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ABSTRACT 

Zeolites, with their diverse framework topology and tunable acidity, are highly 

utilized as commercial catalysts with one of the most popular applications being the 

production of hydrocarbons from methanol (MTH). Although MTH is a commercial 

reaction, there are various mechanistic aspects that are not fully understood, and 

ongoing efforts are focused on ways to improve catalyst performance and establish 

fundamental understandings of structure-performance relationships. One of the critical 

challenges in this area of research is the inherent complexity of zeolite synthesis, which 

can result in catalysts with a range of compositions, morphologies, and defects. This 

dissertation aims to better correlate the physicochemical properties of zeolites with their 

catalytic performance through the development of characteristic descriptors and 

elucidating the effect of compositional (acid site) gradients using MTH as a benchmark 

reaction.  

We first investigated the introduction of defects that occurs during zeolite ZSM-5 

crystallization as a result of complex nonclassical crystallization mechanisms using 

time-resolved dissolution studies coupled with ex situ electron and scanning probe 

microscopy. Our findings reveal that ZSM-5 (MFI framework) undergoes multiple 

stages of growth (both classical and nonclassical), which can lead to catalysts with a 

high concentration of crystalline defects. These defects can affect mass transport 

properties of zeolites and consequentially catalytic performance. To quantitatively 

assess the impact of mass transport limitations in zeolites, we investigated the use of 

experimentally obtained diffusional timescales to account for the effect of diffusional 
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constraints, imposed by crystallite size and defects, on catalytic lifetime in MTH 

reaction for three zeolites/zeotypes: ZSM-5 (MFI), ZSM-11 (MEL), and SAPO-34 

(CHA).  

Lastly, using the developed descriptors, we focused on elucidating the impact of 

mesoscopic compositional gradients within zeolite catalysts on MTH catalyst 

performance. In recent years, improvements in the design and optimization of zeolite 

catalysts have shifted toward modulation of elemental composition, including the 

characterization and understanding of acid site speciation and distribution within zeolite 

particles; however, mesoscopic compositional gradients within zeolite catalysts is often 

overlooked. Here, we reported a one-pot synthesis of ZSM-5 with compositional 

gradient (i.e., zoning) and investigated its performance in MTH. We demonstrated that 

Si-zoned ZSM-5 exhibits improved lifetime in comparison to its homogeneous 

counterpart due to the reduction of diffusion limitations and the suppression of external 

coking as a result of its siliceous (passivated) exterior. We further expanded this study 

to determine the effect of siliceous shell thickness in core-shell zeolite catalysts (i.e., 

zoning analogues), which show similar improvement in lifetime, albeit with different 

trends in selectivity. Our findings suggest that there are distinct differences at the 

exterior-interior interface for zoned and core-shell catalysts that can influence mass 

transport properties and impact product selectivity.  
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CHAPTER 1 

Synthetic zeolites are crystalline nanoporous aluminosilicates with a variety of pore 

sizes (0.3 to 0.8 nm), dimensions (1D, 2D, and 3D), compositions (Si, Al, and other 

heteroatoms), and active sites for heterogeneous catalysis (Brønsted and Lewis acids). 

There are more than 240 known zeolite structures according to the International Zeolites 

Association (IZA). The high thermal stability, tunable acidity, and shape selectivity of 

zeolite catalysts make them ideal candidates for commercial catalytic processes [28]; 

however, there are ca. 20 zeolites used as commercial catalysts (with less than 10 used 

in large quantity) owing to factors associated with the cost and complexity of large-scale 

synthesis [29]. Typical challenges of these syntheses include low yield, the required use 

of expensive organics, post-synthesis aggregation, and issues with scale up [30]. A 

survey of zeolite literature shows that changes in synthesis conditions can have a 

significant impact on the properties of zeolite crystals. These parameters include (but 

are not limited to) the selection of silicon and aluminum sources, the use of inorganic 

and/or organic structure-directing agents (SDAs), reaction temperature, and the molar 

composition of reagents. Despite its long history, zeolite synthesis remains more of an 

art than a science, with synthesis guidelines informed by a variety of trends derived 

from literature or empirically determined through experimentation. As such, there are 

continual efforts from multiple groups to propel the field toward scientific 

understanding. To this end, this active area of research presents many opportunities to 

develop new synthesis methods and elucidate structure-property relationships.  
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1.1 Zeolite crystal size – Reduction of mass transport limitations 

A majority of zeolite studies has focused on a common objective of reducing mass 

transport limitations, which is a nontrivial task given the complexity of zeolite 

crystallization [31] and that fewer than 20 framework types have been synthesized as 

isolated crystallites with sizes less than 100 nm [32]. This objective can be achieved 

through the design of either nano-sized or hierarchical materials using a range of      

(post-) synthesis approaches to reduce the internal diffusion path length [5, 33-41]. 

One method to produce relatively monodisperse zeolite crystals is hard templating. 

Colloidal crystal templating is utilized to synthesize 3-dimensional ordered 

macroporous/mesoporous (3Dom) materials, also known as inverse opals. Design 

strategies for a range of 3Dom materials and their use in catalytic applications is 

highlighted in a review article by Stein [42]. Challenges in 3Dom synthesis involve 

defect minimization, morphology control, and the identification of templates that can 

be removed efficiently and/or supplement additional functionality. The interconnected 

network of pores and adaptable functionalization of 3Dom materials make them 

attractive structures for catalytic applications. Tsapatsis and coworkers used this 

approach to synthesize uniform silicalite-1 (MFI) crystals with tunable size (< 50 nm) 

in carbon templates (Figure 1.1a) [36]. This approach has been used by others to 

synthesize a broader set of zeolite structures, which have been tested in a range of 

catalytic reactions [2, 43]. 

A versatile method to tailor the anisotropic rates of zeolite crystallization is through 

the use of growth modifiers (ZGMs), which are economically beneficial in that they can 
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be recovered and potentially recycled. Rimer and coworkers introduced ZGMs [44] by 

posing a classical mode of action wherein modifiers bind to sites (kinks, steps, terraces) 

on specific crystal surfaces and impede the addition of solute to adjacent sites; however, 

the fact that zeolites grow via a combination of classical (i.e.,, monomer-by-monomer 

addition) and nonclassical pathways involving a wide variety of precursors calls into 

question the exact role(s) of ZGMs in zeolite nucleation and growth [45]. Rimer [3, 34, 

46] and others [47-50] have demonstrated the impact of modifiers on a range of zeolite 

frameworks that include LTL, MFI, MOR, MTW, TON, and CHA. Studies of 

silicalite-1 (MFI) revealed that polyamines reduce the [010] dimension of crystals, 

which is the principal direction for internal diffusion [34]. Effective modifiers of LTL 

include alcohols, which are capable of reducing the diffusion path length by more than 

a factor of three (Figure 1.1b, c) [3]. Studies of CHA (SSZ-13) reveal that ZGMs 

operate as colloidal stabilizers to either suppress or promote the aggregation of 

amorphous precursors, thus allowing for crystal size to be selectively tuned over three 

orders of magnitude (0.1 – 10 m) [46]. A general rule of thumb for selecting modifiers 

in crystallization is that macromolecules, such as polymers, tend to be more effective 

than smaller molecules (e.g., their respective monomers).  
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Figure 1.1. Examples of synthesized zeolites with reduced diffusion pathlengths and enhanced 

mass transports. Adapted from [2-7]. 
 

The most common use of organics in zeolite synthesis is as SDAs, which are 

molecules with a size and shape that is commensurate with the geometry of zeolite 

channels/pores. SDAs facilitate the formation of pores to which they are occluded 

during crystallization. In addition to directing the formation of the crystal structure, 

organic SDAs can also have a significant impact on crystal morphology [51, 52]. Ryoo 

and coworkers [4] introduced the use of surfactant-like SDAs (e.g., di- and triquaternary 

ammonium-type surfactants) to generate unilamallar ZSM-5 comprised of randomly-

stacked 2-dimensional (2D) nanosheets that exhibit mesoporosity (Figure 1.1d). Novel 
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SDAs have been used by Ryoo and others to generate a wide range of 2D zeolite 

structures (e.g., MFI, MWW, BEA, MTW, and MRE) [4, 53, 54]. It has been shown 

that phosphonium-based SDAs and molecular analogues of tetrapropylammonium, a 

common SDA for zeolite MFI, can generate MFI-type crystals as self-pillared 

nanosheets with mesoporosity (Figure 1.1e) [5], crystals with sequential intergrowths 

(Figure 1.1f) [38], and other unique morphologies with reduced internal diffusion path 

length [55]. There has been a recent surge in research efforts to design 2D materials; 

however, this topic dates back 30 years beginning with the delamination of layered 

zeolites. Materials such as MWW (or MCM-22, ERB-1, UCB-1) [56, 57] can be 

delaminated to thin sheets of ca. 2.5nm thickness with extremely high external surface 

area. This process involves the swelling of layers with an organic (e.g., surfactant) 

followed by sonication to disperse individual sheets. Recently, Rimer and coworkers 

developed a one-pot synthesis of MWW nanosheets (bypassing the need for post-

synthesis delamination) using a commercial surfactant (cetyltrimethylammonium, 

CTA+) [58]. Zeolite nanosheets have been demonstrated to exhibit higher selectivity 

[59] and markedly longer lifetime [4] than their commercial analogues. Prior studies 

have shown that unilamellar ZSM-5 can be exfoliated into single sheets via a top down 

approach [60] using a similar methodology as MWW. In addition, a study of siliceous 

MFI (silicalite-1) introduced a bottom up approach to generate 2D nanosheets using ca. 

30nm MFI seeds in the presence of bis 1,5 (tripropyl ammonium) pentamethylene 

diiodide as the SDA [61]. More recently, Rimer and coworkers have demonstrated a 

facile method to generate nano-crystallite domains (< 50 nm) to overcome diffusion 
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limitation. Through secondary growth of ZSM-5 and ZSM-11 nano-crystallites (< 50 

nm) on seeds of corresponding frameworks, we were able to produce finned zeolite 

catalysts with improved diffusion and accessibility (Figure 1.1g - i) [7].   

1.2 Aluminum siting and speciation 

There has been resurgent interest in characterizing and controlling the spatial 

distribution of acid sites in zeolites. One of the limiting factors of large-scale zeolite 

synthesis is control over aluminum incorporation, including the number, spatial location 

at distinct crystallographic sites, mesoscopic gradients in distribution, and speciation (or 

local coordination) of acid sites. The synthesis of zeolites with controlled Al density and 

siting often necessitates the use of organic structure-directing agents (OSDAs). In the 

absence of OSDAs, the majority of syntheses produce zeolites with excessively high Al 

content (i.e., low Si/Al ratio), which compromises hydrothermal stability. Increasing the 

Si/Al ratio to optimal levels for catalysis often requires OSDAs, which can have 

negative economic and environmental impacts [62]. Many computational and 

experimental studies have focused on understanding (or controlling) Al incorporation, 

including the ability to tailor the spatial distribution and types of active sites. 

Direct synthesis or post-synthesis modifications to zeolites can result in a wide array 

of aluminum species. Brønsted acids sites are typically associated with framework Al 

sites (i.e., tetrahedral coordination); however, these species can be distorted within the 

framework or exhibit alternative coordination numbers (e.g., penta-coordination). 

Moreover, extra-framework Al species (e.g., octahedral coordination) can act as Lewis 

acids and impose additional mass transport restrictions and confinement effects, 
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whereas combinations of framework and extra-framework species can act in tandem in 

bifunctional catalysis. Here, we summarize the various types of Al siting and speciation 

and discuss how these sites influence catalytic performance. The following subsections 

will focus at the microscopic level to discuss framework Al siting and the range of Al 

speciation that can exist within a zeolite crystal, and to establish the difference between 

siting and mesoscopic compositional gradients known as zoning. 

1.2.1 Framework aluminum siting 

The trajectory of zeolite catalyst design has shifted over the past decades from the 

macroscopic level, where emphasis has been placed on controlling properties such as 

crystal size [63] and morphology [64], to the microscopic (or atomic) level, where 

biased insertion of Al at specific tetrahedral sites has emerged as an area of significant 

interest in heterogeneous catalysis [65]. Advancements in this area are the result of rapid 

progress in high precision synthesis [11], development of computation models [66] to 

validate and/or guide experiments, and the use of state-of-the-art characterization 

methods to investigate Al siting and proximity. Early studies probing the impact of 

aluminum content on zeolite catalysis proposed that protons compensating Al atoms 

located at different lattice sites behave similarly in catalytic reactions, thereby 

suggesting that zeolites catalyze reactions predominantly by their shape selective 

properties [67]. One subject that is widely debated is the degree to which intrinsic 

Brønsted acid strength differs among discrete tetrahedral (T) sites. Zeolites can broadly 

be categorized as having either identical or distinctly different T sites. Differences in 

experimentally measured NH3 adsorption enthalpies or calculated O-H stretching 
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frequencies are often used as indicators of acid strength [68]. It has been proposed that 

intrinsic acid strength is independent of Al siting, and cannot be inferred from 

adsorption measurements with probe molecules owing to contributions of H-bonding 

and van der Waals (vdW) interactions. Several groups have employed density functional 

theory (DFT) calculations (cluster models or periodic structures) to estimate Brønsted 

acid strength using the deprotonation energy (DPE). Iglesia and coworkers [69] have 

examined DPE for six different zeolite structures with varying T site locations and 

showed a spread of 20 kJ/mol. Hibbitts and coworkers [70] expanded these studies to 

examine paired Al sites in SSZ-13 (CHA), calculating differences in DPE values >20 

kJ/mol depending on paired combinations. Alternatively, Grabow and coworkers [71] 

examined O-H vibrational frequencies for all twelve T sites in ZSM-5 (MFI) and 

showed three distinct regimes, suggesting differences in acidity. While all of these 

studies do not definitively assess intrinsic activity, the majority indicate differences 

among T sites. The argument that Al acid strength is equivalent independent of siting is 

based on the assumption that vdW interactions are dominant, which is backed by DFT 

calculations showing that vdW contributions as a result of confinement are significant 

(>> 20 kJ/mol). For example, DFT analysis of probe molecule adsorption (CO, NH3, 

CH4, and pyridine) on ZSM-5 revealed a strong influence of vdW interactions [66]. A 

theoretical study by Corma and coworkers [72] using similar probe molecules to assess 

interaction energies on distinct T sites of MFI and mordenite (MOR) frameworks also 

implied that confinement can substantially impact experimental measurements of 

Brønsted acidity. In view of these collective findings, it is apparent that Brønsted acid 
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strength among different T sites is not equivalent, but their relative contribution to 

kinetics is overshadowed by factors such as vdW interactions; however, in cases where 

barriers of 20 kJ/mol become significant (e.g., low reaction temperatures), it may be 

possible to discern subtle differences in reaction rates among zeolites with distinct acid 

siting. 

Aluminum siting in zeolite frameworks is not always random, but can be 

manipulated by the judicious control of synthesis conditions that include (but are not 

limited to) SDAs, silicon or aluminum sources, heteroatom incorporation (e.g., B, Ge, 

Ga, etc.), seeding (or accompanying interzeolite transformations), and gel composition. 

SDAs typically contain positively-charged functional groups, which can interact with 

anionic [AlO2]
- sites, thereby impacting Al siting in zeolite frameworks. Several groups 

have explored the possibility of altering both proximity and siting of Al by varying the 

charge-density of SDAs. For example, Gounder and coworkers [8] have reported on the 

effects of relative ratios of organic (N,N,N-trimethyl-1- admantylammonium) and 

inorganic (Na+) cations to influence the arrangement of paired and isolated Al (Figure 

1.2a) in SSZ-13 (CHA). Rimer and coworkers [9] demonstrated that cooperative effects 

of organic molecules, such as CTA+ or tetrapropylammomium (TPA+), and inorganic 

cations (e.g., Na+ or K+) can be exploited to direct Al positioning in ZSM-5 (MFI) to 

either channel (straight and sinusoidal) or their intersections (Figure 1.2b). One method 

to tailor Al siting among different lattice sites is through the selected combination of 

silicon and aluminum sources. Dědeček and coworkers [13] employed this approach to 

show that the use of colloidal silica can enrich acid sites in sinusoidal and straight 
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channels of ZSM-5, whereas switching the silicon source to tetraethyl orthosilicate 

(TEOS) selectively places Al at channel intersections. The same group also 

hypothesized that the choice of aluminum source (Figure 1.2c) can impact the fraction 

of paired Al sites in the following order: Al(OH)3 > AlCl3 > AlPO4 > Al(NO3)3 [10]. 

