and the insert is the pore size distribution 
based on NLDFT/GCMC simulation based on cylindrical pore model. 

3.3.4 Al-SPP with different layer thicknesses 

As discussed in the pure silica SPP synthesis, two strategies can be used to prepare SPP 

with thicker layers: using a higher hydrothermal temperature or introducing a secondary 

SDA. When aluminum was incorporated, however, the thickening of layers was also 

observed when using a longer hydrothermal reaction time at low hydrothermal 

temperature (i.e., T = 115 ℃). In Al-SPP synthesis, different aluminum sources can be 

used, such as aluminum sulfate octadecahydrate, aluminum isopropoxide or gibbsite, and 

sodium cation is necessary to balance the negative charge caused by framework 

aluminum. Considering that the metal cations can direct the formation of aluminosilicate 
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MFI zeolites without any organic template (L. Zhang et al., 2012), the presence of 

sodium cation may also direct the growth in Al-SPP, causing the layer thickening after a 

long hydrothermal reaction time.  

In the current study, Al-SPP zeolites with various layer thicknesses were synthesized by 

increasing the hydrothermal temperature, as described in section 3.2.4. A detailed 

discussion regarding the morphology and acidity of these Al-SPP zeolites were included 

in section 5.3.1. 

3.4 Conclusions 

In this chapter, synthesis condition and composition effect on SPP zeolite morphology 

were studied systematically.  

A well-defined single-unit-cell hierarchical structure of SPP zeolite favors low 

hydrothermal temperature, specifically temperature below 135 ℃. For pure silica SPP, 

the single-unit-cell layers and the hierarchical structure could be well-preserved up to 8 

days at 115 ℃. A higher hydrothermal temperature (T > 135 ℃) or an introduction of a 

secondary SDA (e.g. TMA+) will lead to the thickening of layers. Additionally, a certain 

percentage of tetrabutyl SDA is critical to ensure the MFI/MEL intergrowths, and 

therefore, the pillared structure. A high silica/SDA ratio or an excess of the secondary 

SDA will both lead to the formation of conventional microporous MFI zeolites.  

Aluminum could be successfully incorporated in the framework without affecting the 

formation of pillared structure in SPP zeolite synthesis. Different layer thicknesses of Al-

SPP can be easily obtained by varying the hydrothermal temperatures. The maximum 
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Brønsted acid density of Al-SPP can be achieved under the investigated synthesis 

conditions is around 190 μmol/g (equivalent Si/Al ratio is around 75). For Al-SPP with 

Si/Al ratio higher than 75, the excess of aluminum, which is not incorporated in the 

framework, shows Lewis acidity as a result. The Al-SPP zeolites with different layer 

thicknesses synthesized in this Chapter were further applied in Chapter 5 as the model 

catalysts to study the structure—activity relationship of hierarchical zeolites. 
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Chapter 4  Synthesis of self-pillared pentasil zeolites with 

tunable mesoporosity  

4.1 Introduction 

Mesoporosity plays an important role in heterogeneous catalysis by reducing the 

diffusion path length of microporous domains and providing more accessible active sites 

on the surface (Stöcker, 2008; Ennaert et al., 2016). Considering the hydrothermal 

stability and acidity (Corma, 1997; Wang, Yu and Xu, 2012), the crystalline zeolites with 

tunable mesoporosity could be potentially important from a technological point of view 

to the catalytic reactions involving bulky molecules. The control of mesopore size in 

hierarchical zeolites can be achieved using special synthetic routes (Wang et al., 2007, 

2009), post-treatments (Perez-Ramirez et al., 2009; Guo et al., 2015) or additional 

templates: (1) “soft templates” such as surfactants (Feng et al., 2010; García-Martínez et 

al., 2012; Garcia-Martinez et al., 2014; Prasomsri et al., 2015), polymers (Yao, Huang 

and Wang, 2010), organosilanes (Choi et al., 2006), aerogels (Tao et al., 2005); and (2) 

“hard templates” such as carbon (Fan et al., 2008; Chen et al., 2011).  

In the case of SPP zeolites, the pillared structure of SPP zeolite is formed based on a 

crystal growth phenomenon known as twinning, where a higher-symmetry structure 

(MEL) acts as a connector to allow the orthogonal growth of lower-symmetry structure 

(MFI) nanosheets, as discussed in Chapter 2. The mesoporosity is thus formed between 

the MFI nanosheets (X. Zhang et al., 2012; Xu et al., 2014; Swindlehurst et al., 2015). In 
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principle, the control of mesopore size in SPP zeolites could be achieved by changing the 

intergrowth frequency.  

MFI/MEL intergrowth is commonly seen in zeolites (Hay, Jaeger and Wilshier, 1990; 

Okubo et al., 2001; Willhammar et al., 2012; Thomas et al., 2013; Sławiński et al., 2014; 

Smeets et al., 2014; Sholl and Lively, 2015). The formation of such a intergrowth is often 

related to SDAs (Francesconi et al., 2005; González et al., 2007; Burton et al., 2010; 

Zhao et al., 2017a, 2017b), starting compositions (Lillerud and Raeder, 1986; L. Zhang et 

al., 2012; Ban, Oishi and Ohya, 2014; Awala et al., 2015; Smith et al., 2015; Khaleel et 

al., 2016; Wang et al., 2017), or synthesis conditions (Jablonski, Sand and Gard, 1986; 

Awala et al., 2015). However, how to control the intergrowths in zeolites remains unclear. 

In Chapter 3, we have discussed the effects of synthetic conditions, SDAs and silica/SDA 

ratios on SPP zeolites morphologies. While the layer thickness of SPP zeolites could be 

increased under a high hydrothermal temperature or using a secondary SDA, the 

mesopore size distribution remained unchanged in all the cases. To make a further 

attempt on changing the MFI/MEL intergrowth frequency, solvent effect was studied in 

this Chapter. 

In SPP synthesis, the synthetic mixture composition was controlled by mixing a desired 

amount of silica source with tetrabutyl SDA solution and water (as a solvent). Ethanol 

was generated as a co-solvent after tetraethyl orthosilicate (TEOS) hydrolysis. However, 

the water and ethanol fraction could only be adjusted within a limited range through 

mixing (see the cross points above the red dot line in the composition space as shown in 
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Figure 4-1). Evaporation of water and ethanol after hydrolysis introduced the risk of 

aging by using an elevated temperature. To avoid any phase evolution before the 

hydrothermal step, a freeze-drying technique (Awala et al., 2015; Khaleel et al., 2016) 

was applied to remove all the remaining water and ethanol in the system. An accurate 

solvent fraction could then be obtained by adding back the desired amount of water (and 

ethanol) into the dry gel before the hydrothermal process begins.  

Using the freeze-drying technique, attempts have been made to control the MFI/MEL 

intergrowth frequencies in SPP synthesis by changing the water and ethanol fraction. A 

wide range of adjustment and an accurate control of the solvent fraction could be 

achieved. The mesoporosity change was discussed by comparing the argon adsorption 

isotherms. The effect of freeze-drying technique and the phase to introduce freeze-drying 

were also studied. This synthesis strategy was further extended to aluminosicate SPP 

zeolites synthesis. 

4.2 Experimental methods 

4.2.1 Synthesis of pure-silica SPP zeolites with tunable mesoporosity 

In a typical synthesis, 7.464 g tetrabutyl phosphonium hydroxide solution (TBPOH, 40% 

by weight, Sigma-Aldrich) was added dropwise into 7.500 g tetraethyl orthosilicate 

(TEOS, Sigma-Aldrich) while stirring, followed by 3.305 g water. The hydrolysis was 

carried out at room temperature and kept for 24 h with stirring. A clear sol was obtained 

with the composition of 10 SiO2 : 3 TBPOH : 100 H2O : 40 EtOH.  
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The clear sol was frozen at -80 ℃ overnight before transferring to Lacbonco FreeeZone 

4.5 liter Benchtop Freeze-drying system to remove the remaining water and ethanol after 

hydrolysis. Desired amount of water (and ethanol) was added back to the dry gel before 

transferring to a Teflon-lined stainless steel autoclave. Hydrothermal treatment was 

performed in a rotation oven at 388K.  

The product was washed with distilled water by repeated centrifugation and decanting of 

the supernatant, until the pH of the final supernatant was lower than 9. The final 

precipitate was dried at 343 K for 12 h. Some of the dried product was calcined at 823 K 

for 12 h in air for further characterizations.  

4.2.2 Synthesis of Al-SPP with tunable mesoporosity 

Solution A was prepared by dissolving 0.100 g aluminum isopropoxide (Sigma-Aldrich) 

in 3.662 g TBPOH. Solution B was prepared by adding the rest 6.500 g TBPOH dropwise 

into 10.211g TEOS while stirring. Sodium hydroxide solution was prepared by dissolving 

0.162 g sodium hydroxide in 4.485 g water. A clear solution was obtained by mixing 

solution A and B, followed by sodium hydroxide solution. The hydrolysis was carried out 

at room temperature and kept for 24 h with stirring. A clear sol was obtained with the 

composition of 10 SiO2 : 0.05 Al2O3 : 3 TBPOH : 0.125 NaOH : 100 H2O : 40 EtOH.  

The clear sol was frozen at -80 ℃ overnight before transferring to Lacbonco FreeeZone 

4.5 liter Benchtop Freeze-drying system to remove the remaining water and ethanol after 

hydrolysis. The desired amount of water (and ethanol) was added back to the dry gel 
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before transferring the gel to a Teflon-lined stainless steel autoclave. Hydrothermal 

treatment was performed in a rotation oven at 388K.  

The product was washed with distilled water by repeated centrifugation and decanting of 

the supernatant, until the pH of the final supernatant was lower than 9. The final 

precipitate was dried at 343 K for 12 h, followed by calcination at 823 K for 12 h in air.  

The calcined zeolite was mixed with distilled water to yield a 5% (by weight) suspension. 

The suspension was heated at 343 K for 12 h, and washed once with distilled water by 

centrifugation and decanting of the supernatant, such that the pH of the supernatant was 

6-7. The precipitate was mixed with 1.0 mol L-1 ammonium nitrate solution to yield a 5% 

(by weight) suspension. The suspension was then heated at 353 K for 5 h to allow Na+ in 

the framework to be exchanged with NH4+. The solid was recovered by centrifugation. 

The process was repeated three times, and the final product was washed with water, dried 

at 343 K and calcined in air at 823 K for 4 h. 

4.2.3 Transmission electron microscopy (TEM) 

The morphology of SPP zeolites was determined by transmission electron microscopy. 

Typically, a specimen was prepared by applying a few droplets of an aqueous suspension 

of the washed zeolite product onto an ultra-thin carbon coated 400 mesh copper grid on 

lacey carbon support film (Ted Pella Inc.). In order to study the morphology of smaller 

particles obtained at early stages, the final suspension after synthesis was diluted 10 times 

(volume) with H2O, and deposited on the same type of grid. All TEM images were 

obtained under an FEI Tecnai G2 F30 TEM operating at 300 kV using a CCD camera. 
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4.2.4 Argon adsorption 

Argon (87.3K) adsorption was performed using a commercially available automatic 

manometric sorption analyzer (Quantachrome Instruments AutosorbiQ MP). Prior to 

adsorption measurements, the samples were outgassed at 573 K for 16 h under 

turbomolecular pump vacuum. The micro- and mesopore size distributions were 

simulated based on zeolites/silica (cylindrical, pores, NLDFT ads.) model (Ravikovitch 

and Neimark, 2001).  

4.3 Results and discussion 

4.3.1 Water and ethanol effect 

The chemical molar composition of pure-silica SPP zeolites is 10 SiO2 : 3 TBPOH : x 

H2O : y EtOH., where x = 100 and y = 40 in the clear sols before hydrothermal step as 

reported in the earlier study (X. Zhang et al., 2012). To change the amount of water and 

ethanol of the clear sols, i.e., x and y, freezing-drying technique can be applied as 

described in section 4.2.1. Different molar compositions of SPP zeolites that were 

achieved through the freeze-drying route are marked as in the composition space below 

(see Figure 4-1).  
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Figure 4-1 Composition space of SPP system. Red dot line indicates the lowest solvent 
fraction that could be reached from direct mixing. Black cross points are the synthesis 
mixture compositions from experiments before hydrothermal treatment: 10 SiO2 : 3 
TBPOH : x H2O : y EtOH from top to bottom in sequence x = 200, 100, 100, 60, 40, 30; 
y = 40, 40, 0, 0, 0, 0.  

According to the TEM in Figure 4-2, SPP zeolites with high water and ethanol contents 

(x + y > 100) showed structures with dense pillars and particle sizes larger than 150 nm. 

Lower water and ethanol contents (x + y < 100) led to the formation of loose pillared SPP 

structures with particle sizes less than 100 nm. When water and ethanol content was 

reduced down to 30, the particle size decreased to 60 nm. Meanwhile, a large amount of 

particles smaller than 50 nm were also observed, which were at the early stage of 

branching with insufficient pillars to form the intraparticle mesopore (see Figure 4-3). A 
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further increase of the hydrothermal reaction time from 5 days to 14 days at this water 

and ethanol content (x + y ~ 30) did not lead to any change of the particle size (see Figure 

4-4).  

 
Figure 4-2 TEM images of SPP synthesized with different solvent contents (x + y). SPP 
composition: 10 SiO2 : 3 TBPOH : x H2O : y EtOH, at 115 ℃ in rotational oven for t 
days. x, y and t values are listed below each figures. (Scale bars: 20 nm in top and 50 nm 
in bottom.) 
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Figure 4-3 Low magnification TEM images of SPP synthesized with the chemical 
composition of 10 SiO2 : 3 TBPOH : 30 H2O (Scale bar: 50 nm) 
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Figure 4-4 TEM images of SPP with the chemical composition of 10 SiO2 : 3 TBPOH : 
30 H2O using different hydrothermal reaction times: a) 5 days; b) 7 days; c) 12 days; d) 
14 days.  

According to the argon adsorption isotherms in Figure 4-5, the start of hysteresis loop 

shifted to high relative pressure (p/p0 ~ 0.5) when the water and ethanol content was low. 

An increased adsorption volume was also observed at high relative pressure (0.6 < p/p0 < 

0.8). This change of the adsorption isotherms indicated the formation of a larger 
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mesopore population at low water and ethanol content. When the water and ethanol 

content (x + y) was down to 30, the adsorption isotherm was close to H2 hysteresis based 

on the IUPAC classification, suggesting the mesoporosity was more disordered. This is 

consistent with the observation in TEM where the particles were less uniformed, forming a 

significant number of interparticle mesopores between particles.  

 
Figure 4-5 Argon (87.3 K) adsorption isotherms of SPP with different solvent contents (x 
+ y). (a) on a log scale (b) on a linear scale. The isotherms were vertically offset by 0, 
600, 1200, 1800, 2400, 3000 cm3/g respectively. The red arrows point to the start of 
hysteresis loop. (c) The corresponding normalized mesopore size distribution 
(NLDFT/GCMC, cylindrical pore model). The distribution of mesoporous diameters 
were vertically offset by 0, 0.2, 0.4, 0.6, 0.8, 1.0 /nm, respectively. The SPP synthesis 
mixture composition before hydrothermal treatment was 10 SiO2 : 3 TBPOH : x H2O : y 
EtOH, x = 30, 40, 60, 100, 100, 200 and y = 0, 0, 0, 0, 40, 40 for samples from bottom to 
top. The synthesis of samples with solvent content of 140 and 240 did not use the freeze-
drying technique. Samples with solvent content of 30 and 40 used 14 days and the rest 
samples used 3 days for hydrothermal growth. 

4.3.2 Freeze-drying effect 

To check the freeze-drying influence on the intergrowth frequency, SPP zeolites were 

synthesized with and without freeze-drying step using the same chemical composition of 

10 SiO2 : 3 TBPOH : 100 H2O : 40 EtOH and the same hydrothermal conditions.  
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Figure 4-6 TEM images of SPP zeolites with chemical composition of 10 SiO2 : 3 
TBPOH : 100 H2O : 40 EtOH synthesized without the freeze-drying step (top) and with 
the freeze-drying step (down). (Scale bar: 20 nm in the left; 50 nm in the right) 

According to the TEM images (see Figure 4-6), no significant difference in morphology 

was detected between samples synthesized with or without the freeze-drying step. The 

argon adsorption isotherms at low relative pressure (p/p0 < 0.1) showed the same 
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adsorption volume uptake (see Figure 4-7, left), confirming the same single-unit-cell 

layer thickness of microporous domains in both samples. The same starting pressure of 

the hysteresis loops in both samples indicates no detectable change of mesopore size. 

Only a slightly lower mesopore volume was found in the freeze-drying sample according 

to the mesopore size distributions simulated based on the adsorption branches. As a 

conclusion, the freeze-drying technique did not affect the intergrowth frequency during 

SPP synthesis. 

 
Figure 4-7 The comparison of argon (87.3 K) adsorption isotherms between SPP 
synthesized with and without freeze-drying step using the same composition 10 SiO2 : 3 
TBPOH : 100 H2O : 40 EtOH. Left: on a log scale. Right: on a linear scale (the 
corresponding normalized mesopore size distribution (NLDFT/GCMC, cylindrical pore 
model) in the insert). 
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4.3.3 The timing of the freeze-drying step 

Previous studies on the FAU/EMT system suggested that the amorphous aggregates 

before nucleation could significantly affect the intergrowth during crystallization 

(Khaleel et al., 2016). Therefore, the phase (or time) to start the freeze-drying may 

directly affect the intergrowths in the final products. In this section, the timing of the 

freeze-drying step was further studied to examine the effect on the MFI/MEL 

intergrowths in SPP zeolites. 

As discussed in Chapter 2, the SPP phase evolution can be divided into three parts: the 

formation of 1) nanoparticle precursor; 2) nanosheet; and 3) repetitive-branching 

structure (Xu et al., 2014). During the phase 1, 2 nm precursor nanoparticles formed from 

hydrolysis and a larger precursor nanoparticle population formed after aging under 

heating condition (Swindlehurst et al., 2015). Freeze-drying was then applied before and 

after the presence of large precursor nanoparticle by using different aging conditions. 

According to the TEM images in Figure 4-8 and argon adsorption isotherms in Figure 

4-9, no significant difference was detected among the samples frozen at different 

precursor status. Therefore, for the MFI/MEL system, the precursor status (i.e., the timing 

of the freeze-drying step) does not have any effect on the SPP morphologies. 
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Figure 4-8 TEM images of SPP synthesized with freeze-drying at different aging 
conditions. a) room temperature for 1 day; b) 80 ºC for 2 days; c) 80 ºC for 2 days and 
115 ºC for 5 hours, using the same composition 10 SiO2 : 3 TBPOH : 30 H2O : 0 EtOH.  
(Scale bar: 20 nm) 

 
Figure 4-9 The comparison of argon (87.3 K) adsorption isotherms between SPP 
synthesized with freeze-drying at different aging conditions, using the same composition 
10 SiO2 : 3 TBPOH : 30 H2O : 0 EtOH. Left: on a log scale. Right: on a linear scale (the 
corresponding normalized mesopore size distribution (NLDFT/GCMC, cylindrical pore 
model) in the insert). 
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4.3.4 Particle size effect 

Apart from the change in mesoporosity, SPP zeolites synthesized with lower water and 

ethanol contents showed smaller particle sizes even with significantly longer 

hydrothermal reaction times, as discussed in 4.3.1. It is possible that the open structure 

(large mesopore size) of SPP zeolite is associated with the small particle size, which may 

eventually form to large SPP zeolites with dense pillars (small mesopore size). However, 

this possibility can be easily ruled out based on the study in section 3.3.1.  