Aluminum siting can also be regulated by introducing heteroatoms (e.g., B, Ge), where 

it has been demonstrated that the variation of heteroatom-to-Al ratio in synthesis 

mixtures can impart unique acid siting. An alternative strategy involving interzeolite 

transformations was reported by Yokoi and coworkers [73] who showed that CHA-type 

zeolites crystallized from faujasite (FAU) as a parent zeolite results in a higher 

proportion of Q4(2Al) compared to CHA synthesized directly from amorphous reagents. 

Analogous approaches have been used by Dusselier and coworkers [74] to alter paired 

Al sites in CHA, whereas others have reported synthesis temperature can bias Al 

positioning [75]. Similar effects were demonstrated by Rimer and Okubo [76], who 

synthesized a highly siliceous FAU zeolite (HOU-3) with biased Al siting by 

simultaneously varying the alkalinity and water content of the starting gel. Using a 

combination of solid-state NMR and theoretical calculations, this study verified that Al 

incorporation is biased, leading to Q4(nAl)Si species with low energy configurations. 

Despite these and other examples, the control of Al siting via manipulation of synthesis 

parameters still remains more of an art than a science. Moreover, a limited number of 

examples makes it difficult to generalize trends among a broad class of zeolite 

structures. 
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Figure 1.2. (a) Scheme of Al in CHA [8]. (b) Scheme of different Al siting in ZSM-5 channels 

and intersection [9]. (c) Effects of Al source on the proportion of paired Al sites 

ZSM-5 [10]. (d) Cobalt ion exchange isotherms for SSZ-13 [11]. (e) Schemes of 

unpaired and paired Al [10].  

 

Strategies for selecting synthesis conditions a priori to tailor Al siting and 

coordination are generally deficient owing in large part to the complexity of zeolite 

crystallization [26]. Indeed, zeolite growth mixtures are sol gels containing a wide 

variety of precursors ranging from monomer and oligomers to nanocrystals and 

amorphous particles [77]. Knowledge of these nonclassical growth pathways is limited 

due in large part to the lack of available techniques [78] that can capture the dynamics 

of crystallization with sufficient spatiotemporal resolution; therefore, this area of 

research presents opportunities to further develop novel in situ techniques to shift 

current trial-and-error methods to more predictive approaches in zeolite synthesis. The 

rational design of zeolite catalysts would benefit from increased efforts to address 
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knowledge gaps in growth mechanisms with parallel efforts to advance materials 

characterization towards improved control of Al incorporation.  

A long-standing challenge to develop structure-performance relationships in zeolite 

catalysis is the inability to spatially resolve Al siting. In recent years, there have been a 

number of advancements in the development of analytical tools to quantify Al siting 

and proximity with greater accuracy. Magic angle spinning nuclear magnetic resonance 

(MAS-NMR) spectroscopy of both 29Si and 27Al in combination with DFT calculations 

[79] has been employed to probe Q4(nAl)Si speciation and averaged Al-O-Si bond 

angles, respectively. These synergistic analyses have enabled the identification of Al 

sites in a number of zeolites, such as ferrierite, ZSM-5, MCM-22, and ZSM-11; 

however, recent studies have shown that it is often nontrivial to obtain quantitative 

information solely from NMR data. For instance, Dědeček and coworkers [80] report 

Al proximity can lead to 27Al isotropic chemical shifts up to 4 ppm, which can be 

misinterpreted as distinct crystallographic sites leading to controversial interpretations. 

Alternative techniques employing X-rays can be particularly useful owing to their large 

penetration depth for atomic level characterization. For example, Lercher and 

coworkers [81] used extended X-ray absorption fine structure (EXAFS) analysis in 

combination with DFT-trained molecular dynamics simulations to demonstrate the 

preferential occupancy of Al in zeolite beta (*BEA). Moreover, van Bokhoven and 

coworkers used an X-ray standing wave technique [82] and X-ray emission 

spectroscopy [83] to determine the diversity of Al sites (with atomic level resolution) in 

a natural zeolite (scolecite) and synthetic ferrierite, respectively. In general, X-ray 
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diffraction (XRD) methods lack the sensitivity to distinguish aluminum from silicon in 

the framework due to their similar scattering length density; however, it is possible to 

identify the location of organic SDAs in zeolite pores, which are extra-framework 

counterions that can also form hydrogen bonds with framework oxygen atoms to 

influence Al occupancy. Pérez-Pariente and coworkers [84] demonstrated that Rietveld 

refinement of synchrotron XRD patterns can elucidate the location of SDAs within the 

channels/cages of zeolites. Rimer and coworkers [85] used synchrotron XRD in 

combination with molecular modeling and solid-state two-dimensional NMR to show 

that SDAs influence Al siting in MOR. Additional methods to examine Al siting include 

atom probe tomography [86] where three-dimensional element distribution maps of thin 

needle-shaped samples (ca. 100 nm) are generated with exceptional spatial resolution 

(0.1 to 1 nm) using focused ion beam (FIB) milling. Alternatively, titration methods 

have been adopted in numerous studies to quantitatively characterize the proportion of 

paired and isolated sites in zeolite frameworks. Several groups [10, 12, 14, 87] have 

proposed that paired aluminum arrangements can be titrated by divalent metal cations 

(e.g., Co2+ or Cu2+), whereas isolated sites compensate monovalent cations (e.g., H+ or 

Na+). The adsorption of divalent metal cations is often quantified by UV-visible 

spectroscopy. An analogous approach involves the use of a probe reaction, such as 

methanol dehydration or alkane cracking (i.e., constraint index) to deduce Al 

arrangements [79].  

Among these techniques, Co2+ titration is a common and facile approach to 

characterize the proximity and mutual arrangement of Al atoms. Prior studies have used 
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this technique on a limited set of zeolites (ca. 7) to categorize the local arrangement of 

framework Al atoms as: (i) paired Al representing two Al atoms in a single ring 

separated by two or three Si atoms (Figure 1.2d,e); (ii) unpaired Al in reference to Al 

atoms that are either close enough to bridge hydrated Co2+ ions (Figure 1.2e) or are 

located at sites that orient Brønsted acids in different pores; and (iii) isolated Al 

separated by more than three Si atoms (Figure 1d). The quantification of proximal Al is 

accomplished using Co2+ ion-exchange isotherms (Figure 1.2d) in combination with 

UV-Vis spectroscopy. It has been shown that both bare Co2+ ions and Co2+∙6H2O can 

titrate Al pairs, whereas unpaired Al are able to accommodate Co2+∙6H2O [80]. In 

contrast, isolated Al are not detected by this technique (i.e., they are compensated by 

monovalent cations, such as H+ or Na+). Dědeček and coworkers [88] used Co2+ 

titrations in combination with UV-Vis and 29Si MAS NMR spectroscopy to show a 

unique arrangement of Al atoms in Si-rich (Si/Al < 18) zeolite beta wherein the majority 

of proximal Al configurations are either paired Al or unpaired Al (analogous to Figure 

1.2e); however, the latter have not been observed for all zeolites (e.g., MOR) [89]. 

Recent studies have demonstrated that it is often nontrivial to obtain quantitative 

information solely from titrations. For instance, during dehydration of zeolites the 

Co2+∙6H2O complex can form Co-oxo species [80], which are challenging to distinguish 

from bare Co2+ ions, and can lead to controversial results. 

Despite limited control of Al siting, studies have demonstrated placement of acids 

at specific locations in zeolite catalysts can significantly impact activity, stability, and/or 

selectivity for reactions that include methanol dehydration, carbonylation, methanol-to-
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hydrocarbons (MTH), oligomerization, cracking, and methane oxidation. For example, 

Iglesia and coworkers [90] observed a direct correlation between carbonylation rates 

and Al sites within the 8-membered ring side pockets of MOR. A similar study by Davis 

and coworkers [91] revealed that the selective placement of Al in 8-MR channels of 

ferrierite (FER) using a combination of SDAs can markedly influence the rate of 

carbonylation. Framework Al siting can also decidedly alter the dual cycle mechanism 

of MTH reactions. For example, it has been proposed [92, 93] that acid sites located at 

the channel intersections of ZSM-5 promote the aromatic cycle, whereas it is suggested 

that Al in the narrower channels favors the olefin cycle. Thus, it is possible to markedly 

enhance catalyst selectivity and/or stability if zeolites can be synthesized with well-

defined Al siting. 

 

Figure 1.3. (a) Pathways for cracking of 1-hexene in ZSM-5 [12]. (b) Impact of Al proximity 

on the cracking of 1-hexene over ZSM-5 [13]. (c) 0th (circles) and 1st rate constants 

(squares) for MeOH dehydration increase with increased proportion of paired Al 

sites in the CHA [14].  
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The impact of Al location extends to sites in close proximity owing to their unique 

properties and ability to stabilize multivalent extra-framework species. Dědeček and 

coworkers [13] determined the effect of Al proximity in ZSM-5 on product yields in 1-

hexene cracking (Figure 1.3a and b), showing a higher fraction of paired Al atoms 

enhances the hydrogen transfer reaction to produce more aromatics (Figure 1.3a) in 

comparison to ZSM-5 with isolated Al that promotes cracking to enhance light olefins 

selectivity. Similar effects have been observed in methanol dehydration to dimethyl 

ether (DME), which is the first step in the MTH reaction. For example, Gounder and 

coworkers [14] showed that both zero-order and first-order rate constants increase with 

increasing proportion of paired Al sites (Figure 1.3c). They attributed the increase in 

rate constants to a transition in the mechanism from an associative to dissociative 

adsorption pathway. Grabow and coworkers [66] employed periodic DFT to show that 

the location of Brønsted acids at different tetrahedral (T) sites within ZSM-5 channels 

(straight, sinusoidal, and intersections) can significantly influence the kinetics of DME 

formation, resulting in a broad temperature range (ca. 300 K) where the dominant 

pathway switches from associative (Figure 1.4, black lines) to dissociative (Figure 1.4, 

red lines). Thus, the potential for ZSM-5 catalysts used in different studies to exhibit 

distributions in Al siting may explain why there are conflicting claims in the literature 

regarding the dominant mechanism for this reaction [94]. When Brønsted acids are 

located in close proximity, there is the potential to stabilize Lewis acids (i.e., ions, 

metals, or oxides) [95]. Among the more widely studied materials are Cu- and Fe-

exchanged SSZ-13 zeolites that have attracted significant interest over the years for 



 

17 

 

either emission catalysis or methane activation applications. The speciation of extra-

framework Cu or Fe [95] can be manipulated by altering the proportion of 

paired/isolated Al sites in the zeolite framework. Specifically, paired Al sites can 

accommodate Cu2+ ions while isolated Al sites exchange [CuOH]+ ions [96]. It has also 

been shown by Román-Leshkov and coworkers [97] that paired Al sites can stabilize 

the dimeric motif [Cu-O-Cu]2+. 

 

Figure 1.4. Thermal contributions to the Gibbs free energy change the reaction mechanism from 

the associative route (black lines, region i) to the dissociative route (red lines, region 

ii). Dual mechanisms are possible in a temperature window (gray zone) [66].  

 

Synthesizing zeolites with precisely-controlled placement of Al at specific T sites is 

highly nontrivial. In order to validate Al siting, proper characterization necessitates a 

combination of multiple techniques, yet even the most sophisticated tools available have 

bottlenecks. Common techniques such as solid-state NMR offer limited ability to 

differentiate T site occupancy. For zeolites with only one unique T site, 29Si MAS NMR 

can provide general insight into the relative percentages of Si(OAl)n species; however, 

for zeolites with multiple (distinct) T sites, quantifying Al siting is more challenging 

and data can be subject to over-interpretation, such as the deconvolution of a single 
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broad peak in 27Al MAS NMR spectra into numerous individual peaks. Improved 

capabilities of 27Al triple quantum magic angle spinning (3Q MAS) and ultrahigh field 

27Al{1H} 2D correlation NMR experiments have led to unique insights with respect to 

isolated and paired Al siting. For example, Sauer and coworkers [98] employed 27Al 3Q 

MAS NMR spectroscopy combined with theoretical DFT calculations to accurately 

resolve 12 out of 24 distinct resonances for of ZSM-5 zeolite corresponding to Al 

located at different T sites. Advanced characterization techniques, such as 3Q MAS 

NMR, have the potential to provide atomic-level descriptions of acid siting, which is 

essential for developing structure-performance relationships in zeolite catalysis.  

1.2.2 Framework-associated and extra-framework aluminum 

Here we extend our discussion beyond framework Al (FAl, tetrahedral coordination) 

to highlight the broad range of framework-associated aluminum, distorted tetrahedral 

Al, and extra-framework aluminum (EFAl), which include partially uncoordinated Al 

(tri-coordination and penta-coordination), and fully uncoordinated octahedral Al [99]. 

This diversity of Al speciation adds complexity to zeolite catalysis based on 

uncertainties of how non-framework sites are generated, where they are located, how 

their acidity may differ from FAl, and to what extent their unique properties influence 

catalyst performance. Many of these questions are unanswered, although some progress 

has been made. For instance, Rosenbach and coworkers [100] theoretically posit that 

EFAl exists in one of two forms: cations (e.g., Al3+, AlO+, Al(OH)2+, Al(OH)2
+) or 

neutral species (e.g., AlO(OH), Al(OH)3, Al2O3). EFAl is present in as-synthesized 

zeolites but is frequently generated via hydrolysis of Si-O-Al bonds during post-
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synthesis treatments, such as ion exchange, steaming, and acid leaching, or in situ under 

certain reaction conditions. Dealumination can be an intentional step in catalyst design 

for the purpose of creating mesopores, regulating acid site density (i.e., increasing Si/Al 

ratios), and/or modifying hydrothermal stability. The putative mechanism(s) of 

dealumination differ depending on the composition and type of zeolite framework. It 

has been shown for several zeolites that there is an unexplained hierarchy for the extent 

of dealumination [101], where particular T-sites can be more susceptible [102]. For 

ZSM-5 it has been demonstrated with DFT calculations [103] and FIB-SEM 

tomography [104] that EFAl species can migrate to preferred locations (i.e., straight 

channels) where they prevent further localized dealumination, but allow continued 

dealumination in other regions (i.e., sinusoidal channels). 

The identity and corresponding role(s) of EFAl species in zeolite catalysis are 

subjects of ongoing debate, stemming in part from variabilities in synthesis methods as 

well as limitations for characterizing Al speciation (vide supra). Resolving Al speciation 

by NMR is highly sensitive to the degree of hydration and sample pretreatment, where 

more uniform testing protocols need to be established, including careful attention to 

pretreatment steps that can modify zeolite structure and/or composition. 

Characterization of EFAl species is also challenging owing to their interaction with 

proximal framework and non-framework species [105]. For example, quadrupolar 

broadening effects in the 27Al-NMR spectra of dehydrated zeolites often leads to 

reduced spectral resolution or renders some features invisible. To address these 

limitations, various solid state NMR techniques can be used to analyze EFAl, such as 
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controlled hydration treatment, high field/multinuclear NMR, and the use of adsorbed 

probe molecules. Most notably, Deng and coworkers [106] utilized select organic 

molecules (e.g., acetone or trimethylphosphine) to determine EFAl speciation, quantify 

Lewis acidity, and identify their local environment(s). One complexity of 27Al MAS 

NMR analysis is the assignment of chemical shifts for distorted tetrahedral Al or penta-

coordinated EFAl species that is highly sensitive to the degree of zeolite hydration [107] 

and post-synthesis treatments (e.g., penta-coordinated EFAl species can be removed 

when exposed to basic media) [108].  