Considering that the prolonged hydrothermal reaction time up to 14 days did not lead to a 

significant increase in particle size when the water and ethanol content (x + y) was 

around 30, a higher water and ethanol content (x + y) of 140 can be used instead, and the 

small particle size can be obtained using a short hydrothermal reaction time, as shown in 

Figure 3-2.The argon adsorption isotherms suggest no detectable change of the start of 

hysteresis loop between the SPP zeolites with small and large particle size, as shown in 

Figure 3-3. Therefore, a wider mesopore distribution with the presence of larger 

mesopore population is not relevant to the small particle size.   

In conclusion, by ruling out the freeze-drying, freeze-drying timing and particle size 

effect, we conclude that the increase of mesopore size in SPP structure is a result of the 

reduced water and ethanol content before the hydrothermal treatment.  

4.3.5 Open structure aluminosilicate SPP (Al-SPP) 

This freeze-drying strategy was further applied in Al-SPP synthesis. As shown in the 

TEM images (see Figure 4-10), the same solvent effect was also observed in Al-SPP 
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synthesis. A small particle size with less pillar frequency was observed when the water 

and ethanol content was low. The adsorption isotherms (see Figure 4-11) further 

confirmed the increased mesopore size in Al-SPP zeolites using low water and ethanol 

contents.  

 
 
Figure 4-10 TEM images of Al-SPP synthesized with different solvent contents (x + y). a) 
x = 100, y = 40; b) x = 90, y = 0; c) x = 50, y = 0. (Scale bars: 20 nm.) 
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Figure 4-11 (a) Argon (87.3 K) adsorption isotherms of Al-SPP with different solvent 
contents (x+y). The isotherms for samples (2, 3) were vertically offset by 600, 1200 
cm3/g respectively. Arrows point to the start of hysteresis loop. (b) The corresponding 
normalized mesopore size distribution (NLDFT/GCMC, cylindrical pore model). The 
distribution of mesoporous diameters for samples (2, 3) were vertically offset by 0.1, 0.2 
/nm, respectively. The Al-SPP synthesis mixture composition before hydrothermal 
treatment was 10 SiO2 : 0.05 Al2O3 : 3 TBPOH : 0.125 NaOH : x H2O : y EtOH, x = 50, 
90, 100 and y = 0, 0, 40 for sample (1-3) respectively. The synthesis of sample (3) did not 
include the freeze-drying step. 

The Si/Al ratio of Al-SPP was determined by ICP-OES, and the incorporation of 

aluminum (framework aluminum) was checked by measuring the Brønsted acid sites 

density through Hoffman elimination of isopropylamine using the reactive gas 

chromatography (RGC) technique (Abdelrahman et al., 2017). As shown in Table 4-1, no 

significant difference was detected in terms of the Si/Al ratio between the Al-SPP 
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synthesized with high (without freeze-drying step) and low solvent contents (with freeze-

drying step), and the Brønsted acid sites densities were also similar. Therefore, the 

freeze-drying route, where low water and ethanol content was applied before the 

hydrothermal step, did not affect the aluminum incorporation efficiency.  

Table 4-1 Summary of acid site information in Al-SPP with composition 10 SiO2 : 0.05 
Al2O3 : 3 TBPOH : 0.125 NaOH : x H2O : y EtOH 

 Freeze-drying Si/Al Brønsted acid sites density (μmol/g) 
x = 100, y = 40 N 60 174 
x = 50, y = 0 Y 56 194 

In conclusion, this freeze-drying synthetic approach can be extended to the Al-SPP 

system to manipulate the solvent content before the hydrothermal reaction. Similar to the 

mesoporosity change in pure-silica SPP, a larger mesopore population with wide pore 

size distribution was also found in Al-SPP when the solvent content was low. The 

resulting Al-SPP zeolite with a small particle size and more open mesopore structure 

could minimize the diffusion resistance within the particle (inside the mesopore) and 

serves as an ideal catalyst candidate for the catalytic reactions involving bulky molecules. 

4.4 Conclusions 

The adjustment of solvent content could cause a change in MFI/MEL intergrowth 

frequency, and lead to a tunable mesoporosity in SPP zeolites. Different water and 

ethanol contents (x + y) can be achieved and accurately controlled through the freeze-

drying technique. No additional effect on SPP structure was detected due to the use of 

freeze-drying or the time to introduce the freeze-drying. The formation of large mesopore 

is directly related to the reduced water and ethanol content (x + y) regardless of the 
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change in particle size. This freeze-drying strategy can also be applied to aluminosilicate 

SPP synthesis to obtain acid catalysts with larger mesopore sizes to accommodate bulky 

reactants or transition states. 
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Chapter 5  Quantitative study of catalytic behavior of 

hierarchical zeolites formed by repetitive intergrowth 

5.1 Introduction 

The improved catalytic performance exhibited by hierarchical zeolites compared to that 

of their microporous-only counterparts has stimulated renewed efforts for the 

development of novel hierarchical structures as well as interest for industrial 

implementation (Holm et al., 2011; Pérez-Ramírez et al., 2011; Parlett, Wilson and Lee, 

2013; Perego and Millini, 2013; Li, Valla and Garcia-Martinez, 2014b; Abate et al., 

2016; Hartmann, Machoke and Schwieger, 2016; Schwieger et al., 2016). The enhanced 

activity, selectivity, and stability of hierarchical zeolites has often been attributed to 

reduced transport limitations and increased accessibility to active sites as a result of 

added meso- and macropores. However, despite the significant effort devoted to the 

design of new hierarchical zeolites (Pérez-Ramírez et al., 2008; Lopez-Orozco et al., 

2011; Vernimmen, Meynen and Cool, 2011; Čejka et al., 2012; Chen et al., 2012; Moller 

and Bein, 2013; Valtchev et al., 2013; Tsapatsis, 2014; Schwieger et al., 2016), limited 

progress has been achieved for quantitatively establishing the link between the observed 

performance and the hierarchical structure (Christensen et al., 2003; Liu et al., 2011; X. 

Zhang et al., 2012; Konno et al., 2014; Gamliel et al., 2018). Such quantitative connection 

between the structural characteristics and the catalytic behavior could lead to the rational 

design of improved catalysts. 
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Self-pillared pentasil (SPP) zeolite is a hierarchical zeolite formed by the repetitive 

rotational intergrowth of MFI nanosheets (X. Zhang et al., 2012; Xu et al., 2014; 

Swindlehurst et al., 2015). It is possible to manipulate the nanosheet thickness, the 

mesopore size distribution and the particle size by variation of synthesis conditions. 

When the layer thickness of SPP is reduced down to a single-unit-cell (2 nm), up to 40% 

of the active sites is found to be on the external surface (X. Zhang et al., 2012). Although 

a finer control of mesopore size and layer thickness uniformity can be achieved when 

rotational intergrowths occur in the presence of a designed surfactant (Shen et al., 2018), 

here we use SPP due to its simpler synthesis, which (as we will demonstrate) allows 

facile manipulation of layer thickness in the 2-10 nm range.  

Among the test reactions used to evaluate hierarchical zeolites (reviewed by Christensen 

et al. (Holm et al., 2011) and Hartmann and Schwieger et al. (Hartmann, Machoke and 

Schwieger, 2016)), we chose benzyl alcohol self-etherification and alkylation with 

mesitylene. The alkylation reaction only occurs on the SPP external surface due to size 

exclusion of mesitylene (8.6 Å) from the MFI framework pores, while the etherification 

reaction can take place on both external surface and micropores. Therefore, the alkylation 

and etherification rates can provide a quantitative assessment of internal (within the 

micropores) and external (on the outside surface of the zeolite layers) catalytic activity (X. 

Zhang et al., 2012; Liu et al., 2014).  

First, the kinetics of the two model reactions over SPP zeolites were investigated. The 

alkylation rate expression derived from the current study is different from the 1st order 
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one we have used in our earlier work (X. Zhang et al., 2012; Liu et al., 2014). The 

contributions to the observed etherification rate by the external surface and micropores 

were quantified. The effect of diffusion on the observed reaction rates (i.e., the presence 

of diffusion limitations) of the model reactions were determined to be insignificant at 

meso- and micro-pore levels in SPP zeolites under the investigated conditions. The key 

structural attribute, i.e., layer thickness of SPP, was correlated to the selectivity of 

etherification over alkylation. As a comparison, MCM-22 — a 10MR zeolite with MWW 

framework — was also used in the same analysis of model reactions to obtain the 

corresponding kinetic parameters. Significant differences in selectivity and external 

surface catalytic activity were found between MCM-22 and SPP zeolites.  