A third class of Al speciation is so-called framework-associated species, which are 

unique in their ability to change coordination in response to local environments, and 

thus can be categorized as either FAl or EFAl depending on temporal changes in their 

speciation. The identification of these species can prove to be challenging owing to their 

ability to reversibly switch from octahedral to tetrahedral speciation. For instance, the 

octahedral form AlOH, which is generated from the partial hydrolysis of framework Al-

O bonds [58], can reverse to a tetrahedral coordination upon ion-exchange, adsorption 

of ammonia, or thermal treatment. These sites were identified in MOR by van 

Bokhoven and coworkers [59] who assigned them as Lewis acid sites and extended this 

classification to all zeolites. They proposed that the Lewis acidity from these species 

can be transient owing to their propensity to change coordination. Furthermore, their 

formation depends on proximal (or paired) Al sites, which are more prevalent in zeolites 

with low Si/Al ratios.  

Identification of Al species is critical to establishing structure-performance 



 

21 

 

relationships in zeolite catalysis. The majority of studies reporting the effects of EFAl 

species focus on alkane cracking reactions. While there is general agreement that EFAl 

influences catalytic cracking activity, there are multiple explanations for its origins. For 

instance, Bartholomeuf [109] and others suggested a synergistic effect of EFAl on 

neighboring Brønsted acid sites, leading to stronger intrinsic acidity; however, claims 

of enhanced intrinsic acidity in early studies were based on rate normalization by total 

Al content, which lends itself to evaluation of “apparent” acid strength. A more accurate 

method of rate normalization is the use of Brønsted acid concentration [16], which 

typically does not correlate exactly with total Al content (i.e., Si/Al ratio). This 

highlights the importance of resolving the identity and properties of Al species to 

establish an improved understanding of individual contributions to the overall 

(apparent) acid strength. Explicating the impact of EFAl on catalyst performance is 

often complicated by the inability to differentiate the contributions of local confinement, 

Al speciation, and cooperative effects of multiple site proximity. One example 

demonstrating the impact of proximal FAl and EFAl sites is the work of Deng and 

coworkers [15] who used 13C-labelled acetone as a probe molecule in NMR to measure 

Brønsted acid strength in ZSM-5, mordenite, and dealuminated HY zeolites. They 

observed that hexa-coordinated Al(OH)3 and penta-coordinated Al(OH)2+ in proximity 

to FAl (Figure 1.5a and b) enhances Brønsted acidity (based on the assumption that 

chemical shifts in 13C NMR spectra attributed to acetone-proton interactions can be used 

as a measure of Brønsted acid strength). However, it is important to note these 

measurements reflect apparent acid strength due to probe molecule interactions with the 
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confined pores of the zeolite.  

 

Figure 1.5 (a) Scheme of EFAl and FAl site proximity in ZSM-5 framework to demonstrate 

Brønsted/Lewis acid synergy. (b) Al DQ-MAS NMR spectra of parent H-ZSM-5 

(left) and dealuminated H-ZSM-5 (right). Adapted from [15].  

 

Alternative explanations have been proposed to explain the effect of vicinal EFAl 

species on enhanced cracking activity. Some studies have used techniques such as 

calorimetry to suggest that EFAl improves catalyst activity by altering reactant heat of 

adsorption [110], while others posit dispersion forces (i.e., confinement effects) or 

charge delocalization (i.e., entropic stabilization of transition states) stabilize transition 

states and enhance alkane cracking activity. For instance, Iglesia and coworkers [16] 

performed isobutane cracking and on-stream acid site titration over zeolite Y (Figure 

1.6a) and showed no correlation between reaction rate and available Al acid sites; and 

hence they concluded that enhanced reaction rates are not due to an intrinsic increase in 

Brønsted acidity, but rather a stabilization of intermediates via dispersion forces [111] 

(e.g., additional confinement effects imposed by EFAl partially blocking cages/pores). 
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Lercher and coworkers [112] offered a similar explanation based on kinetic studies of 

paraffin (n-butane and n-pentane) cracking over ZSM-5 catalysts with different steam 

treatment to vary EFAl concentration. They hypothesized that enhanced cracking 

activity was attributed to the proximity of EFAl and strong Brønsted acid sites, which 

induces steric constraints and increases activation entropies of transition states.  

 

Figure 1.6 (a) Isobutane cracking rate constants as a function of Na+ titrated sites-to-total Al 

ratio for HUSY [16]. (b) Conversion and selectivity for glucose isomerization 

reaction of Y zeolites with different tri-coordinated EFAl. Adapted from [17].  

 

From these collective studies, it is evident that vdW contributions and/or 

cooperative interactions between EFAl and Brønsted acids can lead to the reported 
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enhancement of activity; however, the contribution of each is clearly dependent upon 

EFAl properties (i.e., concentration, speciation, and distribution). More insight into the 

impact of EFAl could be achieved by adopting similar methods as those previously 

described for the systematic analysis of isolated and paired FAl sites. For instance, the 

ability to selectively control EFAl properties to vary the number of isolated EFAl sites 

versus paired sites (i.e., EFAl – EFAl and EFAl – FAl) could offer ways of determining 

which effects (dispersion or proximal site interactions) are most dominant. 

The influence of EFAl species on catalyst performance can also be attributed to the 

introduction of Lewis acidity, which benefits certain reactions (e.g., biomass 

conversion) and is detrimental to others. For example, tri-coordinated EFAl Al3+ 

species, often referred to as “invisible Al” due to its undetectability in 1D or 2D 1H and 

27Al NMR spectra, can exhibit strong Lewis acidity. Evidence to support this claim has 

been gleaned from solid state 31P NMR using chemical shifts of adsorbed TMP 

(trimethyl phosphine, probe molecule) in dealuminated HY and HUSY to ascertain 

Lewis acid strength [17]. The enhanced Lewis acidity of tri-coordinated EFAl species 

(e.g., HUSY and dealuminated HUSY) promotes higher conversion in liquid-phase 

glucose isomerization (Figure 1.6b) compared to catalysts with little to no tri-

coordinated EFAl (e.g., HY and dealuminated HY). Another study evaluating EFAl Al3+ 

in the ethanol-to-hydrocarbons reaction also reports high Lewis acidity; and shows that 

when these species are present in equal concentration as Brønsted acid sites, there is 

noticeably higher ethylene selectivity [113]. Lercher and coworkers [114] investigated 

MTH reactions where they showed that increased concentration of Lewis acid sites 
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associated with EFAl enhanced product selectivity from hydride transfer. They 

proposed that these sites catalyze the formation of formaldehyde as an intermediate 

responsible for the propagation of light alkanes and aromatics, which leads to 

accelerated catalyst deactivation. Recently, there has been increased interest in the 

initial C-C bond formation in the MTH reaction leading to the formation of ethylene 

(i.e., before the autocatalytic cycle) [115]. Mechanistic arguments have been proposed 

from combined DFT and NMR studies where the coupling is initiated by surface-bound 

methoxy [116] or formaldehyde [117] species on EFAl. Many studies focusing on the 

characterization of framework-associated species and/or EFAl have led to various 

interpretations regarding their putative role(s) in acid catalysis. Given the large diversity 

of Al species in zeolite catalysts, there are many opportunities to expand mechanistic 

understandings of their impact on heterogeneous catalysis. 

1.3. Elemental zoning and core-shell analogues 

A topic that has received relatively little attention is the effect of zoning in zeolite 

synthesis and its impact on catalyst performance. This phenomenon produces either Al-

zoning where the exterior surface is Al-rich or Si-zoning where the exterior surface is 

Si-rich (Figure 1.7a). Zoning has been reported for only a few zeolites and zeotypes 

(e.g., MFI, AFI, CHA, MOR, LTA, and FAU frameworks), yet we believe this 

phenomenon is more pervasive because it often goes undetected. Various groups have 

attributed zoning to the selection of synthesis conditions, such as the use of organic 

and/or inorganic SDAs [118] and the starting Si/Al gel ratio [119]. Post-synthesis 

dealumination processes can also lead to zoning due to Al migration (e.g., steaming) or 
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Si deposition (e.g., when using HCl or ammonium hexafluorosilicate) [120]. The most 

frequently reported case is Al-zoning [121], which can be present in as-synthesized 

materials or generated by selective desilication. Perez-Ramirez and coworkers [18] have 

used energy-dispersive X-ray spectroscopy (EDX) mapping to confirm Al-zoning in 

ZSM-5 crystals (Figure 1.7b). Likewise, van Bokhoven and coworkers [19] used 

FIB/EDX to map cross-sections of large ZSM-5 crystals, revealing 1-3 µm thick Al-

zoned regions (Figure 1.7c). Some studies exploring the origin of Al zoning have 

suggested it is a consequence of continuous Al migration to the surface of the growing 

crystals during synthesis [19] or a result of late-stage deposition of Al-rich crystals via 

oriented attachment [122]. Moreover, the observation of a sharp change in aluminum 

concentration from inner core to exterior regions of Al-zoned crystals suggests possible 

Al deposition on the surface during the isolation of solids (i.e., post-synthesis 

quenching) [123]. Examples of the counter configuration, Si-zoning, are relatively 

scarce. One notable exception is a study by Weckhuysen and coworkers [20] confirming 

Si-zoning in large ZSM-5 crystals (Figure 1.7d) via combined Ar+ sputtering and X-ray 

photoelectron spectroscopy (XPS). 

Despite progress made in the identification of zoned zeolites, the fundamental 

mechanisms of formation and methods to selectively control this phenomenon are not 

well understood. Progress along these lines is tied to the development and/or application 

of tools to analyze samples at periodic stages of synthesis. Elemental mapping allows 

for course visualization of zoned regions; however, the change in Si/Al ratio as a 

function of crystal depth is difficult to spatially resolve. Weckhuysen and coworkers 
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have employed advanced characterization techniques to improve the resolution of 

single-particle elemental analysis. For instance, they correlated mesoscopic regions of 

Al-zoning to catalyst performance using scanning transmission X-ray microscopy 

(STXM) to non-destructively map the 3D distribution of Al (and its local coordination 

environment) with nanoscale resolution [124]. To our knowledge, there are few 

examples of new analytical tools being applied to progress the state-of-the-art; however, 

in the future we anticipate a growing list of in situ techniques will afford greater 

opportunities for resolving molecular (or atomic) details of zoned materials. 

 

Figure 1.7. (a) Scheme of Al-zoning and Si-zoning. (b) Elemental mapping in ZSM-5 using 

SEM-EDX [18]. (c) Cross-sectional EDX mapping of Al-zoned ZSM-5 [19]. (d) 

Percentages of Al and Si in a Si-zoned ZSM-5 crystal (inset) from XPS and Ar+ 

sputtering [20].  

 

When expanding beyond single sites to assess the impact of spatial gradients in 

elemental composition throughout a catalyst particle, we posit zoning is more prevalent 

than reported in literature; however, the paucity of examples obfuscates the 

establishment of direct correlations between zoning and catalyst performance. Indeed, 



 

28 

 

the activity of Al sites tends to be averaged across the entire catalyst without 

consideration of spatial gradients in acid density (or variants in Al speciation, as 

discussed in Section 2.2). We speculate that zoning goes unidentified due to a lack of 

surface characterization (e.g., XPS) in favor of bulk measurements (e.g., EDX or ICP) 

that provide average values of the Si/Al ratio. A limited number of Al-zoned zeolite 

studies suggest a detrimental effect on catalyst performance, such as a higher rate of 

coking in MTH reactions [125] or reduced p-xylene selectivity in toluene 

disproportionation [126]. Rimer and coworkers [127] reported that Al-zoning in ZSM-

5 samples prepared at low temperature (100°C) exhibit poorer activity in MTH reactions 

compared to catalysts with homogenous Al distribution (synthesized at higher 

temperature), which was attributed to an increased percentage of non-framework Al 

sites in the former. On the contrary, studies of Si-zoned zeolites tend to reveal a positive 

impact on catalyst performance. For instance, Si-zoned ZSM-5 in n-butane dimerization 

can lead to high octane components [128] as well as improved dimethyl ether selectivity 

in methanol dehydration [129]. Weckhuysen and coworkers [130] assessed the coking 

of Si-zoned ZSM-5 crystals in three different reactions using UV-Vis and confocal 

fluorescence micro-spectroscopy. For styrene oligomerization, they concluded that 

there is no observable pore blockage at the boundary between the inner core and Si-

zoned regions; for MTH reactions they demonstrated that Si-zoning reduces graphitic 

coke accumulation on the external surfaces of catalysts; and for the aromatization of 

light naphtha (LNA) they report a rapid reaction of olefins at the zoning boundary that 

can limit reaction diffusion within the catalyst interior. Recently, Ma and coworkers 
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[131] reported that Si-zoned ZSM-5 crystals are shape selective for p-xylene and exhibit 

improved stability in methanol-toluene alkylation due in part to their hydrophobic Si-

rich external surface. In the future, it is imperative to gather more data of zoned catalysts 

in order to further develop understanding of its impact on catalytic performance. It 

would be equally advantageous if academics and industrial practitioners put into 

common practice surface characterization of zeolite catalysts as a way of identifying 

zoning. 

Direct preparation of zeolites with mesoscopic gradients in elemental composition 

(Si/Al ratio) is currently an empirical endeavor. Synthesis of such materials typically 

involves multi-step or post-synthesis processes to generate core-shell or surface-

passivated materials, which are analogues to Si-zoned zeolites. Surface passivation 

involves the functionalization of zeolite surfaces to yield relatively thin layers of 

distinctly different composition. This technique was commercialized by DuPont and 

Mobil in the 1980’s and has been used by many groups to prepare zeolites with a thin 

siliceous exterior layer using either chemical vapor or liquid deposition (CVD or CLD) 

with silanes. The overarching motivation for surface passivation is to eliminate 

reactions on the external surface, thus imposing shape selectivity within the interior 

pores. Several groups have cited improvements in light olefins and/or para-selectivity 

(and separation) for methanol conversion, cracking, methanol-toluene alkylation, and 

toluene disproportionation; however, the origins of enhanced catalytic performance can 

be convoluted, often attributed to alternative factors such as pore-narrowing as a result 

of the passivating layer, which can improve selectivity at the expense of activity.  
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The concept of core-shell design has been applied to a multitude of catalytic 

materials for diverse applications. For zeolites, there are many types of core-shell 

structures that include variants of Si- or Al-zoning, the encapsulation of metal or metal-

oxides, and mixtures of two different frameworks [132]. For example, Martens [133] 

and Valtchev [134] developed distinct synthesis methods for the preparation of zeolite 

core-shell composites of different structures, such as beta@silicalite-1, in order to 

capitalize on their disparate pore networks in catalytic reactions. Indeed, core-shell 

composites have demonstrated enhanced selectivity in fluid catalytic cracking (FCC), 

hydrocracking, n-butylene cracking, cellulose hydrolysis, and enantioselectivity in 

racemic reactions. Herein, we focus our discussion on core-shell zeolites where the core 

and shell are of identical framework type. Mobil provided one of the earliest examples 

of zeolite core-shells by showing that a silicalite-1 shell can be grown over ZSM-5 (its 

aluminosilicate isostructure), similar to surface passivation. In most core-shell syntheses 

where the shell is a siliceous zeolite (e.g., MFI, TON, MTT, MWW, or LTA), it is 

often observed that the shells are polycrystalline with thicknesses in the hundred 

nanometers to microns range [132] with few exceptions [22, 135]. When the core and 

shell are not in perfect crystallographic registry, or when the shell thickness is 

prohibitively large, these factors can introduce additional mass transport limitations. 

Some groups [135, 136] have examined methods to lessen these effects via the 

generation of mesoporous cores prior to encapsulation with the shell.  

There is consensus that both surface passivation and core-shell zeolites with 

siliceous shells have positive effects on catalysis, such as higher light olefins and/or p-
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xylene selectivity and enhanced conversion capacity. For example, Nishiyama and 

coworkers [21] showed that the core-shell catalyst Zn/ZSM-5@silicalite-1 improved 

xylene isomer selectivity (Figure 1.8a) and reduced the rate of coke formation (Figure 

1.8b) in methanol to aromatics; however, studies such as these are subject to various 

mechanistic interpretation of enhanced core-shell performance since the observed 

effects can be attributed to one or more factors, such as diffusion limitations, surface 

passivation, or the presence of extra-framework species (e.g., EFAl or metal oxides). 

Siliceous shells can also increase the hydrophobicity of a catalyst, which has proven to 

be beneficial in applications such as NH3-SCR reactions and volatile organic 

compounds (VOC) capture. Rimer and coworkers [22] developed a synthetic route to 

prepare nano-sized ZSM-5@silicalite-1 catalysts (Figure 1.8c) where the epitaxial 

growth of the silicalite-1 shell can be controlled to yield thicknesses of 5-20 nm with 

crystallographic registry equal to the underlying ZSM-5 core (Figure 1.8d). Similar 

core-shell configurations (with larger shell thickness) can be rapidly synthesized (e.g., 

order of minutes) using tubular reactions [137]; however, the broad difficulty of 

synthesizing well-defined core-shell zeolites via facile methods poses a significant 

hurdle to develop fundamental understandings of reaction pathways for this class of 

catalytic materials. 



 

32 

 

 

Figure 1.8. (a) Xylene yields and p-xylene selectivity (open and closed symbols) for methanol 

to aromatics reactions. (b) Coke amounts as a function of time on stream [21]. (c) 

EDX mapping, (d) HRTEM image and SAED pattern of ZSM-5@silicalite-1 [22]. 

 

In summary, the synthesis of core-shell materials is nontrivial owing to the 

challenges of epitaxial shell growth to ensure the continuity of pores between core and 

shell, as well as the ability to selectively tailor shell thickness to minimize mass 

transport limitations. Most examples in literature do not sufficiently meet these criteria, 

whereas those that do report uniform, thin (< 10 nm) shells are restricted to MFI. 

Epitaxial growth of core-shell catalysts with tunable shell thickness has demonstrated 

how advanced knowledge of zeolite growth aids in the design of novel catalysts. A 

major obstacle for the generalization of this approach to other framework types is the 

difficulty of preparing purely siliceous zeolites; however, recent progress in the 

development of organic structure-directing agents holds considerable promise for 

expanding the list of core-shell zeolites. 
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1.4 Recent Development of methanol-to-hydrocarbons reaction 

Methanol to hydrocarbons (MTH) is a technology of high interest in the energy 

industry because it is a key step to gasoline-rich and olefin-rich products from 

alternative carbon sources, such as natural gas, CO2, coal, and biomass [138]. A recent 

scientific review of MTH reveals that several zeolites are effective catalysts for 

upgrading methanol to gasoline derivatives [139]. As such, major research initiatives in 

both industry and academia have been focused on improving the efficiency of MTH 

processes, with one critical optimization parameter being catalyst design. Although 

extensively researched, the MTH mechanism is still not fully understood, especially the 

lesser discussed process, known as the direct mechanism, responsible for the formation 

of the first C-C bond during the induction period which in turn feeds into the more well-

known autocatalytic dual cycle mechanism [115]. Advancement in computational and 

experimental techniques has spurred various research efforts to identify and validate 

specific pathways and species associating with direct-coupling mechanism and linking 

it to the hydrocarbon pool mechanism. One such pathway, proposed concurrently by the 

Weckhuysen and Lercher independently, is Koch-type carbonylation, which is now a 

widely acknowledged route (Scheme 1.1) [140, 141]. It has been shown that the 

existence of CO (from decomposition of methanol) in the initial period of reaction helps 

catalyze the carbonylation of a surface methoxy group to generate a surface acetyl 

group, which eventually dissociates into methyl acetate or acetic acid. A recent study 

combining NMR and operando UV-vis diffuse reflectance spectroscopy further 

provides evidence for zeotype SAPO-34 of methyl acetate continuing to transform on 
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zeolite Brønsted acid site to form a highly reactive ketene, which subsequently forms 

C2-C4 olefins via decarbonylation, with CO coproduct [23]. The key C2-C4 olefins 

species [139] undergo further oligomerization and aromatization to form larger olefins 

and aromatic species that become part of the hydrocarbon pool and concomitantly 

transform into alkanes via hydrogen transfer reactions. The direct mechanism is a 

subject of on-going study with relatively few established structure-mechanism 

relationships. A few studies [115] have demonstrated the influence of various EFAl 

species in facilitating the formation of key species in the direct mechanism. On the other 

hand, the autocatalytic cycles, also known as the dual cycle mechanism, is relatively 

more established. The dual cycle mechanism involves an aromatic (arene) cycle and an 

olefins (alkene) cycle [142] which are connected via hydrogen transfer reaction. The 

relative propagation of the two cycles can be described with a selectivity ratio of ethene, 

the primary product of aromatic cycle, and the sum of 2-methylbutane and 2-methyl-

2butene (2MB), the primary products of the olefin cycle [143]. More recently, various 

studies have also revealed the importance of formaldehyde in the dual cycle mechanism, 

which can accelerate the formation of bulky aromatic species (i.e., coke). Indeed, the 

dual cycle mechanism has been modified to include this critical species, formaldehyde 

[144-146].  

 

 



 

35 

 

 

Scheme 1.1. Proposed reaction pathways. Species A and E are methyl acetate and acetic acid 

from the proposed Koch carbonylation pathways. Adsorbed species F and G 

initiate formation of C2-C4 olefins, leading to the autocatalytic mechanism. Z-H 

denotes the zeolite [23]. 

Improving the MTH process involves two main factors: reaction lifetime and 

product selectivity. The primary cause of reduced on-stream catalyst stability is zeolite 

deactivation due to coking, which involves the formation of bulkier products that 

obstruct pores and catalytically active sites [147]. Furthermore, even though zeolites 

possess excellent shape selectivity, controlling product selectivity in MTH presents 

challenges due to its intertwining reaction chemistry. Addressing these problems 

requires bridging of two approaches: physical alteration of zeolites (rational design) and 

fundamental reaction mechanistic studies. When tailoring the physicochemical 

properties of zeolites, conventional synthesis methods coupled with underdeveloped 

understanding of zeolite growth mechanism are often insufficient to achieve target 

properties. Although it is established that the physicochemical properties of zeolites 

(e.g., size, morphology, topology, and acid site concentration, or Si/Al) influence MTH 

reaction performance (lifetime, selectivity, etc.) [148], property-performance 

relationships are not well understood. In comparative studies of zeolite catalysts, 

multiple physicochemical properties of the catalysts or reaction conditions are 

oftentimes varied at once, and this leads to difficulties in deciphering the direct effect 
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of a particular parameter on catalytic performance. Controlling zeolite properties, in 

conjunction with reaction studies, will help elucidate the relationship between a 

zeolite’s physicochemical properties and its catalytic performance. 

1.5 Dissertation Outline 

With the multitude of zeolite properties, it is unreasonable to correlate catalytic 

performance to a single physicochemical property; a practice that can lead to conflicting 

trend. Furthermore, besides commonly characterized properties, zeolites can have 

unobservable defects which are detrimental to catalytic performance. A significant 

percentage of my dissertation is focused on understanding defects in zeolites through 

their characterization and integration in descriptors that can be used to account for their 

influence on catalytic performance, predominantly using MTH as a model reaction for 

extracting structure-performance relationships. Chapter 2 of this dissertation addresses 

techniques for probing crystalline defects in MFI-type zeolites with time-resolved 

dissolution study. These defects are not always observable, but can greatly influence 

catalytic performance. Subsequently, Chapter 3 summarizes  comparative studies of 

zeolite ZSM-5 and zeotype SAPO-34 that establish structure-performance relationships 

in MTH wherein catalytically relevant descriptors are established as a basis for 

elucidating the effects of mesoscopic compositional distribution on MTH reaction 

performance for zoned ZSM-5 (Chapter 3). We further expand on the study of 

compositional gradient with core-shell ZSM-11 (Chapter 4). Chapter 5 will be 

designated to discussion of preliminary result and future work in the rational design of 

bifunctional zeolite catalysts informed by prior mechanistic studies.  
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CHAPTER 2 

Time-resolved Dissolution Elucidates the Mechanism of Zeolite MFI 

Crystallization  

The materials discussed in this chapter will be published in a peer reviewed journal. 

Figure and table labels are reformatted to be consistent with dissertation formatting 

requirement. The work was in collaboration with Dr. Krassimir N. Bozhilov from 

University of California, Riverside, Dr. Zhengxin Qin from China University of 

Petroleum (East China), Dr. Tanguy Terlier from Rice University, Dr. Ana Palcic from 

the Ruđer Bošković Institute, and Dr. Valtchev from ENSICAEN. 

 

2.1 Motivation 

Zeolites are a family of crystalline microporous tectosilicates that are extensively 

used as heterogeneous catalysts, molecular sieves, sorbents, and ion exchangers. The 

large-scale production of synthetic zeolites already has more than a half-century history. 

At present, the annual production is above 3 million tons per year [149]. About ten 

different types of zeolites are being used on a large industrial scale, and the number of 

zeolites used in niche markets is larger. These figures demonstrate the maturity of large-

scale production of zeolites. Nevertheless, there are certain aspects of zeolite formation 

mechanism(s) that remain to be clarified.  

The difficulty in understanding zeolite crystallization is mainly due to the 

heterogeneity of the growth mixtures containing solid and liquid components, and the 

presence of a myriad of different species (i.e.,, precursors) [150]. The complex 

interactions between these species and condensation steps leading to the formation of 

aluminosilicate frameworks around the inorganic and/or organic structure-directing 

agent is also difficult to be traced and unambiguously determined. The difficulty also 

stems from the fact that the formation of a particular zeolite could occur by more than 
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one crystallization pathway [26, 151, 152]. Different methods providing information for 

the short and long-range order in aluminosilicates, their chemical composition, and 

molecular interactions have been employed to shed light on the events preceding zeolite 

nucleation and the subsequent  growth process [153-158]. Thus, the zeolite formation 

has been studied by a variety of scientific approaches to gain a comprehensive picture 

of the factors guiding the growth of a particular zeolite. For instance, snapshots of a 

particular stage of zeolite formation obtained by an ex-situ method or combination of 

methods was completed with in situ analysis using specially designed equipment [26, 

151, 159-161]. Molecular modeling has also been used to decode zeolite formation in 

combination with experimental analyses [159, 162]. These continuous efforts have 

resulted in a generally accepted mechanism that describes the major stages of 

crystallization without, however, being able to provide a basis for zeolite synthesis by 

design [157, 163]. 

Studies focused on characterizing local zeolite structure have allowed for the 

identification of the nucleation and growth of specific crystal forms. Still, even these 

studies have not provided detailed highlights on the intimate stages of zeolite crystal 

growth [26, 151, 153, 154]. Understanding the growth history and establishing a detailed 

picture of each stage of zeolite formation would advance efforts to obtain a product with 

desired physicochemical properties; however, such a thorough, comprehensive analysis 

of the growth process for a single crystal is difficult to acquire by the currently available 

methods.  

In this study, we employ a non-traditional approach to study crystallization 
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mechanisms: dissolution in an ammonium fluoride medium. Dissolution offers a route 

to identify defects or irregularities in crystals that form during growth, allowing us to 

observe where the weak bonds are located within zeolites and temporally track the 

progressive breaking of these bonds. Following the critical aspects of aluminosilicate 

dissolution, as summarized in detail by Crundwell [164-167], it is considered that during 

dissolution experiments, domains corresponding to stable, viable nuclei should dissolve 

last. Hence, the dissolution of the zeolite structure can be utilized to resolve the 

hydrothermal crystal growth mechanism by ex situ methods and to reveal information 

about the critical steps in their nucleation and growth.  Such an approach allows for 

valuable insights of the growth process to be disclosed by identifying regions with high 

densities of defects in the crystal and their role in various stages of crystallization, i.e.,, 

the temporal trajectory of zeolite formation. The above presumption could be correct 

only when the etching agent is not chemically selective and will not react preferentially 

with the chemically inhomogeneous zones in the crystal (i.e., preferential removal or Si 

or Al). This differs from the vast majority of processes employing dissolution reported 

in literature. For instance, etching is largely used for the post-synthesis modification of 

zeolite properties [168-170]. Steaming is a commercial method for increasing the Si/Al 

ratio in zeolites [171, 172]. Mineral acids are also used to extract Al from zeolite 

frameworks, while caustic solutions are employed to preferentially remove Si [173-

176]. However, these chemically selective etchants cannot be used to study the crystal 

growth of a zeolite.   

Here we examine the unbiased dissolution of MFI-type zeolite crystals in a fluoride 
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medium at both a macroscopic and molecular level. Our recent results have shown that 

upon dual hydrolysis, the compound NH4F provides species that dissolve Si and Al with 

similar rates [177]. Etching by NH4F was used to obtain hierarchical materials with 

retained framework composition [178]. In the present study, we have employed 

unbiased chemical etching to reveal evidence of the zeolite crystallization mechanism. 

This process also provides insights into the intimate structure of a crystal since the weak 

bonds break first, and the stable, coherent domains dissolve last, which allows for the 

facile detection of defects within the structure. This study is performed on large crystals 

of ZSM-5 (MFI) and its siliceous isostructure silicalite-1 grown in a fluoride medium, 

which allows for clearer visualization of any particularity in the growth process.  

2.2 Experimental Methods 

2.2.1 MFI Zeolite Synthesis and Dissolution Treatment 

MFI Zeolite Synthesis: ZSM-5 was synthesized from a gel with molar composition 

0.13 TPABr : 1.12 NH4F : 0.015Al2O3 : 1.0 SiO2 : 57.87 H2O. First, aluminum sulfate 

octadecahydrate (98 wt%, Sigma-Aldrich), tetrapropylammonium bromide (98 wt%, 

Sigma-Aldrich) was dissolved in half of the above molar amount of deionized water to 

get a clear solution. After that tetraethyl orthosilicate (98 wt%, Sigma-Aldrich) was 

added under stirring. The resultant mixture was hydrolyzed overnight at room 

temperature to get a clear monophasic solution. Then the NH4F was dissolved in another 

half of the molar amount of the deionized distilled water, and the resultant solution was 

added slowly into the monophasic solution under mechanic stirring. The resultant gel 

was vigorously stirred for 1 h, and transferred to a 1000 mL Teflon-lined stainless steel 
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autoclave. The synthesis was conducted at 150 °C under static conditions. After 7 days 

of heating, the autoclave was taken out from the oven and quenched immediately in cool 

tap water. The solids were recovered by vacuum filtration and subsequently washed 

with deionized water. The solid cake was then recovered and dried at 100 °C overnight. 

The template was removed by calcination at 550 °C for 12 h with a ramp of 6 °C / min.  

Silicalite-1 was synthesized using the same initial reactants and preparation 

procedure. The molar composition of the initial system was 0.13 TPABr : 0.94 NH4F : 

1.0 SiO2 : 19.29 H2O. The synthesis was performed at 170°C for 10 days. A post-

synthesis treatment similar with the one applied to ZSM-5 was applied.  

Dissolution treatment: Fluoride medium etching of MFI-type material was carried 

out in NH4F (98.0%, Sigma-Aldrich) aqueous solution using the following procedure: 

7.5 g of the parent, calcined ZSM-5 zeolite was dispersed in 200 g of 40 wt.% NH4F 

aqueous solution and was allowed to react at 50 °C for up to 60 min under mechanical 

stirring and ultrasonic radiation (USC 600 TH, 45 kHz, VWR). Intermediate samples 

were taken out after set period of reaction time. The etched products were thoroughly 

washed with deionized water after the fluoride medium treatment. The samples treated 

by NH4F aqueous solution for 20, 40 and 60 min were denoted ZSM-5-20 (568-1), 

ZSM-5-40 (568-2), and ZSM-5-60 (568-3), respectively. 

2.2.2 Characterization 

Powder X-ray diffraction (PXRD): Measurements were performed on an X'pert Pro 

PANalytical Diffractometer using Cu Kα radiation (λ = 1.5418 Å, 45 kV, 40mA). The 

samples were studied in the 5-50° 2θ range with a scanning step of 0.0167° s-1. Nitrogen 
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adsorption-desorption experiments were performed with a Micromeritics ASAP 2020 

automated gas adsorption analyzer. Prior to analysis, the samples were outgassed at 100 

°C for 1 h and 300 °C for 12 h. The Si and Al contents are determined by inductively 

coupled plasma optic emission spectroscopy (ICP-OES) on an OES 5100 VDV ICP 

from Agilent; all samples are digested in aqua regia and HF prior to the analysis.  