5.2 Experimental methods 

5.2.1 Synthesis of H-SPP zeolites with different layer thicknesses 

Solution A was prepared by dissolving 0.100 g aluminum isopropoxide (Sigma-Aldrich) 

in 3.662 g tetra (n-butyl) phosphonium hydroxide solution (TBPOH, 40% by weight, 

Sigma-Aldrich). Solution B was prepared by adding 6.500 g TBPOH solution dropwise 

into 10.211 g tetraethyl orthosilicate (TEOS, Sigma-Aldrich) while stirring. Sodium 

hydroxide solution was prepared by dissolving 0.162 g sodium hydroxide in 4.485 g 

water. A clear solution was obtained by adding B to A, followed by the addition of the 

sodium hydroxide solution. The hydrolysis was carried out for 24 h at room temperature 

with stirring. A clear sol was obtained with the composition of 10 SiO2 : 0.05 Al2O3 : 3 
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TBPOH : 0.125 NaOH : 100 H2O : 40 EtOH. The sol was then transferred to a Teflon-

lined stainless steel autoclave.  

To prepare SPP with different layer thicknesses, we varied the hydrothermal synthesis 

temperature and time. The hydrothermal treatments for SPP-2, SPP-4 and SPP-8 were 

performed in a rotation oven at 388K for 7 days (SPP-2); 393K for 7 days (SPP-4); and at 

423K for 2 days (SPP-8), respectively. 

The product was washed with distilled water by repeated centrifugation and decanting of 

the supernatant, until the pH of the final supernatant was lower than 9. The final 

precipitate was dried at 343 K for 12 h, followed by calcination in air at 823 K for 12 h in 

a static furnace.  

For ion exchange (to allow Na+ in the framework to be exchanged by NH4+), the calcined 

zeolite was first mixed with distilled water to yield a 5% (by weight) suspension. The 

suspension was then heated at 343 K for 12 h and washed with distilled water by 

centrifugation and decanting of the supernatant, so that the pH of the supernatant was 6-7. 

The precipitate was then mixed with 1.0 mol L-1 ammonium nitrate solution to yield a 5% 

(by weight) suspension. The suspension was then heated at 353 K for 5 h and the solid 

was recovered with centrifugation. The treatment in ammonium nitrate solution was 

repeated three times, and the final product was washed with water, dried at 343 K and 

calcined in air at 823 K for 4 h in a static furnace. 
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5.2.2 Synthesis of H-MWW 

H-MWW were synthesized as described earlier (Corma, Fornes, et al., 1998; Maheshwari 

et al., 2008). 

5.2.3 Structure characterization 

The morphology of SPP zeolites was determined by transmission electron microscopy 

(TEM). Typically, a TEM specimen was prepared by applying a few droplets of an 

aqueous suspension of the ion-exchanged zeolite product onto an ultra-thin carbon coated 

400 mesh copper grid on lacey carbon support film (Ted Pella Inc.). All TEM images 

were obtained with a FEI Tecnai G2 F30 TEM operating at 300 kV using a CCD camera. 

5.2.4 Acid site characterization 

Si/Al ratios of all zeolites used here were obtained through inductively coupled plasma 

optical emission spectroscopy (ICP-OES) analysis carried out by Galbraith Laboratories. 

Brønsted acid site density was determined by Hoffman elimination of isopropylamine 

based on a reactive gas chromatography (RGC) technique as reported in (Abdelrahman et 

al., 2017). The external Brønsted acid site density was measured by 2,6-di-tert-

butylpyridine (dTBP) titration over ethanol dehydration following the procedure reported 

in (X. Zhang et al., 2012).  

The IR spectra of pyridine from self-supporting zeolite wafers of ca. 13 mg cm−2 were 

obtained using a Nicolet 6700 FTIR spectrometer. Prior to IR measurements, each zeolite 

wafer was activated under vacuum (10-4 Pa) at 450 °C for 2 h inside a home-built IR cell 

with CaF2 windows. The wafer was then exposed to pyridine vapor of 1.3 × 103 Pa at 150 
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°C for 0.5 h, and evacuated (10−4 Pa) at 150 °C for 0.5 h to remove physisorbed 

molecules. Then, the IR spectra were recorded at temperatures up to 350 °C. 

5.2.5 Liquid-phase reactions 

Etherification and alkylation of benzyl alcohol were performed using the same set-up and 

procedures as described in (X. Zhang et al., 2012). Specifically, 15 mL mesitylene were 

added into a three-necked round bottom flask (100 mL) with a desired amount of zeolite. 

The reactor was connected to a reflux condenser and heated in oil bath (343 K) under 

atmospheric pressure and stirring for 0.5 h (1ʺ stirring bar, 500 rpm stirring speed setting 

in Corning PC 620D hot plate stirrer). A desired amount of benzyl alcohol was injected 

using a steel needle through one side-neck to start the reaction. Around 0.1 mL of the 

reaction mixture was withdrawn at regular intervals using a steel needle through the side-

neck and injected through a 0.2 μm filter into a 2 mL glass vial. The samples were 

periodically injected through an autosampler and analyzed in a gas chromatograph 

(Agilent HP-7890B GC) equipped with a methylsiloxane capillary column (HP-5, 30.0 m 

x 320 µm x 0.25 µm) connected to a flame ionization detector. 

The initial rates were determined under different initial benzyl alcohol concentrations 

with conversion less than 10%. No side products were detected.  

5.2.6 Experiment design and parameter estimation 

Observed concentrations of benzyl alcohol, benzyl ether, 1,3,5-trimethyl-2-benzylbenze 

at different reaction time were collected under different experimental settings (e.g., 

different initial benzyl alcohol concentrations or zeolites with different characteristic 
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diffusion lengths) and were entered as multi-response data input. A set of nonlinear 

ordinary differential equations (ODEs) (i.e., the rate expressions of alkylation and 

etherification) were entered as the model equations. Parameters (kinetic parameters and 

diffusivity) were then optimized by integrating the ODEs using Athena Visual Studio v14.2 

with Bayesian estimation solver. 

5.3 Results and discussion 

5.3.1 Active sites in SPP and MCM-22 

Alkylation and etherification reactions of benzyl alcohol are Brønsted acid-catalyzed 

under liquid-phase reaction conditions, forming two products: 1,3,5-trimethyl-2-

benzylbenzene and benzyl ether. No catalytic activity was detected when pure-silicate 

SPP, Sn-SPP or beta-alumina were used under the same reaction conditions. The 

formation of the alkylation product, 1,3,5-trimethyl-2-benzylbenzene, was found to be 

inhibited and eventually completely suppressed when an excess amount of 2,6-di-tert-

butylpyridine (dTBP) was added in the reaction mixture (X. Zhang et al., 2012). Since 

dTBP only deactivates Brønsted acid sites on the external surface of MFI (Corma, 

Fornés, et al., 1998; Góra-Marek, Tarach and Choi, 2014; Wu et al., 2016), it can be 

concluded that only the external Brønsted acid sites of SPP are accessible to catalyze the 

alkylation reaction.  

SPP with different layer thicknesses (denoted as SPP-2, -4, and -8) and MCM-22 (a 

microporous zeolite with MWW framework and a thin plate-like crystal morphology) 
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were synthesized following the procedures described in section 5.2. The corresponding 

Si/Al ratios and total Brønsted acid site densities (BAS) are summarized in Table 5-1.  

Table 5-1 Acidic properties and characteristic diffusion lengths of all catalysts 

 Si/Al ratioa 
Brønsted acid site 
density (BAS)b, 

μmol/g 
fext c (%) xpd (nm) 

SPP-2 62 190 38 – 40 2 ± 1 
SPP-4 60 190 25 3 ± 1 
SPP-8 97 160 14 4.5 ± 1 

0.2 μm MFI 32e 489e 2.8e 45 ± 6 
1.4 μm MFI 30e 497e 2.3e 210 ± 60 
17 μm MFI 28e 563e 0.09e 2,400 ± 500 
MCM-22 22 520 8 - 

aDetermined by ICP-OES. 
bDetermined by Hoffman elimination of isopropylamine using reactive gas 
chromatography (RGC) technique (Abdelrahman et al., 2017). 
cfext = 1 – [(rate of ethanol dehydration with excess dTBP) / (rate of ethanol dehydration without 
dTBP)] 
dThe characteristic diffusion lengths (xp) of (1) SPP zeolites and 1.4 μm MFI are defined 
as half-width of the layer thickness along b-axis, measured based on TEM images (see 
Figure 5-2 and Figure 5-4a); (2) 0.2 and 17 μm MFI are defined as the ratio of particle 
volume over external surface area, measured from SEM images in (Liu et al., 2014). 
eResults adapted from the supporting information in (X. Zhang et al., 2012). 

For SPP-8, which has a Si/Al ratio 97, the Brønsted acid density is ~160 μmol/g, 

suggesting that aluminum is mostly incorporated in the framework (the framework Si/Al 

ratio corresponding to the above Brønsted acid density is 103) with predominantly 

Brønsted acidity. However, for both SPP-2 and SPP-4, which have Si/Al ratios reduced to 

~60, their Brønsted acid densities are around 190 μmol/g (with an equivalent Si/Al 

framework ratio of 86). If all aluminum was in the framework, the Brønsted acid density 

should have been 270 μmol/g, indicating that part of the aluminum in these samples is 

extraframework and does not contribute to the creation of Brønsted acid sites. Similar 
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discrepancy between the overall Si/Al ratio and Brønsted acid density is also found in 

MCM-22 (i.e., for the measured Si/Al ratio of 22, the Brønsted acid site density was 

found to be ~520 μmol/g, while it should have been ~725 μmol/g if all aluminum was in 

the framework). The presence of both Brønsted and Lewis acid sites in SPP-2 and MCM-

22 were further confirmed through FTIR spectra using pyridine as a probe molecule (see 

Figure 5-1). When FTIR and the extinction coefficients cited in the literature (Emeis, 

1993) were used to determine the Brønsted and Lewis acid concentrations of SPP-2 and 

MCM-22, much lower concentrations were obtained than those determined by Hoffman 

elimination of isopropylamine using RGC technique. Other studies have shown similar 

discrepancies and questioned the used extinction coefficients (Selli and Forni, 1999; 

Morterra, Magnacca and Bolis, 2001; Hemmann et al., 2015; Harris et al., 2016). For this 

reason, we only use the FTIR data in a qualitative manner to confirm that a significant 

fraction of acid sites in SPP-2 (Si/Al ratio ~ 60) are Lewis acid sites, and that the 

concentration of Brønsted acid sites is higher than that of Lewis acid sites. In the rest of 

this study, the Brønsted acid site density determined by Hoffman elimination of 

isopropylamine (or the equivalent Si/Al ratio) was used for the quantitative analysis. 
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Figure 5-1 FTIR spectra of adsorbed pyridine on a) SPP-2 and b) MCM-22 after 
desorption at different temperatures. The bands at 1545 cm-1 and 1454 cm-1 (shaded 
areas) are assigned to pyridine interacting with Brønsted acid sites (PyH+) and Py-Lewis 
species (PyL), respectively. Pyridine remained adsorbed on both acid sites up to 350 ℃, 
and a decrease in the intensity of both bands is observed with the increasing desorption 
temperature.  