Ex situ scanning probe microscopy: Atomic force microscopy (AFM) measurements 

of a ZSM-5 sample was performed on an Asylum Research Cypher ES Environmental 

instrument (Santa Barbara, CA) equipped with a liquid sample cell. The silicalite-1 

crystals were dispersed on quickset Loctite Epoxy (Henkel Corporation), which was 

affixed on a 15 mm specimen disc (Ted Pella, Inc.). The epoxy was cured in an oven at 

50 °C, and after 24 h, the sample disc was removed, cooled to room temperature, and 

sonicated in DI water to remove loosely bound crystals. The sample disc was then 

placed in a closed liquid cell. A drop of DI water was deposited on the sample substrate, 

which in contact with the AFM cantilever (Oxford Instrument, non-coated silicon 

nitride), generates an aqueous interface for scanning zeolite surfaces. Images of selected 

untreated crystals were first collected. The sample disc was then treated in 40 wt% NH4F 

solution (NH4F salt, Sigma-Aldrich 98%) at room temperature. At 5 min intervals, the 

sample disc was removed from the NH4F solution, washed with DI water, and scanned 

by AFM. Due to possible debris on crystal surfaces after each treatment, the selected 

crystals were cleaned in contact mode before the cantilever was exchanged with a new 

one for actual imaging. Between treatment intervals, the sample disc was kept 

submerged in DI water. As initially tracked crystals became unbound from the epoxy 
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after a sequence of treatments, multiple crystals were tracked during the first 60 min of 

treatment. Images (2 x 2 µm2 or 3 x 3 µm2) were collected by moving the cantilever in 

the x and y-direction on the crystal at set increment. The obtained images were 

reassembled by overlapping segments to compose an image of a significant portion of 

the crystal (Scheme A1), which allows for ex-situ tracking of feature changes as 

treatment progressed.  

ToF-SIMS: Sample preparation – The top mount holder is typically used to handle 

samples that are very thick (few mm) or large (few cm). Samples are held in place using 

double-face carbon. The sample holder was attached to the transfer arm by means of a 

bayonet fitting, and then the latter is introduced in the load lock chamber until the 

vacuum pumping reaches a vacuum of 5.0 10-5 mbar, ensuring an appropriate detection 

limit (few ppm). 

Mass Spectroscopy – Positive and negative high mass resolution spectra were 

performed using a TOF-SIMS NCS instrument, which combines a TOF-

SIMS instrument (ION-TOF GmbH, Münster, Germany) and an in situ scanning probe 

microscope (NanoScan, Switzerland) at Shared Equipment Authority from Rice 

University. A bunched 30 keV Bi3
+ ions (with a measured current of 0.15 pA) was used 

as a primary probe for analysis (scanned area 300 × 300 µm2) with a raster of 128 × 128 

pixels. A charge compensation with an electron flood gun has been applied during the 

analysis. An adjustment of the charge effects has been operated using a surface potential 

of -120V and an extraction bias of 0 V for the positive polarity and a surface potential 

of 90V and an extraction bias of -20 V for the negative polarity. The cycle time was 
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fixed to 90 µs (corresponding to m/z = 0 – 737 a.m.u mass range). 

2D imaging – A bunched 60 keV Bi3
++ ions (with a measured current of 0.3 pA) was 

used as primary probe for analysis (scanned area 50 × 50 µm2) with a raster of 2048 x 

2048 pixels and then binned to enhance the signal-to-noise ratio. Same conditions of 

charge compensation have been applied in imaging and in spectroscopy. The number of 

scans has been limited to 5 for preventing the damage induced by a high dose of bismuth 

ions. 

The same areas have been analyzed before and after treatment. Each localized 

regions of interest have been marked by reference points to provide the highest analysis 

accuracy in the comparison. 

Electron microscopy: TEM sample preparation – For the S/TEM analyses, a small 

amount of dry reaction powder samples were dispersed in distilled water and 

ultrasonicated for 5 mins to break apart any formed aggregates. A droplet of the 

resulting suspension was deposited on a TEM grid covered with a thin holey carbon 

support film.  

Using ion milling thin foils for S/TEM imaging were prepared from individual MFI 

crystals by cutting thin sections perpendicular the c-axis, following established 

procedures with a scanning electron microscope/focused ion beam (SEM/FIB) 

instrument using Ga ion source (Quanta 200i 3D, ThermoFisher Scientific). First, a strap 

of 5 µm thick protective Carbon layer was deposited over a region of interest using the 

ion beam. Subsequently, approximately 80 nm thin lamella was cut and polished at 30 

kV and attached to a TEM grid using in situ Oxford Instrument Autoprobe200 



 

45 

 

manipulator. To reduce surface amorphization and Gallium implantation final milling 

at 5 kV and 0.5 nA was used to thin the sample to electron transparency. 

Scanning/transmission electron microscopy (S/TEM) – Electron microscopy 

imaging and analysis were performed at the Central Facility for Advanced Microscopy 

and Microanalysis at the University of California at Riverside. Scanning/transmission 

electron microscopy (S/TEM) imaging was performed at 80 and 300 kV accelerating 

voltages in a ThermoFisher Scientific Titan Themis 300 instrument, fitted with X-FEG 

electron source, 3 lens condenser system and S-Twin objective lens. High-resolution 

TEM images were recorded at a resolution of 2048x2048 pixels with a ThermoFisher 

CETA-16M CMOS digital camera with beam convergence semi-angle of about 0.08 

mrad. STEM imaging was performed at 300 kV accelerating voltage in the Titan Themis 

300 instrument. STEM images were recorded at probe convergence of 10 mrad with a 

probe current of 150 pA, using Fischione Instruments Inc. Model 3000 High Angle 

Annular Dark Field (HAADF) detector at a frame size of 2048 x 2048 pixels, dwell time 

of 15 µsec/pixel, and camera length of 245 mm.  

Energy dispersive X-ray Spectroscopy (EDS) analyzes and elemental mapping were 

obtained in the STEM at 300 kV, utilizing ThermoFisher Scientific SuperX system 

equipped with 4x30mm2 window-less SDD detectors symmetrically surrounding the 

specimen with a total collection angle of 0.68 srad, by scanning the thin foil specimens. 

Elemental mapping was performed with an electron beam probe current of 550 pA at 

1024 x1024 frame resolution. 

Scanning electron microscopy (SEM) – SEM and energy-dispersive X-ray 
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spectroscopy (EDS) was used to characterize the morphology and elemental 

composition of each sample using a ThermoFisher Scientific Co. NovaNano SEM450 

equipped with Oxford Instruments Inc, Aztec Synergy energy dispersive X-ray 

spectrometer (EDS) fitted with a X-Max50 50 mm2 SDD detector with an energy 

resolution of 129 eV at MnKα. SEM images were acquired using the secondary and 

backscattered electron mode with a dedicated detector at 2, 5, and 15 kV accelerating 

voltages.  

2.3 Results and Discussion 

Powder XRD analysis showed that both ZSM-5 and silicalite-1 are highly crystalline 

(Figure A1). Inspection by SEM revealed that the ZSM-5 crystals are uniform in size 

and approximately 100 µm in length (Figure A2). The majority of crystals have well-

defined morphology with the typical coffin shape (Figure 2.1a), and a few agglomerates 

can be observed. The N2 adsorption-desorption isotherm is type I, which is characteristic 

of microporous materials. The micropore volume of zeolite ZSM-5 is 0.16 cm3/g 

(Figure A3), a value typical for a highly crystalline MFI-type material.  

A close view presenting the surface features of ZSM-5 crystals is shown in Figure 

1D Different levels of crystal etching, from the as-synthesized sample until later times 

when the initial crystal morphology is indiscernible, are presented on Figure 1C-F, 

where one can see that the changes due to dissolution. Thus, after 30 min treatment, 

only the interface between well-defined intergrowths composing one zeolite crystal is 

dissolved. For instance, Figure 2.1b shows the dissolved interface between two contact 

twins oriented 180° relative to each other. Figure 2.1c shows the dissolution of the 
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interface between the parent crystal and the surface twins turned at 90°. After 60 min 

treatment, deeper dissolution reveals interior elements building the “single” crystals 

(Figure 2.1d); and after 120 min etching, only fragments of the crystal remain where 

cavities with rectangular morphology can be seen (Figures 2.1 e, f). These observations 

show that the dissolution process is guided by distinct crystallographic zones, namely 

the interface between the twin crystals if one considers the macro morphological 

features of the zeolite (Figures 2.1b-d). At a local level, the dissolution still follows 

particular crystallographic directions since dissolution pits exhibit rectangular parallel 

borders. It should be noted that the crystal core is more extensively dissolved than the 

peripheral regions of the crystals. In order to better understand the phenomenon 

controlling the dissolution process, complementary imaging methods were employed.  

 
Figure 2.1. Scanning electron micrographs of (a) parent crystals; (b) after 30 min dissolution;  

(c, d) after 60 min treatment; (e, f) after 120 min treatment.  

 

Atomic force microscopy (AFM) was used to examine time-resolved changes in 

surface topography during crystal dissolution. Conducting in situ measurements was 
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challenging due to the debris generated at the interface; therefore, we employed an ex 

situ protocol (Scheme A1) wherein the same surface of a zeolite crystal was imaged 

after various intervals of NH4F treatment (Figure A4). After each interval of acid 

treatment, a series of AFM images were taken over an entire (010) surface and combined 

into a composite figure (Figures A4 and A5), where specific regions could be evaluated 

to track distinct changes in surface features with time. There were three general types 

of features observed in AFM images: crevices, etch pits, and spheroidal domains. The 

generation of crevices (Figures 2.2a – c) seem to originate at (100) edges of the crystal 

and propagate inward with temporal increases in crevice width and depth (s). Multiple 

ex situ images of the crystal surface were compiled in Movie S1 where periodic 

snapshots during 60 min of treatment (Figures 2.2e – j) reveal significant changes in 

surface topography. The initially rough surface of the untreated crystal becomes 

relatively smooth after 10 min of treatment due to the removal of large features; and 

with prolonged treatment, AFM images reveal the emergence of crevices and etch pits. 

Similar to FE-SEM images in Figure 1, we observe heterogeneous surface topographies 

with prolonged dissolution time. Some regions remain relatively smooth with less 

evidence of dissolution, whereas other regions develop highly roughened or pitted 

surfaces (Figure A6). Images after 45 min of treatment (Figure 2.2i) show the presence 

of spheroidal domains and etch pits that become enlarged with further treatment (Figure 

2.2j). The size distribution of etch pits after 60 min of acid treatment is shown in Figure 

A7. The AFM analysis demonstrates inequivalent spatial dissolution of the zeolite 

crystal surface, which is not related with the framework composition since this series of 



 

49 

 

experiments was performed on silicalite-1 crystals. Thus, surfaces exhibiting 

disproportionately high rates of dissolution is attributed to zeolite crystal imperfections 

(i.e.,, defect zones present on crystal facets).  

 
Figure 2.2. (a – c)Time-elapsed images (10 – 40 min of treatment). (c) 3D rendering of 

overlapping height and amplitude images. (d) Height profiles along the green lines 

(data are normalized to the baseline). (e – j) Height images of a different surface 

(5 – 60 min of treatment). 

 

Later stages of dissolution, when etch pits became too deep for analysis by AFM, 

were studied using a combination of SEM, TEM, and STEM. Representative images of 

ZSM-5 and silicalite-1 crystal dissolution after 30 and 60 min are shown in Figures 3a-

c and 3d-f, respectively. The backscattered-electron (BSE) image of ZSM-5 (Figure 

2.3a) and TEM bright field image of silicalite-1 (Figure 2.3d) both reveal zonal growth 

patterns. In particular, the hour-glass feature suggests sectorial growth starting from the 

center of the crystal. Electron microscopy (Figure 2.1b) showed that the dissolution 

along the interface between the 90° and contact twin in MFI crystals is due to the 

presence of highly defected zones between the individual crystals; however, the origin 

of small etch pits with pseudo-hexagonal shape formed deep within the core of the 

crystals from SEM images of {010} surface (Figures 2.3b,e) is not immediately 

obvious. HAADF HR-STEM image along the <010> axis (Figure 2.3c, f) shows the 
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dark spots in the structural images correspond to the channels in the structure, and the 

bright lines are the SiO4 tetrahedral chains. The orientation of the traces of the {001} 

and {101} planes are marked with red lines. 

 
 

Figure 2.3. Dissolution uncovers the history of ZSM-5 (a, b, c) and silicalite-1 (d, e, f) 

crystallization.  

 

In a previous study, we suggested that the mosaic of etch pits might be due to the 

dissolution of misoriented crystalline domains. Here, this hypothesis is verified by 

HRTEM imaging down the c-axis of ZSM-5 crystal. As shown in Figure 4, thin electron 

transparent lamellas were cut perpendicular to the c-axis by focused ion milling from 

two different parts of the same crystal.  The first lamella was cut from the peripheral 

region of the crystal close to the apical tip (Figures 2.4a, c, e), labeled as lamella “I” in 

the inset of Figure 2.4. The second, was cut from the central part of the crystal (Figure 

2.4d, f) and is labeled as lamella “II”. The crystal structure and order in lamella I appears 
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perfect with no significant defects or distortions (Figure 2.4a), confirmed also by the 

sharp bright spots in the corresponding fast Fourier transform (FFT) pattern (Figure 

2.4c). In contrast, closer inspection of HR-TEM images of lamella II reveals the 

existence of a mosaic structure in the center of the crystal that is comprised of fine 

domains slightly misoriented with respect to each other by minor mutual rotation within 

the plane of imaging. The fine domains are confirmed by both dark-field contrast 

imaging (Figure 2.4e) utilizing (020) reflections as well by the shape and size of the 

(010), (020) and (200) reflections in the FFT pattern (Figure 2.4f). The diffuse character 

of the spots in Figure 2.4f can be attributed to misorientation between the fine domains 

in this region of the crystal. A comparison between the same type of reflections (marked 

by white arrows in Figure 2.4c and f, respectively) demonstrates the difference in 

crystalline ordering of the peripheral and central parts of the crystal. The sharp character 

of the FFT spots in Figure 2.4c is clear evidence of a defect-free structure as opposed 

to the mosaic domain structure revealed in Figure 2.4f. 
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Figure 2.4. (a, b) HRTEM images down the c-axis from a foil from the periphery (I) and the 

central part (II) of the crystal. (c, f) FFTs from the lattice images in (I) and (II), 

marked (020) reflections. (d,e) Low magnification TEM dark-field image from the 

foil (I) and (II). 

 

The above interpretation is further corroborated by cutting a thin FIB section 

perpendicular to the c-axis from the middle of another ZSM-5 crystal (Figure A10) The 

mis-orientation between adjacent domains is minor and difficult to discern directly from 

HRTEM images. As such, the same digital processing was applied to the images of the 

middle and the periphery of the foil (cut from central part of untreated ZSM-5 crystal) 

to enhance the contrast.  First, FFT was applied to the HRTEM images to obtain the 

patterns shown in Figures A10c and d, then a circular filter was applied to select only 

the reflections up to (200) and (020) in the FFT patterns (insets in Figures A10c and 

d). Inverse FFT processing of the aforementioned filters resulted in the images shown 

in Figures A10a and b. The uniform appearance of the filtered inverse-FFT image in 
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Figure A10b (i.e., the lack of contrast variation across the lattice fringes), in comparison 

to the nonuniformity of the image of the central part (Figure A10a), confirms the defect-

free nature of the peripheral parts of the ZSM-5 crystals. This is consistent with the 

sharp reflections seen in the FFT pattern from the periphery (Figure A10d) compared 

to the more diffused appearance of the FFT reflections (Figure A10c) from HRTEM 

image of the central region. Fine domains between 10 and 25 nm in diameter are 

visualized by HRTEM imaging after processing in the central part of the thin foil 

(Figures A10a and c), revealing the mosaic structure of the central region of ZSM-5 

zeolite crystals due to minor mis-orientation of neighboring domains. Such domains are 

missing in the periphery of the foil (Figures A10b and d), showing perfect structure.  

The difference in dissolution of the peripheral and central parts of the crystal is also 

observed by chemical mapping via time-of-flight secondary ion mass spectrometry 

(ToF-SIMS) of untreated silicalite-1 crystals (Figures A9a-d) compared to those after 

60 min of treatment (Figures A9e-h). The trace quantity of the organic structure-

directing agent (tetrapropylammonium, TPA) provides a high contrast wherein the 

tracking of TPA ion fragments in the crystal before and after treatment (Figures A9b 

and f, respectively) reveals regions of dissolution.  Similar information with less 

sensitivity can be gleaned from ToF-SIMS mapping of SiO+ (Figures A9c and g) and 

Si2OH+ (Figures A9d and h) ions, which reveal a difference in Si-O bonds and terminal 

silanol groups between the peripheral and central regions of the silicalite-1 crystals. In 

addition, we used ex-situ AFM to monitor the evolution of spheroidal domains during 

acid treatment of a silicalite-1 (010) surface. High-resolution images of a fixed area on 
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the crystal surface (Figures 2.5a-d) reveals the progressive appearance of small 

spheroidal domains that seemingly dissolve at a much slower rate than the surrounding 

regions (Figure 2.5g). Similar features were observed in multiple regions of several 

crystals during AFM measurements (e.g., Figure 2.2i). Analysis of height images for 

several crystals in a single dissolution experiment reveals a distribution of spheroidal 

feature sizes (Figure 2.5i) with an average diameter of 15 nm. This is consistent with 

the domain sizes determined by HRTEM imaging (Figure A10) corresponding to 

interior regions of the crystal where more defects are observed.   

 
Figure 2.5. (a – d) AFM height images of a fixed area on a silicalite-1 (010) surface (10 – 25 

min treatment), (g – l) another area (10 – 60 min treatment) (e) Height profiles of a 

feature in AFM. (f) A distribution of spheroidal feature diameters (n = 17 

measurements).  
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The MFI zeolite crystal growth pattern is clearly revealed by the dissolution 

experiments. As shown in Figures 2.3 and A9, the interior regions of the crystal 

dissolve much more rapidly than the periphery. Furthermore, TEM imaging clearly 

reveals an “hour-glass” feature in the center of majority of partially-dissolved crystals. 

This hour-glass zone is overgrown by zonal features (Figure 2.3a and b). The above 

observations are evidence of two-stage crystal growth where the growth mechanism has 

changed from sectorial to zonal growth over the course of crystallization. 

AFM imaging (Figure A4) also confirms the presence of non-uniform regions 

(micron-size areas) where dissolution is more prevalent in some locations, whereas 

others are less affected by acid treatment. Time-resolved analysis of the silicalite-1 

(010) surface during dissolution also reveals dynamic sequences of emerging and 

disappearing features leading to either smooth or rough surface topography. For 

example, AFM height images of a fixed area over a 60-min period of dissolution 

(Figures 2.5g-l) and corresponding amplitude images (Figure A8) reveal the initial 

presence of large protrusions (highlighted by the dashed oval) that disappear with 

treatment time to yield an interface with either flat regions or spheroidal features. 

The applied approach has allowed us to reveal critical details about the dissolution 

process and in turn about the structure of the studied MFI zeolites as well as the crystal 

growth mechanism. The following conclusions can be drawn regarding the dissolution 

process. Dissolution is selective for regions with higher densities of defects, which are 

non-uniformly distributed throughout the crystal. Ammonium fluoride attacks 

predominantly the central parts of the MFI-crystals and affects the periphery of crystals 
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at a significantly lesser extent. Our analyses have shown that the crystals are chemically 

homogeneous and structurally, on a micron-scale level, are faceted crystals with some 

degree of twining.  

The studied silicalite-1 samples are essentially built up of tetrahedral TO4 sites (T = 

Si), where all oxygen atoms are shared by adjacent tetrahedra. Hence, there is relatively 

no structural anisotropy in the bond strength across individual tetrahedra, which can 

affect the dissolution process [164-167]. The main factor that would affect Si-O bond 

strength is protonation, although since it is structurally homogeneously distributed 

across the structure, it should not affect the dissolution process selectively. 

Consequently, the presence of defects on atomic and unit cell levels though, can 

introduce inhomogeneity and affect selective bonding among the SiO4 tetrahedral 

framework. Our observations suggest that the dissolution starts at defect sites with 

strained Si-O bonding, such as point defects, dislocations, twin boundaries, and low-

angle grain boundaries. It proceeds by expanding around initially formed dissolution 

pits. The dissolution advances parallel to low-index atomic planes with small reticular 

density, which seemingly follows a reverse Bravais-Friedel-Donnay-Harker growth law 

at a localized level. The crystal periphery appears to be the most stable, which accounts 

for our observation that this region dissolves at a much slower rate. In the late stages of 

zeolite formation, the growth rate is relatively slow and likely accounts for the presence 

of fewer defects in peripheral crystal zones, thereby leading to higher structural order in 

these regions (Figures 2.3, 2.4, and 2.5). 
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Figure 2.6. Interpreted scheme of (a) 2 steps incubation process: (1) formation of proto-particles 

with MFI structure; (2) fusion to form nuclei. (b) The growth process has 3 distinct 

stages: (1) skeletal growth, (2) sectorial growth, and (3) final zonal overgrowth.  

 

Our previous study of zeolite LTA showed that nucleation occurs within 

agglomerates of amorphous (alumino)silicate precursors [153]. The latter coalescence 

with synthesis time into larger particles with a crystalline structure and an overall size 

of a few to tens of nanometers, forming stable nuclei that can interact and fuse with 

other nuclei throughout the crystallization process (Figure 2.6a). A similar process for 

MFI-type zeolite was reported [179] using cryo-TEM to track various stages of 

nucleation to confirm growth by a nonclassical multi-step mechanism [180]. During the 

coalescence of crystals, the formation of domain boundaries (marked by red dashed 

lines in Figure 2.6a) is proposed where the fast fusion between nanocrystals creates a 

mismatch between the crystalline structure of each particle. The process is statistical in 

nature; some of the discrepancies and distortions that have higher interface energy are 

eliminated by minor re-arrangements; others are sealed and preserved as fine-size 

domains through the subsequent stages of crystal growth. Some of these intergrowing 

domains give rise to twin relationships and likely serves as a starting point for twin 
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growth; others have mismatch that leads to low-angle domain boundaries, dislocations, 

and point defects. The vacancies between crystalline domains can be sealed by the 

addition of low molecular weight (alumino)silicates (i.e., monomer or oligomers) 

through crystallization by particle attachment involving the addition of amorphous 

precursors. The central region of the zeolite crystal forms fast due to a high initial 

supersaturation (including amorphous precursors and soluble species) and a large 

number of crystallites present, which tends to concentrate a high level of defects. 

Crystallization by particle attachment is prone to defect incorporation, particularly when 

the added particles must subsequently undergo structural rearrangement, which may be 

incomplete. Moreover, nonclassical pathways involving the addition of amorphous 

precursors can also lead to defects if the disorder-to-order transition is either incomplete 

or results in misoriented crystalline domains. 

Many of the observations from our study of MFI dissolution are consistent with the 

processes of zeolite crystallization outlined above. Preferential dissolution at the center 

of the crystal agrees with the higher number of defective zones created during the early 

stages of zeolite formation via the agglomeration of MFI nanocrystallites. 

Consequently, the central part of the crystal is more vulnerable to etching and dissolves 

more rapidly. The zeolite formation in the studied system is a complex multistage 

process, as the mechanism of growth is a function of the supersaturation, which differs 

in the early and late stages. It can be speculated that the initially formed nuclei rapidly 

form skeletal structure along the <101> directions (stage 1 in Figure 2.6b), setting up 

the growth process of the subsequent stage 2 that proceeds by sectorial growth 
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originating from the skeletal structures formed in stage 1 (stage 2 in Figures 2.6b and 

2.3d). This is facilitated further by the high concentration of nuclei present in the 

solution. The final stage is marked by a lower concentration of reactive species and a 

slower growth rate, leading to peripheral regions with fewer defects that exhibit slower 

rates of dissolution. The large size of the crystallites formed already predetermines zonal 

layer-by-layer growth [181] following rapid nucleation and growth in the crystal core. 

The participation of the pre-formed particles, which we evaluated to be in the range of 

5 to 25 nm (Figure 2.5f), is limited during the late stage of zeolite growth. The growth 

and dissolution are competing processes resulting in the final crystal form faceted by 

low index slow-growing faces. 

2.4 Summary 

There are different types of defects in a zeolite crystal. For instance, the zones 

between the individual crystals in twin crystals or an agglomerate of intergrown crystals 

are rich in defects since the crystal faces are not terminated and contain a large number 

of surface hydroxyls (not all of which form Si-O-Si bonds during coalescence). The 

mismatch between crystal planes of intergrown crystals also generates strain on the 

crystal lattice, making these regions more vulnerable to chemical attack. The present 

study shows that zeolite MFI crystals contain small (several tens of nm), misoriented 

domains with low-angle grain boundaries, which represents defect zones that are more 

susceptible to dissolution. Finally, zeolite MFI crystals contain point defects (i.e.,, 

missing T atoms) that can serve as initiation sites for dissolution. Zeolite MFI crystals 

may contain all defect types; however, the dominant type of defects and its 
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corresponding concentration and spatial distribution are highly dependent upon the 

“history” of the growing crystals. The stochastic nature of zeolite nucleation and crystal 

growth lead to particles containing disparate populations of structural defects. The 

initial period of rapid nucleation in highly supersaturated media generally increases the 

probability of high defect density within the interior of zeolite crystals, whereas slower 

growth rates occurring by classical crystallization at later stages of synthesis (i.e.,  when 

the nutrient pool is depleted) leads to fewer defects.  Thus, the memory of the growth 

process is coded in the crystal, and the method employed in this study using dissolution 

enables the recovery of a zeolite’s growth history.  

This study has shown that studying dissolution reactions can be used successfully 

as a powerful tool that can shed light on the processes of nucleation and growth down 

to atomic scale level, which in hydrothermal systems are difficult to assess by the 

presently available in situ methods. Furthermore, the available in situ methods are in 

principle either of bulk nature or only capable of providing resolution at essentially 

micron or larger scale which prevents direct assessment of the growth process. In 

addition, more general implication of our observations concerns the mosaic structure in 

crystals that has been known for long time [182], but no direct correlation of its effect 

on the growth mechanism of microcrystals has been demonstrated up until now.  
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CHAPTER 3 

Engineering Silicon-zoned Zeolite Catalysts to Address Intrinsic Mass 

Transport Limitations 

The materials discussed in this chapter will be published in a peer reviewed journal. 

Figure and table labels are reformatted to be consistent with dissertation formatting 

requirement. The work was done in collaboration with Dr. Wei Qin from the University 

of Houston, Dr. Conan Weiland from Brookhaven National Laboratory, Dr. Simon R. 

Bare from SLAC National Accelerator Laboratory, and Nikolaos Nikolopoulos, Dr. 

Donglong Fu, and Prof. Bert Weckhuysen from Utrecht University. 

 

3.1 Prior Work on Establishing Structure-Performance Relationship for Zeolites 

in MTH 

The materials discussed in this section have been published in peer reviewed journals. 

Figure and table labels are reformatted to be consistent with dissertation formatting 

requirement. The work on ZSM-5 and ZSM-11 is initiated by former group member Dr. 

Yufeng Shen in collaboration with Dr. Donglong Fu, Dr. Joel E. Schmidt, and Prof. Bert 

Weckhuysen from Utrecht University. The work on SAPO-34 was done in collaboration 

with Dr. Andrew Hwang and Dr. Aditya Bhan from the University of Minnesota. 

 

Regarding the development of structure-performance relationships, it is critical to 

properly account for (and ideally control) the physicochemical properties of zeolite 

catalysts. For instance, it is difficult to evaluate the effect of one property (e.g., Si/Al 

ratio) when others (e.g., crystal size, shape, mesoporosity, or percentages of Al species) 

are not fixed. Preparing a set of zeolite catalysts where one property is systematically 

varied while keeping all others constant is nontrivial, yet subtle variations in zeolite 

properties can have a significant impact on catalyst performance. In order to facilitate 

comparison among different data sets, it would be advantageous to develop a descriptor 

that can account for a broad set of physicochemical properties, many of which are 

correlated with mass transport. However, initial establishment of these descriptors still 
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necessitates generation of model zeolites with well-controlled properties to facilitate 

derivation of trends (or lack thereof). As such, in the two separate studies briefly 

summarized here, we have utilized a set of zeolite catalysts with well-controlled 

properties to deconvolute the contributions of different framework topology and 

crystallite size to diffusional constraint and its effect in MTH reaction on (i) ZSM-5 

(MFI) and ZSM-11 (MEL) and (ii) SAPO-34 (CHA).  

The first work is a systematic study of mass transport limitations imposed by the 

zeolite pore topology and diffusion pathlength. These two factors are independently 

assessed via MTH reactions and operando UV-vis study for a set of ZSM-11 and ZSM-

5 zeolites with carefully controlled properties. The set of ZSM-11 catalysts have 

consistent physicochemical properties, but with increasingly smaller crystallite size, 

whereas the ZSM-5 crystal has similar SEM measured size to that of a ZSM-11, but 

with different pore topography. The direct comparison of ZSM-5 and ZSM-11 of similar 

crystal size (from SEM measurements) show a 2-fold increase in catalytic lifetime (from 

conversion versus time-on-stream data) owing to the straight channels of the MEL 

framework which can better facilitate molecular diffusion. Furthermore, a decrease of 

ZSM-11 crystal size from 750 nm to 150nm also resulted in an 8-fold increase in catalyst 

lifetime. Another method of assessing diffusion is also employed to look at mass 

transport properties of the set of catalysts. Transient sorption experiment with probe 

molecule (2,2-dimethylbutane) followed by fitting of sorption curve with spherical 

diffusion model allow for extraction of the characteristic diffusional timescale (D/R2). 

The D/R2 values measured for this set of samples reveal a disparity between measured 
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SEM size and diffusion properties. Notably, although both the ZSM-5 and ZSM-11 have 

similar SEM measured size, defined as the average distance in the [100] and [010] 

directions, they have different D/R2 values, with ZSM-5 having the lower value, 

consistent with the our suggestion that sinusoidal channels can impose increased 

diffusion constraint. Finally, we also established a linear correlation between increased 

D/R2 value (better mass transport) with increased catalyst lifetime (Figure 3.1a). 

 

Figure 3.1. (a) Plot showing the apparent correlation between the characteristic diffusion 

timescale D/R2 and catalyst lifetime. The dashed line is interpolated to guide the 

eye. (b) Total turnovers versus a descriptor that accounts for diffusional constraints. 

 

In another study of SAPO-34 catalysts for methanol-to-olefins (MTO) reactions, we 

prepared a set of SAPO-34 samples diverse in morphology and composition. Here, we 

utilize D/R2 as a functional assessment of averaged size, more sensitive to both 

morphological discrepancies and intracrystalline defects compared to common 

measurements from SEM micrographs. Using a single descriptor, ρH+
° R2/D, which 

accounts for acid site densities and diffusion properties, we showed that catalytic 

lifetime (total turnovers) decreases monotonically with increased ρH+
° R2/D for samples 

with isolated SI speciation (Figure 3.1b). On the other hands, at identical ρH+
° R2/D 

values, samples with siliceous islands (Figure 3.1b, open symbols in pink region) have 

lower total turnovers compared to those with uniquely Si(OAl)4 speciation. This trend 



 

64 

 

is consistent with reported effects of crystallite size, site density, textural properties, and 

speciation on catalytic lifetime of SAPO-34 for MTO reactions. This combined 

descriptor is representative of diffusional constraints resulting from crystallite size, acid 

site density, and Si speciation. The effect of these properties are all manifestations of 

diffusional constraints. Comprehensive reaction-transport analysis of different reactions 

within the MTO complex network illustrate that the total turnovers decrease as a result 

of diffusional constraints regulated by ρH+
° R2/D or Si speciation, and this decrease in 

catalytic performance is due to the different impacts diffusional constraints have on 

dehydrocyclization reactions compared to olefins methylation, methanol transfer 

hydrogenation, and aromatics dealkylation.  

These two studies illustrate the advantage in employing descriptors to account for 

different physicochemical properties of zeolite catalysts. Descriptors such as these 

facilitate side-by-side comparison of catalysts and corresponding reaction data in the 

literature by accounting for variance in catalyst properties. It remains to be determined 

what descriptors are most universal, although we posit there may be a need for multiple 

descriptors to account for the large diversity of zeolite properties. Nevertheless, such 

approaches have the added benefit of identifying possible defects in zeolite catalysts 

that are otherwise difficult to detect by conventional characterization techniques. 