The external acid site fraction (fext) is defined as the ratio of external Brønsted acid sites 

over total Brønsted acid sites, and is determined by measuring the ethanol dehydration 
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rate change when an excess of dTBP is introduced (X. Zhang et al., 2012). In SPP 

zeolites, the layer thickness Lp can be measured from TEM images (see Figure 5-2).  

 

Figure 5-2 TEM images of SPP zeolites with different layer thicknesses and the 
corresponding layer thickness distribution: a, b) SPP-2; c, d) SPP-4; e, f) SPP-8. Scale 
bars for a, c, and e are 20 nm; for b, d, and f are 50 nm. Particles shown in a, c, and e are 
oriented down the c-axis of MFI.  

Using the infinite slab model approximation, the characteristic diffusion length xp can be 

defined as Lp/2, see Table 5-1. Figure 5-3 shows that the external acid site fraction of SPP 
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zeolites (determined by ethanol dehydration with and without dTBP) decreases with 

increasing characteristic diffusion length (determined by TEM). The variation of the 

measured external acid site fraction of SPP versus the different layer thicknesses can be 

described by the equation fext = d/xp, where d = 0.8 ± 0.4 nm. By assuming that the 

Brønsted acid sites are randomly distributed, d can be interpreted as the accessible depth 

from the outer surface of the nanosheet by dTBP (i.e., between a quarter and a half unit 

cell thick) based on the infinite slab approximation. Such a relationship will not hold as 

the particles get larger and acquire shapes for which the infinite slab model 

approximation is not valid; in this case the ratio of external Brønsted acid sites over total 

Brønsted acid sites cannot be inferred by SEM or TEM images but requires titration by 

ethanol dehydration with and without dTBP. 
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Figure 5-3 External acid site fractions of SPP zeolites determined by dTBP titration 
(square) as a function of the characteristic diffusion lengths. Characteristic diffusion 
length of SPP zeolites is defined as half-width of the layer thickness determined by TEM 
images. Error bars represent the standard deviation from the mean layer thickness 
measured from TEM images in Figure 5-2. The experimental data can be fitted by the 
equation fext = d/xp (solid line), where d = 0.8 ± 0.4 nm, i.e., the accessible thickness by 
dTBP (distance from the surface to the interior of the nanosheet for which sites located 
therein are accessible to dTBP) if Brønsted acid sites are randomly distributed.  

In the current study, conventional MFI zeolites with nominal particle sizes of 0.2, 1.4 and 

17 μm, i.e., the same microporous-only MFI zeolites used in our previous studies (X. 

Zhang et al., 2012; Liu et al., 2014), are also discussed. Considering the slab morphology 

of the 1.4 μm MFI zeolite (see SEM images in (Liu et al., 2014) and TEM image in 

Figure 5-4a), its characteristic diffusion length can be approximated as half-width of the 

layer thickness along the b-axis. For the 0.2 and 17 μm MFI zeolites, which exhibit 

sphere-like and cubic morphologies (see SEM images in (Liu et al., 2014) and TEM 
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image in Figure 5-4b), the characteristic diffusion lengths are defined as the ratio of 

particle volume over its external surface area. The characteristic diffusion lengths (xp) of 

all conventional MFI zeolites calculated based on the above definitions are summarized 

in Table 5-1. The corresponding total Brønsted acid site density and external acid site 

fraction (determined by ethanol dehydration with and without dTBP) are the same as 

reported in (X. Zhang et al., 2012; Liu et al., 2014).  

 

Figure 5-4 TEM images of conventional MFI zeolites: a) 1.4 μm; b) 17 μm. 

5.3.2 Kinetics and mechanism of reactions  

As reported earlier (X. Zhang et al., 2012), the absence of external mass transfer effects 

on the measured reaction rate was accomplished by use of a high enough stirring rate. 

Moreover, as we have done earlier, we assume that the effect of microporous diffusion on 

the measured rate can be ignored in single unit cell SPP zeolites; and here we show that 
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this holds (for the reaction conditions studied) even up to 20 nm thick layers (i.e., xp  = 

Lp/2 = 10 nm, see Figure 5-5).  
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Figure 5-5 Effectiveness factor versus Thiele modulus plot. Experimental data: squares. 
Model prediction: solid line. The predicted effectiveness factor is calculated based on eq. 
5-4, and Thiele modulus is determined by the Brønsted acid site density (BAS), external 
acid site fraction (fext) and characteristic diffusion lengths (xp), shown in Table 5-1, and 
the effective etherification rate constant in micropores (k2int) and diffusivity (DmA), shown 
in Table 5-3. The characteristic diffusion lengths are indicated by the color map; the 
characteristic diffusion lengths of SPP-2, -4, -8 and 1.4 μm MFI zeolites are defined as 
half-width of the layer thickness along b-axis, while for the 0.2 and 17 μm MFI zeolites 
are defined as the ratio of particle volume over external surface area, based on the 
microcopy data in Figure 5-2, Figure 5-4 and ref. (Liu et al., 2014).  

We further assume and later validate (see the detailed discussion in 5.5.2) that the effect 

of mesopore transport on the measured rates can also be neglected. Therefore, under the 
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reaction conditions studied here, in SPP zeolites, the measured rates of alkylation and 

etherification are assumed to be intrinsic reaction rates. We use this assumption to 

develop rate expressions and then verify its validity in section 5.3.3. 

 

Figure 5-6 Initial rates of alkylation (blue squares) and etherification reactions (black 
squares) measured at different initial benzyl alcohol concentrations (CA0) for catalyst 
SPP-2, and model prediction of alkylation reaction rates (eq. 5-1, blue solid line) and 
etherification reaction rates (eq. 5-3, black solid line) using the parameters given in Table 
5-3. The shaded areas represent the error of the modeling parameters using 95% 
confidence intervals for the kinetic parameters. The blue and red dash lines represent the 
etherification rate contributions from external surface and micropores, respectively.  

The formation rates of 1,3,5-trimethyl-2-benzylbenzene and benzyl ether were measured 

at different initial concentrations of benzyl alcohol (0.1 – 1.0 mol/L) over SPP-2 (see 
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Figure 5-6). For alkylation, a negative order dependence on benzyl alcohol concentration 

was observed within the investigated regime, while the etherification rates increased with 

increasing benzyl alcohol concentrations.  

The kinetic dependency for alkylation reaction can be explained with the proposed 

mechanism shown in Scheme 5-1 (Narender et al., 2006). In this mechanism, a benzyl 

alcohol (A) molecule initially adsorbs onto a Brønsted acid site and is protonated to form 

a carbonium ion (A’*). It may then react with a free or weakly adsorbed mesitylene (S) to 

form 1,3,5-trimethyl-2-benzylbenzene (P) as the rate-limiting step for alkylation reaction 

or may react with a second adsorbed benzyl alcohol to form benzyl ether (B) as the rate-

limiting step for etherification reaction.  
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Scheme 5-1 Proposed mechanisms for benzyl alcohol etherification (left) and alkylation 
(right) reactions in liquid-phase on a zeolitic Brønsted acid site. 

The kinetic rate expression for the alkylation reaction is shown in eq. 5-1 and can be 

derived from this mechanism by assuming 1) quasi-equilibrium is achieved for all 

adsorption steps and 2) the dominant surface species are the protonated benzyl alcohol 

(A’*) and the co-adsorbed benzyl alcohol (B*).  

CP and CA denote the concentration of 1,3,5-trimethyl-2-benzylbenzene and benzyl 

alcohol, respectively. The kinetic parameter k1S represents the effective rate constant 

associated with the alkylation step. Parameter KB denotes the equilibrium constant for the 

1

1
SP

extH
B A

kdC C f
dt K C +=

+
 5-1 
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formation of co-adsorbed benzyl alcohol. CH+ denotes the total Brønsted acid site 

concentration in the reactor ([mol H+]/L) based on the amount of zeolite added and its 

Brønsted acid site content. 

The kinetic rate expression for the etherification reaction on the external surface is shown 

in eq. 5-2.  

CB denotes the concentration of benzyl ether. The kinetic parameter k2 represents the rate 

constant associated with the rate-limiting step for etherification on the external surface. 

A detailed derivation of the alkylation and etherification rate expressions on the external 

surface could be found in 5.5.1. 