Moreover, universal implementation of this approach would help establish robust 

structure-performance relationships in zeolite catalysis. 

3.2 Motivation 

The high thermal stability, tunable acidity, and shape selectivity of nanoporous 
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aluminosilicate zeolite catalysts have led to their extensive use in commercial processes 

[28]. A common objective in zeolite catalyst optimization is to minimize mass transport 

limitations through the design of either nano-sized or hierarchical materials using a 

range of (post-)synthesis approaches to reduce the internal diffusion path length [5, 33-

41]. Similar outcomes can be achieved by increasing access to external pore openings 

through the preparation of pillared [5, 183] or finned [7] zeolite catalysts; however, 

comparatively fewer studies [19, 125-127, 130, 131] have examined the impact of 

spatial gradients in zeolite composition (Si/Al ratio) on mass transport properties and 

their concomitant effects on catalyst performance. The spatial distribution of aluminum 

in zeolites is oftentimes considered to be homogeneous; however, non-uniform 

distributions of aluminum can exist [18, 19, 121, 184, 185]. Aluminum zoning (Figure 

3.2a) is the most frequently observed wherein aluminum is disproportionately 

concentrated in the exterior rim of the zeolite particle. This phenomenon was first 

reported in large ZSM-5 crystals (80 m) by von Ballmoos and Meier [121]. Multiple 

research groups [18, 19, 184, 185] have observed similar aluminum enrichment in the 

exterior of ZSM-5 crystals using various techniques to map elemental composition, such 

as focused ion beam (FIB) combined with energy dispersive X-ray spectroscopy (EDX), 

synchrotron-based micro X-ray diffraction, and controlled desilication treatment.  

The alternative and less commonly reported configuration is silicon zoning wherein 

the exterior rim of ZSM-5 crystals is enriched in silicon (Figure 3.2a) [186]. The shape 

selectivity of zeolites is derived from Brønsted acid sites located within the confined 

pore network [187]. It has been demonstrated by Mobil, DuPont, and others that post-
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synthesis modification of ZSM-5 catalysts with a siliceous exterior (or passivated 

surface) eliminates non-selective reactions on external surfaces (e.g., enhanced para-

xylene selectivity for xylene isomerization) [188-191] or generates a hydrophobic 

exterior that is beneficial for selected applications (e.g., conversion of biomass to 

chemicals and fuels) [192, 193]. Different methods have been reported in the literature 

to passivate external Brønsted acid sites (e.g., chemical deposition of passivating 

agents); however, these methods often require multistep post-synthesis treatment and 

often sacrifice catalyst activity via pore blockage (i.e., increased mass transport 

limitations) [194, 195]. Post-synthesis dealumination can be used to remove exterior Al 

sites, but this method has deleterious and/or unintended side effects (e.g., generation of 

defects or mesopores, respectively) [196, 197]. In a previous study [22], we have 

developed a systematic method to prepare ZSM-5@silicalite-1 core-shell catalysts 

where silicalite-1 shells of tunable thickness are epitaxially grown on ZSM-5 crystals. 

This approach passivates exterior surfaces without blocking pore openings, thus 

allowing for improved selectivity without sacrificing catalyst activity; however, it 

requires a multistep synthesis procedure that is impractical for industrial applications. 

To this end, it is desirable to produce Si-zoned ZSM-5 via a one-pot synthesis method. 

There is a resurgent interest in characterizing the spatial distribution of acid sites in 

zeolites. The vast majority of these studies have focused on isolated or paired Al siting 

in zeolite frameworks and their catalytic consequences [71, 198]. These variations in 

composition are at a local level, whereas zoning refers to mesoscopic gradients in 

composition. There are few studies of zoning, while its impact on catalyst performance 
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is largely unexplored. In this study, we report methods of preparing both Si- and Al-

zoned ZSM-5 via one-pot syntheses based on the judicious selection of 

organic/inorganic structure-directing agents. We establish catalytic structure-

performance relationships in methanol-to-hydrocarbons (MTH) reactions for zoned H-

ZSM-5 catalysts and those with homogeneous Al distribution where distinct trends 

emerge when introducing an experimentally-derived descriptor that takes into account 

three critical physicochemical properties: mass transport, acid site concentration, and 

surface area. Our findings reveal that the introduction of a siliceous outer layer on Si-

zoned ZSM-5 catalysts leads to an unexpected and dramatic improvement in mass 

transport properties with concomitant enhancement in catalyst performance (i.e., 

lifetime and turnovers) and alteration of the catalytic cycles of MTH reactions. These 

conclusions are drawn from both one-pot syntheses of zoned materials and core-shell 

analogues obtained by secondary growth where it is shown that spatial gradients in 

chemical composition can be used as an effective parameter to optimize zeolites.  

3.3 Experimental Methods 

3.3.1 Materials  

The following reagents were purchased from Sigma-Aldrich: colloidal silica 

(LUDOX SM-30), tetraethyl orthosilicate (TEOS, 98%), aluminum isopropoxide (AIP, 

98%), sodium hydroxide pellets (NaOH, 98%), sodium hydroxide solution (NaOH, 1 

mol/L), sodium chloride (NaCl, 99.5%), potassium chloride (KCl, 99%), silica gel 

(Davisol Grade 636, 35-60 mesh size), and pyridine (99.8%, anhydrous). The following 

reagents were purchased from Alfa Aesar: sodium aluminate (NaAlO2, technical grade) 
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and tetrapropylammonium hydroxide (TPAOH, 40%). Additional reagents used for the 

synthesis of ZSM-5 include fumed silica (Cab-O-Sil M-5, Spectrum Chemical). 

Deionized (DI) water was produced with an Aqua Solutions RODI-C-12A purification 

system (18.2 MΩ). All reagents were used as received without further purification. For 

reaction testing, methanol was purchased from Sigma Aldrich (ChromaSolv, 99.9%), 

and argon, oxygen and nitrogen gases were purchased from Matheson with UHP grade 

(99.999%). 

3.3.2 Synthesis and catalyst preparation of ZSM-5 zeolites 

The ZSM-5 zeolites using an OSDA-based method were synthesized from a growth 

solution with a molar composition of 24 TPAOH: 100 SiO2: 1.25 Al2O3: 0.4 Na2O: x 

NaCl (KCl): 1920 H2O: 400 EtOH, where x was varied between 0 to12. NaOH, 

NaCl/KCl (if necessary), and TPAOH were mixed with DI water followed by the 

addition of the silica source, colloidal silica (SM30). EtOH were added to the mixture 

before the aluminum source, AIP, was introduced. The mixtures were aged at room 

temperature for 24 h under continuous stirring. The growth solutions were then placed 

in a Teflon-lined stainless steel acid digestion bomb (Parr Instruments) and heated at 

100 °C under autogenous pressure for 72 h.  

The synthesis of ZSM-5 zeolites in a medium of fixed total SDA content (Na+ and 

TPA+) was performed using a growth solution with a molar composition of x TPAOH: 

100 SiO2: 1.67 Al2O3: (32-x) NaOH: 4570 H2O (where x = 0 – 28.8). The ZSM-5 

zeolites using the same method with a fixed total inorganic SDA content (Na+ and/or 

K+) were synthesized from a growth solution with a molar composition of x TPAOH: 
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100 SiO2: 1.67 Al2O3: (32-x) NaOH: x NaCl or KCl: 4570 H2O (where x = 7.4 – 28.8). 

The reagents NaOH, TPAOH, NaCl (and KCl), and the aluminum source (NaAlO2) 

were mixed with DI water followed by the addition of the silica source (colloidal silica 

SM30). The mixtures were aged at room temperature for 1 h under continuous stirring. 

The growth solutions were then placed in a Teflon-lined stainless steel acid digestion 

bomb (Parr Instruments) and heated at 190 °C under autogenous pressure for 24 h.  

The synthesis of core-shell ZSM-5 follows a previously published protocol[22]. 

Shell growth solution of 14 TPAOH: 17 SiO2: 9500 H2O is chosen to generate the 

thinnest shell. Similarly, synthesis of inverse core-shell zeolites involves the use of a 

silicalite-1 core, generated using a growth solution 0.3 TPAOH: 1 TEOS: 35 H2O based 

on a published protocol [199]. The synthesis was performed at 170oC for 3 d. The 

aluminum containing shell is grown using the following molar composition of 20 

TPAOH: 4 Na2O: 100 SiO2: 2.5 Al2O3: 4000 H2O. The growth solution was aged for 2 

h before silicalite-1 core was added to get a 10 wt% suspension. The synthesis was 

performed under rotation at 120oC for 2d, following by an annealing process in cited 

procedure.  

Crystals were isolated from the supernatant by three cycles of centrifugation, dried 

at room temperature in air, and then calcined in flowing dried air (100 mL min-1, 

Matheson Tri-Gas) at 550 C (heating and cooling rates of 1 C min-1) for 5 h. Ion 

exchange was performed three times using a 1 M NH4NO3 solution (2 wt% of calcined 

samples in solutions), which was heated at 80 C under continuous stirring for 2 h. The 

exchanged samples were dried and calcined by the same procedure described above to 
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obtain H-form zeolites.  

3.3.3 Time-elapsed study of synthesis 

To examine the crystallization process, we followed previously outlined synthesis 

procedure and divided one synthesis solution into four different autoclaves. The 

autoclaves were placed in an oven at set temperature and were each removed and 

quenched at periodic times (ca. 3, 6, 12, and 24 h). The supernatant was separated from 

the solids by centrifugation and diluted with a recorded dilution factor prior to elemental 

analysis by ICP-MS.  

3.3.4 Characterization of ZSM-5 zeolites  

Powder X-ray diffraction (XRD) patterns were collected on a Rigaku diffractometer 

using Cu K radiation (40kV, 40 mA) to verify the crystallinity and topology of the 

catalysts. Nitrogen physisorption experiments were performed on a Micromeritics 

ASAP 2020 instrument at 77 K to calculate micropore volumes (t-plot method) and BET 

surface area. Transient sorption experiments with 2,3-dimethylbutane were performed 

by the Bhan Group (U. Minnesota), and collected data was fitted following a previously 

reported procedure [24, 148] to obtain the characteristic diffusion timescale R2/D. 

Scanning electron microscopy (SEM) was conducted at the Methodist Hospital 

Research Institute in the Department of Nanomedicine SEM Core using a Nova 

NanoSEM 230 instrument with ultrahigh resolution FESEM (operated at 15 kV and a 

5mm working distance). The overall Si/Al ratio was determined by inductively coupled 

plasma optical emission spectrometry (ICP-OES) analysis at Galbraith Laboratories 

(Knoxville, TN). Energy dispersive X-ray spectroscopy (EDX) was performed using a 
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JEOL SM-31010/METEK EDAX system at 15 kV and 15 mm working distance. X-ray 

photoelectron spectroscopy (XPS) analysis of samples was performed using a PHI 5800 

ESCA (Physical Electronics) multitechnique system equipped with a standard an 

achromatic Al K X-ray source (1486.6 eV) operating at 300 W (15 kV and 20 mA) 

and a concentric hemispherical analyzer. The equipment neutralizer component was 

utilized to reduce charging effects. All data were collected at a 45 takeoff angle.  

3.3.5 Characterization of zoning in ZSM-5 zeolites  

We used a combination of two elemental analysis techniques, EDX and XPS, to 

characterize the spatial distribution of elements in ZSM-5 zeolites. The average bulk 

chemical composition of ZSM-5 crystals was estimated by EDX, which has a sampling 

depth around two micrometers. The chemical composition of the outer rim of zeolite 

crystals was evaluated by XPS, which is a surface-sensitive technique with a sampling 

depth of only a few nanometers. Using the atomic percentages of aluminum and silicon, 

we define the percentage of aluminum occupying tetrahedral (T) sites as  

Ali =
(Al atom%)

(Al atom%)+(Si atom%)
,        (3.1) 

where i = bulk or surface based on EDX or XPS measurements, respectively. Herein, 

we use the ratio Alsurface/Albulk as a descriptor for the spatial aluminum distribution in 

ZSM-5 zeolites. When this ratio is greater than one, aluminum is disproportionately 

concentrated at the surface of ZSM-5 crystals compared to the bulk, leading to Al-

zoning. On the contrary, a ratio less than one signifies Si-zoning. 

3.3.6 Characterization of Al gradient in ZSM-5 zeolites 

We used variable kinetic energy X-ray photoelectron spectroscopy (VKE-XPS) to 
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probe the change in Si and Al contents as a function of depth into the crystals. VKE-

XPS was performed at NSLSII (Brookhaven National Laboratory, Upton, NY) at 

beamline 7-ID-2 with an HAXPES endstation. The powder form of samples was 

deposited onto carbon taped with a thin layer of carbon coating to reduce charging 

effect. Samples were taped onto a sample holder rod and installed in the vacuum 

chamber overnight. A neutralizer was also used to further prevent shift in binding energy 

due to charging effect. An L2 plane mirror was used for large (mm scale) spot size for 

spectra collection, with pass energy of 500 eV and a take-off angle of 80o. Ag3d 

spectrum was collected after every photon energy change to calculate actual ionization 

energy. Each sample sweep was for 0.5 to 1 h with a time ratio of 1:30 of Si1s to Al1s. 

The collected spectra were integrated using the Scienta program (IgorPro), and the peak 

areas were subsequently corrected with Scofield cross-section (NIST XCOM database) 

for Si/Al calculation. Inelastic mean free path (IMFP, λ) was calculated from 

corresponding Si1s and Al1s kinetic energy at each photon energy (eV) using relativistic 

equation TPP2M formula in the QUASES program) for SiO2 and Al2O3. The 

information depth was then calculated from IMFP using the following equation:      

                   Information depth = 3λcos(θ𝑝ℎ𝑜𝑡𝑜𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛).                            (3.2) 

3.3.7 Measurement of shell thickness for zoning analogues  

To approximate shell thickness of the core-shell and inverse core-shell samples, we 

used dynamic light scattering (DLS) to obtain the average hydrodynamic diameter. 

Initially, a small amount of sample was dispersed into DI water and sonicated at 8W for 

5 – 10 min. The solution was then filtered through a 250 µm membrane, further diluted 



 

73 

 

with DI water, and placed in a clean glass vial. The level of dilution was adjusted to 

ensure a scattering count rate within 100 to 400 kcps. The glass vial was placed in a 

filtered decalin bath sample holder housed within a Brookhaven Instruments BI-200SM 

DLS equipped with a HeNe laser (637nm) and TurboCorr Digital Correlator. A total of 

eight measurements (2 min each) was taken for each sample at 25 °C. The 

autocorrelation functions collected were analyzed using the method of cumulants in the 

Brookhaven Instruments Corporation DLS software. The shell thickness of the core-

shell sample ZSM-5@silicalite-1 was estimated from differences in the hydrodynamic 

diameters of core (C-0.2) and core-shell (CS-0.2). The shell thickness of the inverse 

core-shell sample silicalite-1@ZSM-5 was calculated similarly from the silicalite-1 core 

and the core-shell sample (ES-0.3).  

3.3.8 Characterization of Al species and acid sites 

Aluminum speciation was determined from 27Al MAS NMR spectra collected at a 

spinning frequency of 12.5 kHz, pulse of π/12, relaxation delay of 0.8s, and 4K scans at 

11.7T on a JEOL ECA-500 spectrometer.[127] We quantified the total number of acid 

sites with temperature-programmed desorption of ammonia (NH3-TPD) on a 

Micromeritics Autochem II 2920 equipped with a TCD detector. Approximately 100 

mg of catalyst sample was degassed for 1 h at 600 °C before being cooled down to 100 

°C for ammonia adsorption. At saturation, the sample was flushed with He for 120 min 

before we ramped up the temperature to 600 °C at a rate of 10 °C /min while 

concurrently monitoring the desorbed ammonia with the TCD detector. To identify the 

types of acid sites (i.e., Lewis and Brønsted), we conducted pyridine-adsorbed Fourier-
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transform infrared spectroscopy (pyr. FTIR). We first collected background spectrum 

at room temperature for a high temperature cell equipped with KBr windows using a 

Nicolet 6700 FTIR spectrometer. Subsequently, approximately 20 mg of sample was 

pelletized and placed in the cell. The configuration was installed in the spectrometer and 

connected to heated N2 gas lines (150 °C). The cell was heated to 550 °C for 2 h to 

eliminate adsorbed moisture in the sample before being cooled down to 200 °C for the 

adsorption experiment. Parent spectrum is collected before increment of 1 l anhydrous 

pyridine (Sigma Aldrich) was injected into the heated N2 stream (Matheson, 50 cm3 

min-1). Spectra were collected 5 min after each injection until saturation, and the final 

spectrum was collected after purging for 2 h with N2. The subtracted results from the 

final and parent spectra were analyzed using OMNIC software with peaks assigned to 

Brønsted and Lewis acid sites at 1545 and 1450 cm-1, respectively [200]. The corrected 

peak area was used to obtain the percentages of Brønsted and Lewis acid sites.  