The reaction rate for benzyl ether formed in the micropores is considered to be first-order 

with respect to the adsorbed benzyl alcohol concentration in micropores, as in our earlier 

study (X. Zhang et al., 2012). Therefore, by summing up the external and micropore rate 

expressions, the overall kinetic rate expression for etherification reaction is shown in eq. 

5-3. 

The kinetic parameter k2int represents the effective rate constant associated with the 

etherification reaction in micropores. AC  denotes the adsorbed concentration of benzyl 

2

1
B B A

extH
ext B A

dC k K C C f
dt K C +

  =  + 
 5-2 

max2
2 (1 ),

1 1
B B A A

ext int A ext A AH H
B A A

dC k K C KCC f k C C f C C
dt K C KC+ += + − =

+ +
 5-3 
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alcohol, determined by the Langmuir adsorption isotherm (X. Zhang et al., 2012). The 

adsorption equilibrium constant K = 62 L/mol and the maximum adsorbed concentration 

of benzyl alcohol in the catalyst max
AC  = 1.35 mol/Lcat were adopted from (X. Zhang et 

al., 2012). 

The four unknown parameters, k1S, k2, KB, k2int, in eqs. 5-1 and 5-3 were first estimated by 

assuming absence of diffusion limitations and fitting eqs. 5-1 and 5-3 to the time 

evolution of observed concentrations (CA(t), CB(t), CP(t)) measured at different benzyl 

alcohol initial concentrations using the SPP-2 catalyst. The estimation results are given in 

Table 5-2. 

Table 5-2 Estimated parameters of alkylation and etherification using data from SPP-2 
only, and assuming absence of diffusion limitations. 

Parameters Estimated value 
k

1S
 (/s) 0.002 ± 0.0001 

k
2
 (/s) 0.0026 ± 0.0002 

K
B
 (L/mol) 2.7 ± 0.3 

k
2int

 (Lcat/ (mol s)) 0.0011 ± 0.00006 
To include the effect of micropore diffusion as the microporous diffusion length increases, 

eq. 5-3 was modified to include the effectiveness factor and obtained eq. 5-4.  

( )
( )

2
2

max
2 ,

(1 ) ,
1

tanh
, , 2 /

1

B B A
ext m int A extH H

B A

A
A A m p int mAH int

A

dC k K C C f k C C f
dt K C

KCC C x k C D
KC

η

φ
η φ

φ

+ +

+
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+
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The diffusivity (DmA) represents the effective diffusion coefficient of benzyl alcohol in 

micropores. The effectiveness factor ηm is derived based on the first order etherification 

reaction in micropores, with Φ as the Thiele modulus and xp as the characteristic 

diffusion length. ,H int
C +  denotes the moles of Brønsted acid sites inside the catalyst ([mol 

H+]/Lcat), i.e., ,
(1 )ext zeoliteH int

C BAS f ρ+ = − , with the Brønsted acid site density (BAS) and 

external acid site fraction (fext) given in Table 5-1 and zeolite density ( zeoliteρ ) of 1,800 

g/Lcat.  

The fifth parameter, micropore diffusivity DmA, was estimated by using diffusion limited 

data from large particles (i.e., conventional MFI zeolites with particle sizes of 0.2, 1.4 

and 17 μm). Additional data sets were also collected to get a more accurate estimation of 

the external and internal etherification kinetic parameters (k2 and k2int) by adjusting the 

rate contributions from external surface and micropores using SPP zeolites with various 

external acid site fractions (i.e. SPP-4 and SPP-8 that have different layer thicknesses 

from SPP-2). The initial estimations of k1S, k2, KB, k2int obtained from the SPP-2 data 

(shown in Table 5-2) were then refined by fitting the time evolution of observed 

concentrations (CA(t), CB(t), CP(t)) measured over MFI zeolites with different 

characteristic diffusion lengths under the same initial benzyl alcohol concentration of 

0.17 mol/L. The four kinetic parameters, k1S, k2, KB, k2int, and micropore diffusivity DmA 

obtained by the procedure are given in Table 5-3. The comparison between the modeling 

results and the measured rates are shown in Figure 5-6 (different initial concentrations of 

benzyl alcohol) and Figure 5-7 (catalysts with different characteristic diffusion lengths). 
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The parity plot with all experimental data used in the fitting indicates that the proposed 

kinetic model is capable of describing the measured concentrations (see Figure 5-8).  

Table 5-3 Estimated parameters of alkylation and etherification over SPP and 
conventional MFI zeolites 

Parameters Estimated value 
k

1S
 (/s) 0.0025 ± 0.0001 

k
2
 (/s) 0.0013 ± 0.00005 

K
B
 (L/mol) 3.9 ± 0.1 

k
2int

 (Lcat/ (mol s)) 0.0014 ± 0.0001 

D
mA

 (m
2
/s)  (4.4 ± 1.2) x 10-20 

The derived model can also be used to dissect the overall etherification rate into its parts 

contributed by external surface and micropores. As shown in Figure 5-6, despite the 40% 

external acid site fraction of SPP-2, the overall etherification rate is dominated by the 

contribution from micropores under the investigated reaction conditions. The 

significantly higher etherification rates in micropores can be attributed to the high loading 

of benzyl alcohol in MFI micropores due to physisorption. 
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Figure 5-7 Initial rates of alkylation (light blue) and etherification (light red) measured 
over zeolites with different characteristic diffusion lengths, and corresponding modeling 
results of the alkylation (dark blue) and etherification rates (dark red) obtained using the 
parameters shown in Table 5-3. The error bars in the modeling results correspond to 95% 
confidence intervals for the parameters. The error bars in measured rates were determined 
by independent experiments. Note that in some cases the error bars are too small to be 
visible on the graph. 
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Figure 5-8 Parity plots with concentrations of benzyl ether (left) and 1,3,5-trimethyl-2-
benzylbenzene (right) predicted by the mathematical model vs the experimental ones. The 
experiments using different initial benzyl alcohol concentrations are indicated by the 
color map to the right. The color codes for SPP with thicker layers and conventional MFI 
zeolites are also included with the symbols indicated to the right below the color-coded 
map. 

5.3.3 Diffusion in SPP zeolites 

The estimated diffusivity of benzyl alcohol in MFI micropores ((4.4 ± 1.2) x 10-20 m2/s) 

is close to the value reported in our earlier study (6.15 x 10-20 m2/s) (X. Zhang et al., 

2012). The effectiveness factor that was calculated based on eq. 5-4 agrees well with the 

experimental data, as shown in Figure 5-5. For SPP zeolites with a set Si/Al ratio, 

considering that fext can be expressed as a function of xp (as shown in Figure 5-3 and 

discussed in 5.3.1), the Thiele modulus of SPP zeolites is fully determined by xp. 

Therefore, it can be concluded that SPP zeolites with Si/Al ratios larger than 75 and with 

layer thickness less than 20 nm (i.e., xp < 10 nm, Φ < 1) have effectiveness factors (for 

benzyl alcohol etherification at the conditions studied) close to 1, confirming that the 

etherification reaction rate measured in SPP-2, -4 and -8 is the intrinsic rate. The 



 

 87 

effectiveness factor drops as the Thiele modulus increases, indicating that strong 

diffusion effects exist in all three conventional MFI zeolites. 

 The effectiveness factor for the reactions in SPP mesopores can also be calculated based 

on the estimated kinetic parameters and the diffusivity of benzyl alcohol in mesitylene. 

According to the analysis in 5.5.2, even for a diffusivity that is 5 orders of magnitude 

smaller than the reported diffusivity of benzyl alcohol in toluene (Chiu et al., 2004), the 

effectiveness factor for mesopore reactions is close to 1. Therefore, the assumption of 

neglecting the mesopore transport effect on the reaction rates in SPP zeolites is also 

validated.  

5.3.4 Selectivity  

Selectivity is defined here as the etherification rate over alkylation rate. The expression of 

selectivity derived from eqs. 5-1 and 5-4 is given in eq. 5-5. 

As shown in eq. 5-5, the contribution to the selectivity of benzyl ether consists of two 

parts: external surface and micropores. In this expression, only the external acid site 

fraction (fext) and the effectiveness factor (ηm) depend on the MFI particle size, shape and 

hierarchical structure, as shown in Figure 5-3 and Figure 5-5. Replacing all the kinetic 

parameters with the values in Table 5-3 and keeping the initial benzyl alcohol 

concentration at 0.17 mol/L, the selectivity expression could be rewritten as: 

( )

( )

max2 02
/ 0 0

1 1 0

2 ,

1~ 1 1 ,
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tanh
, 2 /

int AB
B P A A B A m
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In Figure 5-9, the selectivity of SPP with different layer thicknesses and conventional 

MFI zeolites is plotted against the hierarchical-structure related term 1 1 m
extf

η
 

− 
 

 and 

compared with the model prediction based on eq. 5-6. In the reaction-controlled regime, 

for which the effectiveness factors are close to 1, the selectivity of SPP zeolites increases 

with the decrease of the external acid site fraction (i.e., by increasing the layer thickness). 

In the micropore diffusion-controlled regime (for MFI catalysts other than SPP), the 

effectiveness factor decreases as the characteristic diffusion length increases. Although 

the external active site fraction drops as the particles get larger and, consequently, along 

with it alkylation and external etherification rates drop, the internal etherification rate 

also drops due to the onset of diffusion limitations. Therefore, the selectivity in a 

conventional MFI zeolite (xp > 10 nm) is determined by the competition between the 

increasing term 1 1
extf

 
− 

 
 and the decreasing effectiveness factor, ηm. The maximum 

selectivity to benzyl ether is obtained in the reaction-controlled regime with catalyst that 

has a minimum external acid site fraction, i.e., a characteristic diffusion length of 10 nm 

for SPP zeolites.  

( ) ( )

/

,

1~ 0.36 1.21 1 ,

tanh
, 14.8
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At the reaction conditions used here and for any MFI zeolite with Φ < 1 (i.e., ηm close to 

1), with a measured selectivity of alkylation and etherification reaction at initial benzyl 

alcohol concentration around 0.17 mol/L, eq. 5-6 can be used to determine the external 

acid site fraction. 

 
Figure 5-9 Selectivity as a function of the external acid site fraction (fext) and the 
effectiveness factor (ηm). The black line indicates the modeling results using eq. 5-6 
(which is eq. 5-5 with the kinetic parameters reported in Table 5-3). The grey region 
represents the selectivity error of modeling corresponding to 95% confidence intervals 
for the parameters. Experimental data are shown as square points with error bars 
determined by independent experiments. The characteristic diffusion lengths are also 
indicated by the same color map as used in Figure 5-5. 
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5.3.5 Effect of external surface structure 

Having determined by the above analysis the external rates of both alkylation and 

etherification reactions for MFI, we can further compare them with the corresponding 

rates for other catalysts. An important catalyst with external surface structure distinct 

from that of MFI is MWW (Leonowicz et al., 1994; Corma, Martı́nez-Soria and 

Schnoeveld, 2000). MWW has a plate-like shape with its basal plane perpendicular to its 

c-axis. It is also a 10MR zeolite framework with parallel, uniform tubular pores normal to 

c-axis (running along its basal plane), but also contains characteristic 12MR semi-cups on 

its external (001) surface. The typical plate-like morphology of MCM-22 is shown in 

Figure 5-10. 

 

 

Figure 5-10 TEM images of MCM-22 at low magnification (left, scale bar 100 nm) and 
high magnification (right, scale bar 20 nm). 
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MCM-22 can also catalyze the alkylation and etherification reactions under the same 

reaction conditions. However, in the presence of an excess amount of dTBP, no product 

was detected suggesting only external catalytic activity. The Brønsted acid sites inside 

the micropores of MCM-22 do not contribute to alkylation and etherification reactions, as 

the pore opening (4.1 x 5.1 Å) is smaller than the kinetic diameter of benzyl alcohol (5.8 

Å) and the characteristic diffusion length along the basal plane (a-axis) is >100nm.  

By comparison to SPP, where etherification rate is dominated by the contribution from 

micropores, MCM-22, where only external surface contributes, is expected to be more 

selective to the alkylation product (i.e., smaller selectivity as defined in eq. 5-5). To 

confirm this prediction, the alkylation and etherification rates were measured over MCM-

22 at different benzyl alcohol initial concentrations (0.02 – 0.8 mol/L). The alkylation 

and etherification reaction rates showed similar kinetic dependencies on the benzyl 

alcohol concentrations in MCM-22 as in SPP (see Figure 5-11). Thus, eqs. 5-1 and 5-2 

that were used on SPP external surface were adopted to fit the experimental rates over 

MCM-22 and the estimation results of the external kinetic parameters — k1S, k2, KB, — 

are given in Table 5-4. The selectivity over MCM-22 was found to be ~0.3 compared to 

~3 in SPP (with initial benzyl alcohol concentration around 0.17 mol/L). 
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Figure 5-11 Initial rates of alkylation (blue squares) and etherification reactions (black 
squares) measured at different initial benzyl alcohol concentrations (CA0) over MCM-22. 
The modeling results of alkylation reaction rates (blue solid line) and etherification 
reaction rates (black solid line) are also plotted as a function of initial benzyl alcohol 
concentrations using the parameters summarized in Table 5-4. The shaded areas represent 
the error of the modeling results, as a propagation of the 95% confidence intervals from 
the kinetic parameters. 

A further comparison between the external kinetic parameters of MCM-22 and SPP is 

shown in Figure 5-12. An over 10 times higher alkylation rate constant and an over 5 

times higher equilibrium constant for the formation co-adsorbed benzyl alcohol were 

found in MCM-22. In SPP zeolites, the external surface comprises of 10 MR open pore 

mouths of MFI (5.5 Å) and contains a high fraction of surface Si-OH; while in MCM-22, 

the external surface is covered by 12 MR semi-cups of MWW (7.1 Å) and contains 



 

 93 

relatively few Si-OH (i.e., it is more zeolite-like). Given the relatively large size of 1,3,5-

trimethyl-2-benzylbenzene and benzyl alcohol, the 12 MR cups on MCM-22 surface may 

better accommodate and stabilize the bulky transition state of alkylation reaction and the 

co-adsorbed benzyl alcohol, leading to the increased alkylation rate constant and 

equilibrium constant as estimated from measured rates. Similar catalytic performances in 

MWW zeolites were also observed in ethylbenzene and cumene production (Corma, 

Martı́nez-Soria and Schnoeveld, 2000; Perego and Ingallina, 2002).  

Table 5-4 Estimated parameters of alkylation and etherification over MCM-22  

Parameters Estimated value 
k

1S
 (/s) 0.034 ± 0.008 

k
2
 (/s) 0.0025 ± 0.0001 

K
B
 (L/mol) 20 ± 6 

k1S (/s) k2 (/s) KB (L/mol)
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Figure 5-12 Comparison of alkylation and etherification reaction rate parameters for 
MCM-22 vs SPP. k1S: effective alkylation rate constant; k2: external etherification rate 
constant; KB: external equilibrium constant for the formation of co-adsorbed benzyl 
alcohol. (For numerical values see Table 5-3 and Table 5-4) 
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5.4 Conclusions  

Benzyl alcohol etherification reaction in SPP follows different kinetics on its external 

surface and in micropores. The overall etherification rate of SPP is dominated by the rate 

contribution in MFI micropores. Selectivity of etherification over alkylation was found to 

increase with the SPP layer thickness in the absence of micropore diffusion resistance. 

Maximum selectivity to benzyl ether can be found at the characteristic diffusion length of 

10 nm, which provides the lowest external acid fraction while still ensuring the absence 

of diffusion limitations. Mesopore resistance was found not to play a role in the present 

study.  

MCM-22 was shown to be a more selective catalyst to alkylation reaction, possibly due 

to its inaccessible active sites in the micropores. Higher alkylation reactivity was also 

found in MCM-22 external surface, showing over 10 times higher alkylation rate constant 

compared to that in SPP external surface. The cause of the increased alkylation rate 

constant (as well as the increased equilibrium constant for the formation co-adsorbed 

benzyl alcohol) can be attributed to the surface topological difference between MFI and 

MWW frameworks.  
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5.5 Supplementary information 

5.5.1 Derivation of rate expressions for alkylation and etherification reactions over SPP 

external surface and MCM-22 

According to the proposed mechanism, the following elementary steps for alkylation and 

etherification are proposed (symbols are the same as in Scheme 5-1, and * represents 

external Brønsted acid site).  

2

1

2* '*

'* *
* *
'* *

A

B

K

K

k

k

A A H O

A A B
B B
A S P

→+ +←
→+ ←

→ +

+ → +

 

Assuming quasi-equilibrium for the adsorption of the first (KA) and the second benzyl 

alcohol (KB), the formation rate of benzyl ether is proportional to the concentration of co-

adsorbed benzyl alcohol (CB*) and the alkylation rate is proportional to the concentration 

of protonated benzyl alcohol (CA’*). The concentration of mesitylene (CS) is considered 

constant during the investigated time frame due to its large excess. Therefore, the 

effective alkylation rate constant (k1S) is a product of the intrinsic alkylation rate constant 

(k1) and mesitylene concentration (CS): 

2 *
B

B
dC k C
dt

=  5-7 

( )1 '* 1 '*
P

A SS A
dC k C k

t
C C

d
= =  5-8 
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The concentrations of co-adsorbed benzyl alcohol and protonated benzyl alcohol can be 

written in terms of benzyl alcohol concentration (CA) and external Brønsted acid site 

concentration (C*) using the equilibrium constants below: 

According to the external Brønsted acid site balance: 

* * '*, B AH ext
C C C C+ = + +  5-10 

From 5-10 and 5-9, we obtain: 

* 2 ,

1
1 H ext

A A B A A

C C
K C K K C +=

+ +
 5-11 

5-7 and 5-8 then become: 

2
2

2 ,1
B B A A

H ext
A A B A A

dC k K K C C
dt K C K K C +=

+ +
 5-12 

1
2 ,1

S A AP
H ext

A A B A A

k K CdC C
dt K C K K C +=

+ +
 5-13 

Further assuming that C* can be neglected by comparing to CB* and CA* (i.e., 

2 21 A A B A A A A B A AK C K K C K C K K C+ + ≈ + ) at high benzyl alcohol initial concentrations 

(0.1 ~ 1.0 mol/L), we obtain:  

2
,1

B B A
H ext

B A

dC k K C C
dt K C +=

+
 5-14 

1
,1

SP
H ext

B A

kdC C
dt K C +=

+
 5-15 

5-14 and 5-15 are used as the rate expressions for alkylation and etherification reactions 

(eqs. 5-2 and 5-1, respectively) over the external surfaces of SPP and MCM-22. 

We use this simplification throughout the manuscript. To validate the above 

simplification of the rate expressions, the KA over SPP zeolites was determined by fitting 

'* *

* '*

;A B
A B

A A A

C CK K
C C C C

= =  5-9 
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the alkylation and etherification rates with low benzyl alcohol initial concentrations (< 

0.1 mol/L) using the non-simplified eqs. 5-12 and 5-13, as the external rate expressions. 

With the parameters k1S, k2, KB, k2int fixed to the values summarized in Table 5-3 

(determined using the simplified expressions), KA is estimated to be 50 ± 15 L/mol. The 

comparison between the measured rates and modeling results based on the full external 

rate expressions from eqs. 5-12 and 5-13 are shown in Figure 5-13. For concentrations 

that are larger than 0.1 the full (Figure 5-13) and simplified (Figure 5-6) models are in 

good agreement. Therefore, according to the estimated value of KA, the Brønsted acid site 

concentration can be neglected at the investigated initial concentration range of 0.1 to 1.0 

mol/L. 
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Figure 5-13 Initial rates of alkylation (dark and light blue: light blue are data not included 
in Figure 5-6) and etherification (black and grey: grey are data not included in Figure 
5-6) reactions measured at different initial benzyl alcohol concentrations (CA0) for 
catalyst SPP-2. Model predictions based on the full external rate expressions in eqs. 5-12 
and 5-13 (solid lines) are compared with those based on the simplified rate expressions in 
eqs. 5-14 and 5-15 (dot lines, the same as shown in Figure 5-6). The shaded areas 
represent the error of the modeling results, as a propagation of the 95% confidence 
intervals from the kinetic parameters (including KA).  

5.5.2 Evaluation of mesopore resistance in SPP 

When considering the mesopore diffusion, the characteristic diffusion length is the 

particle radius of SPP zeolites. Depending on synthesis time and conditions, SPP particle 

diameter could vary from 50 nm to over 400 nm. In this study, we fitted the kinetic 

parameters to the experimental data based on the assumption that no mesopore resistance 
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exists. Here, we will validate our assumption by calculating the required mesopore 

diffusivity of benzyl alcohol for the mesopore effectiveness factor to be ~1, and then 

compare it with the reported diffusivity of benzyl alcohol in toluene. 

The material balance of benzyl alcohol (A) using Fick's Law for mesopore transport in 

the SPP sphere particle (particle radius Rp) is: 

2
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2e A A
A A

d C dCD r
dR R dR

 
+ = − 

 
 

in which ( ), 2pe
A A A P B AD D r r r f C

ε
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= − = + =  
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with boundary conditions: 
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0 at 0
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= =
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5-17 

rA represents the consumption rate of benzyl alcohol, while rP and rB represent the 

alkylation and etherification rates, respectively. e
AD  represents the effective diffusion 

coefficient of benzyl alcohol in SPP particles. CAS represents the concentration of benzyl 

alcohol on the particle surface. According to eqs. 5-1, 5-3, rP and rB are functions of CA 

and 5-16, 5-17 could be made dimensionless: 
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with boundary conditions: 
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With the estimated kinetic parameters (see Table 5-3), we could solve 5-18 numerically 

at t = 0 using the largest particle size of SPP (Rp = 200 nm). The effectiveness factor 

could then be calculated based on the concentration profile we obtained from 5-18. 
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For effective diffusivity around 6 x 10-15 m2/s, we obtained effectiveness factor ηA ~ 

0.9999. In a typical SPP structure, the mesopore volume fraction εp is assumed to be 0.4 

based on the mesopore volume determined by Ar adsorption isotherm. Assuming 

tortuosity τ ~ 1, the minimum requirement of the benzyl alcohol diffusivity in mesitylene 

(DA) is 1.5 x 10-14 m2/s to assure that mesopore diffusion resistance does not affect the 

reaction rates (ηA ~ 1). The diffusivity of benzyl alcohol in toluene is reported to be 

around 3 x 10-9 m2/s (Chiu et al., 2004), which is larger by 5 orders of magnitudes. 

Therefore, our assumption that the effect of mesopore resistance on the measured 

alkylation and etherification reaction rates can be neglected in SPP zeolites is valid. 

5.5.3 Alkylation and etherification reaction in presence of dTBP 

One dTBP can irreversibly adsorb to one Brønsted acid site (Góra-Marek, Tarach and 

Choi, 2014). Given its large size (kinetic diameter ~ 7.9Å), dTBP could be used to 

selectively poison the external Brønsted acid sites of SPP (micropore diameter ~ 5.5Å). 

In theory, the reduction of the external Brønsted acid sites should lead to an equal portion 

of reduction in alkylation rate. To validate this assumption, experiments of alkylation and 

etherification were carried out in the presence of different amounts of dTBP. According 
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to the experimental data, the alkylation rate dropped by 80%, when the amount of dTBP 

was close to 20% of the external Brønsted acid site number, and it was fully suppressed 

when the amount of dTBP was increased up to 50% of the external Brønsted acid site 

number (see Figure 5-14). Therefore, the dTBP poisoning did not follow the expected 

stoichiometric ratio. It is likely that the adsorbed dTBP on the external Brønsted acid site 

also impeded the accessibility of its nearby Brønsted acid sites. When dTBP was used to 

selectively poison the external Brønsted acid sites, the etherification rate constant for the 

reaction inside MFI micropores might be underestimated due to the inaccessibility of the 

Brønsted acid sites near the adsorbed bulky dTBP molecules. 

As discussed in section 5.3.2, the etherification reaction rates measured in the 

experiments include the contributions from both external and internal Brønsted acid sites. 

The reaction kinetics are different because of the adsorption and confinement effect in 

micropores. Therefore, the overall etherification rate change did not have a direct 

correlation with the change in Brønsted acid site numbers.  
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Figure 5-14 The fractions of the remaining alkylation rate after dTBP poisoning as a 
function of the fractions of poisoned proton sites on the external surface. 
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Chapter 6 Future work and concluding remarks 

Although the concept of hierarchically organizing the porosity has been employed at an 

industrial level since 1980s, applications of hierarchical zeolites are still far from mature 

(Bellussi, Carati and Millini, 2010). Significant room remains for further developments.  

In this dissertation, a specific example of hierarchical zeolites, SPP zeolite, was studied. 

A highly flexible structure was achieved through one-step direct synthesis by controlling 

synthetic conditions and compositions. Specifically, the diffusion lengths of microporous 

domains (i.e., half of the layer thickness in SPP zeolites) could be adjusted by controlling 

the hydrothermal temperature or using a secondary SDA, while the diffusion length of 

particles (i.e., particle size) and mesopore size distributions could be changed by tuning 

the water and ethanol ratio before hydrothermal step.  

The structure—activity relationship based on such a model hierarchical zeolite was 

further explored. Using two liquid-phase model reactions in the presence of bulky 

reactants and products, the key structural attribute to selectivity was determined to be the 

diffusion length of microporous domains. When the target reaction is self-etherification, 

which includes molecules that could enter 10MR micropores, an optimum of layer 

thickness was found at the balance of the accessible active site density and the 

effectiveness of reactions in micropores. When the desired reaction is a surface reaction 

in the presence of bulky reactants or products (i.e., alkylation or de-etherification), both 

accessible active site density (which is inversely proportional to the layer thickness in 

SPP zeolites) and surface topology are important in terms of the selectivity and 
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productivity. The model reactions are also proved not to be diffusion controlled in SPP 

zeolites when the layer thickness is less than 6 nm. 

Future research efforts regarding SPP zeolites could be put in the following directions:  

• Functionalization of SPP zeolites 

SPP zeolites have 6 times more surface silanol groups than MWW (Liu et al., 2014). 

High density of surface silanol group makes SPP zeolites more hydrophilic and also 

hydrothermally less stabled compared to zeolites with less surface silanol group. 

However, the rich surface silanol group also provides more opportunities for 

functionalization with various organosilanes. Therefore, further research could be 

directed to the functionalization of SPP zeolites in the hope of improving the stability by 

reducing silanol groups as well as introducing new properties for potential applications. 

• Applications in chemical and fine chemical productions 

Most catalysts applied in industrial process (such as catalytic cracking, hydrocracking, 

etc.) are synthesized without using any template. The high cost of SDAs (even for the 

commercialized SDAs with simple structures) is still a large hindrance for the practical 

applications of the hierarchical zeolites that are synthesized through “bottom-up” or 

“constructive” methods. However, hierarchical zeolites synthesized with templates often 

show well-defined mesopore structures, which could be beneficial considering the 

connectivity and the acidity on the mesopore surface. Therefore, further research with 

respect to industrial applications of SPP zeolites could be focused on chemical, fine 
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chemicals and biomass transformation (Martínez and Corma, 2011; Perego et al., 2017), 

where products have high-added values.  

• Active sites distribution 

In SPP zeolites, aluminum is assumed to be randomly distributed in the framework as 

discussed in section 5.3.1. Therefore, the external Brønsted acid site fraction is directly 

related to the layer thickness. When benzyl ether is the desired product, a completely 

selective catalyst would be possible if the aluminum sites could be deliberately placed in 

the micropores only. An inactive external mesopore surface could suppress all side-

reactions over mesopore surface (e.g. alkylation) while still having the reduced diffusion 

resistance in micropores. One promising strategy that could significantly reduce external 

surface activity is to introduce aluminum through the defects that created from pure silica 

SPP framework using post-treatments. Further studies could be carried out in this 

direction to understand the stability, incorporation efficiency and acidity of the aluminum 

sites.  

Furthermore, SPP zeolites are more stable compared to other amorphous mesoporous 

materials (such as SBA-15, MCM-41, etc.) due to the presence of crystalline framework. 

Therefore, except for directly incorporating heterogeneous atoms into the framework, the 

pillared structure of SPP with nanosheets down to one unit cell thick could also serves as 

a stable scaffold for a better dispersion of active sites. 

It is our sincere hope that the studies in this dissertation would provide some fundamental 

insights into the catalytic behavior of SPP zeolites and other hierarchical zeolites with 
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similar structures. More practical applications could be found with the benefit of the 

highly flexible structure in SPP zeolites. 
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