3.3.9 Reaction testing  

Methanol-to-hydrocarbon (MTH) reaction was carried out in a 0.25 in. stainless 

steel tube installed in a VTS clamshell furnace, equipped with a Watlow controller. All 

catalysts (40 – 60 mesh size) were diluted with silica gel (Davisol Grad 636; 35 – 60 

mesh size) and held between two plugs of quartz wool. A K-type thermocouple (Omega 

Engineering) was inserted into the stainless tube to measure the temperature of the 

bottom of the catalyst bed. Prior to the reaction, the catalyst bed was pretreated in situ 

at 550 C for 3 h under flow of dried air (Matheson, 6 cm3 min-1 of O2, 24 cm3 min-1 of 

N2). The catalyst bed was then cooled to the reaction temperature, 350 C. Methanol 
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was fed by a syringe pump (Harvard Apparatus) into a heated inert gas stream of Ar 

(Matheson, UHP) to achieve a methanol partial pressure of 11.5 kPa. The molar space 

velocity is varied in the range of 0.18 – 0.30 s-1 for the set of homogeneous and zoning 

samples, and in the range of 0.77 – 1.23 s-1 for the set of core, core-shell, and inverse 

core-shell samples. First data point was collected after 20 min time on stream (TOS). 

Reaction effluent was evaluated using an on-stream gas chromatograph (Agilent 7890B) 

equipped with a FID detector and an Agilent DB-1 capillary column. Methanol and 

dimethyl ether (DME) are considered as reactant with the conversion X defined as  

          X = [1 − Ceff Cfeed⁄ ] × 100%         (3.3) 

where Ceff is the concentration of both methanol and DME in the effluent and Cfeed is 

the concentration of methanol in the feed. The selectivity Si of hydrocarbon product i is 

defined as 

  Si = [Ci Ct,eff⁄ ] × 100%        (3.4) 

where Ci is the concentration of hydrocarbon i in the effluent and Ct,eff is the total 

concentration of hydrocarbons in the effluent. Turnover number (TON) is calculated for 

a period of TOS based on previously reported equation[24]: 

                              TON(t) =
1

NH+
∫ F(τ)dτ

t2

t1
                                               (3.5) 

where Nacid site is the total number of Brønsted acid sites (from NH3-TPD and pyr. FTIR 

data), F(τ) is the molar flow rate of converted carbon (methanol and dimethyl ether), 

and t is TOS.  

3.3.10 Operando UV-vis spectroscopy with on-line gas chromatography 

The hydrocarbon pool active species and related coke compounds formed during the 
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MTO processes were determined using operando UV-vis spectroscopy.[201] Operando 

UV-vis spectra were obtained using an AvaSpec 2048L spectrometer connected to a 

high-temperature UV-vis optical fiber probe, which was used to collect spectra in 

reflection mode. The measurements were performed in the wavelength range of 200 – 

1000 nm (11000 – 50000 cm-1 in wavenumber) using a high-temperature UV-vis probe 

provided by Avantes. The probe comprises one excitation and one collection optical 

fiber with a size diameter of 400 μm and length of 1.5 m, which are placed in a stainless 

steel protection sleeve. The probe was connected to a deuterium-halogen light source 

and an AvaSpec 2048 UV-vis spectrometer. The probe was custom-made to operate at 

temperatures up to 873 K. The spectra were saved every 30 s, with 100 accumulations 

of ~50 ms exposure time each. Catalytic testing was done in a fixed-bed quartz reactor. 

The catalyst powder was pressed to give pellets, followed by crushing and sieving. The 

212–425 μm fraction was used for catalytic testing. Prior to the reaction the same 

amount of catalysts and silica gel as those in the catalytic testing was loaded and 

activated 550 C for 3 h under 100% oxygen and then cooled to 350 C. The weight 

hourly space velocity (WHSV) of methanol was kept at 9 g g-1 h-1 by flowing He gas 

through a methanol saturator, which was kept at a temperature of ~293 K. The 

temperature of the reaction was varied between 573 and 723 K. Analysis of the reactant 

and reaction products was performed with online gas chromatography (Interscience 

Compact GC), equipped with an Rtx-wax and Rtx-1 column in series and an Rtx-1, Rt-

TCEP and Al2O3/Na2SO4 in series, both connected to an FID detector.  
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3.4 Results and Discussion 

3.4.1 Synthesis of Zoned ZSM-5 Crystals 

We selected two reported protocols for synthesizing ZSM-5 in growth mixtures 

comprised almost solely of an organic (i.e., tetrapropylammonium, TPA+) [22] or 

exclusively with an inorganic (Na+)[202] structure-directing agent. The conditions of 

these two syntheses also differ with respect to temperature (100 vs. 190°C, respectively) 

and silicon source (tetraethylorthosilicate vs. colloidal silica, respectively). Elemental 

analysis using a combination of EDX and X-ray photoelectric spectroscopy (XPS) were 

performed to assess the Si/Al ratio of the entire crystal (bulk) and the outermost layer 

(surface). Both reference protocols yield ZSM-5 zeolites with a homogeneous 

distribution of Al, as indicated by equivalent bulk and surface Si/Al ratios. Interestingly, 

modifications of the synthesis composition to generate mixtures of both organic and 

inorganic SDAs resulted in the formation of zoned ZSM-5 materials where the degree 

of zoning increases monotonically as the ratio of SDAs approaches 50/50 

organic/inorganic (Figure 3.2b and c). For syntheses in organic-rich media at lower 

temperature, the combination of TPA+/Na+ results in Al-zoned ZSM-5 (Figure 3.2b), 

whereas for inorganic-rich media at higher temperature the combination yields Si-zoned 

ZSM-5 (Figure 3.2c). For comparison, we tested the effect of partially replacing Na+ 

with K+, which has been shown to enhance the rate of ZSM-5 crystallization and alter 

Al incorporation [203, 204]. Our findings reveal similar trends in Si/Al ratio for both 

alkali metals; however, further characterization of select samples reveal distinct 

differences in their physicochemical properties, as discussed later. 
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Figure 3.2. (a) Idealized depiction of Al- and Si-zoning in zeolite ZSM-5. (b) Ratio of 

Alsurface/Albulk as a function of organic SDA fraction (TPA+) in the growth mixture. 

Compositions of each sample are provided in Tables B1, B2, and B3.  

 

Herein we focus on six samples using a naming convention for zeolites with a 

homogeneous Al distribution (Hx-y), Al-zoning (A-y), and Si-zoning (Sx-y) where x 

refers to the sample number and y refers to the effective crystal size (in microns). 

Powder X-ray diffraction (PXRD) patterns of all samples (Figs. S1 – S3) confirm the 

MFI framework structure of ZSM-5 without evidence of any impurities or residual 

amorphous material. Scanning electron microscopy (SEM) images of zeolite samples 

(Figure 3.3) reveal a distribution of crystal size and morphology. The Al-zoned sample 

(A-4) has the smallest crystal size (Figure 3.3a, ca. 1 m). Homogenous samples exhibit 

similar size by SEM, but disparate morphology depending on synthesis conditions: 

spheroidal shapes obtained from a TPA+-rich mixture (H1-3, Figure 3.3b) and faceted 

coffin-shapes with observable twinning from a Na+-rich mixture (H2-6, Figure 3.3c). 
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The Si-zoned samples (S1-1, S2-1, and S3-2) exhibit similar morphology with 

differences in crystal size spanning 3 – 12 m (Figures 3.3d – f, respectively). One 

notable distinction among Si-zoned samples is the presence of faceted layers, or 

macrosteps, on the surfaces of the larger crystals (S2-1 and S3-2). 

 
Figure 3.3. SEM images of (a) Al-zoned sample A-4, (b and c) homogeneous samples H1-3 

and H2-6, and (d – f) Si-zoned samples S1-1, S2-1, and S3-2. All syntheses were 

performed at 190°C, with the exception of sample A-4 (100°C).  

 

Few studies in literature have reported the direct synthesis of Si-zoned ZSM-5 [130, 

131, 205]. Although the exact mechanism of formation is unknown, we posit the origin 

of Si-zoning is related to the relative rates of Si and Al depletion from growth media at 

various stages of crystallization compared to ZSM-5 samples with homogeneous Al 

distribution. To test this hypothesis, we conducted time-resolved measurements of 

supernatant Si and Al composition over a 24-hour period of hydrothermal treatment at 

190°C (Figure B4). For synthesis mixtures leading to a ZSM-5 product with 

homogeneous Al distribution (e.g., H1-3), the supernatant solution after only 3 hours of 

heating contains ca. 776 mM of dissolved Si and Al with a Si/Al ratio of 43. Analysis 
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of PXRD patterns (Figure B5a) over the course of the full time period indicates that 

crystallization is nearly complete by 3 hours; however, corresponding SEM images 

(Figure B6a – d) reveal morphological changes between 3 and 24 hours that is 

seemingly associated with a ripening process based on the fact that crystal structure is 

unchanged and there is only a small shift in the elemental composition (Si/Al ratio) of 

extracted solids from 31 ± 5 (at 3 hours) to 26 ± 2 (at 24 hours). Conversely, the 

crystallization of Si-zoned ZSM-5 (e.g., S2-1) is much slower, such that the extracted 

solids after 3 hours are largely amorphous (Figure B5b). The corresponding supernatant 

solution contains much less dissolved solute (ca. 229 mM of Si and Al) with a Si/Al 

ratio of 429 (Figure B4). Analogous to time-resolved images during H1-3 synthesis, 

the morphology of extracted solids during S2-1 synthesis exhibit subtle changes in 

surface topography (Figures B6e – h). Collectively, these studies seem to indicate that 

a binary mixture of TPA+/Na+ shift the equilibrium such that there is a reduced 

concentration of dissolved solute that is enriched with silicon, which likely facilitates 

the formation of Si-zoned samples; however, a fundamental understanding of this 

phenomenon is unresolved.  

Depth profiling of Si/Al ratio was conducted with variable kinetic energy X-ray 

photoelectron spectroscopy (VKE-XPS). In these experiments the effect of charging can 

shift the binding energy of the samples, making it difficult to ascertain oxidation state, 

yet the intensity of each peak (semi-quantitatively correlated to Si and Al content) 

clearly demonstrates an increase in Al content with increasing probing depth into the 

crystal (i.e., increased photon energy) (Figure 3.4a). The binding energy (EB, x-axis) is 
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plotted relative to the binding energy of spectra collected at a photon energy of 3003 eV 

(EB0 = 1839.2eV for Si1s and 1559.2 eV for Al1s). The integrated peaks were used to 

calculate Si/Al ratios of each sample as a function of photon energy and information 

depth (Figure 3.4b), taken as 3 times the inelastic mean free path (IMFP). There is an 

obvious decrease in Si/Al with increased information depth for the three Si-zoned 

samples, as expected for Si-zoned samples with a siliceous exterior and higher Al 

content toward the interior. Notably, Si-zoned sample S2-1 shows a sharper decrease in 

Si/Al which is indicative of a thinner siliceous region in comparison to samples S1-1 

and S3-2. One distinguishing feature of the S2-1 synthesis relative to those of S1-1 and 

S3-2 is the absence of potassium in the growth mixture, which may account for its 

thinner region of Si zoning. 

Table 3.1. Physicochemical properties of H-ZSM-5 samples selected for catalyst testing 

Catalyst 

sample a 

RA 

(µm) 

RE 

(µm) 

Alrati

o 

S/B 
b 

BET 

SA 

(m2/g) 

Vmicro 

(cm3/g

) 

Si/Al 
c 

Cacid d 

(µmol/g

) 

Acid type e 

(%)  EFAl 
f 

(%) B L 

A-4 1.1 3.8 1.7 409 0.08 28 531 na g na g 12 

H1-3 4.0 2.9 1.04 405 0.12 28 673 82 18 6 

H2-6 4.0 6.4 0.88 370 0.12 21 941 88 12 7 

S1-1 3.0 1.2 0.27 431 0.12 29 730 85 15 7 

S2-1 8.0 1.3 0.32 403 0.12 37 578 83 17 3 

S3-2 12.0 1.6 0.42 416 0.12 29 773 85 15 6 

C-0.2 0.2 1.6 1.0 518 0.14 40 435 68 32 4 

CS-0.2 0.2 1.2 0.78 516 0.15 46 327 71 29 3 

ES-0.3 0.3 1.5 3.07 440 0.12 59 152 79 21 6 

a A = Al-zoned, H = homogeneous, S = Si-zoned, C = core, CS = core-shell (ZSM-5@silicalite-1), ES = eggshell (silicalite-1@ZSM-

5); b S/B = surface-to-bulk Al ratio; c ICP-OES; d NH3 –TPD, Fig. B9; e Measured by pyridine FTIR where B = Brønsted acid sites 
and L = Lewis acid sites; f Measured by 27Al MAS NMR, Fig. B10; g Not quantifiable due to negligible adsorption of pyridine 
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3.4.2 Comparison of Catalyst Performance 

As-synthesized ZSM-5 samples were ion exchanged with NH4
+ and calcined to 

produce Brønsted acids (H-form) catalysts. The physicochemical properties of all 

corresponding H-ZSM-5 catalysts used in MTH reactions are provided in Table 3.1. 

Textural analysis (Figure B8) reveals similar values for all samples with the exception 

of Al-zoned A-4, which has lower micropore volume. Sample A-4 also has higher extra-

framework Al (EFAl) content (i.e., approximately twice that of the other samples). 

Elemental analysis by ICP-OES reveals a relatively narrow range of Al content (Si/Al 

= 21 – 37). The apparent crystal size, RA, of each sample estimated from SEM images 

is reported in Table 3.1; however, we also determined an effective size, RE, using a 

reported protocol [24, 148] where the effective diffusion timescale (D/RE
2) was 

measured from 2,3-dimethylbutane sorption experiments (Figure B7, where D is an 

effective diffusion coefficient measure for silicalite-1 at 110oC from literature [206]). A 

detailed discussion of these measurements is provided in the Methods. Interestingly, 

there are noticeable differences between sizes estimated from microscopy and sorption 

measurements. A parity plot in Figure 3.4c reveals that the Si-zoned samples have 

effective sizes that are much less than their apparent sizes from SEM images (i.e., as 

much as 8-fold less), whereas the Al-zoned sample has a larger RE (ca. 4-fold larger) 

that seems to indicate the presence of defects resulting in mass transport restrictions 

(consistent with its notably lower microporous volume). For comparison, we also 

plotted values reported by Bhan and coworkers [27, 148] for ZSM-5 catalysts spanning 

a broad range of sizes (RA = 2 nm to 17 m). Among all reported samples, the two 
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measured dimensions vary between being either nearly equivalent or having smaller RE 

that are within a 2-fold difference. Homogeneous sample H1-3 falls close to the parity 

line, whereas homogeneous sample H2-6 is one of the only examples among those in 

Table 3.1 (with the exception of A-4) to have an effective size larger than its apparent 

size. 

   
 

Figure 3.4. (a) Raw VKE-XPS spectra for sample S2-1 for other samples (Figures B11 and 

B12). (b) Si/Al from XPS depth analysis for 5 samples. (c) Parity plot in log scale 

of RE against RA. (d) Conversion of MeOH and DME versus cumulative turnovers. 

 

Catalyst performance in the MTH reaction (Figure 3.4d) was assessed at sub-

complete conversion (< 96%) using a similar molar contact time for all samples. As a 

proxy for time on stream (TOS) we use the cumulative turnovers (Eq. 3.5 in Methods) 

to compare all six catalysts. Surprisingly, all Si-zoned samples markedly outperform 

homogeneous sample H1-3 with lifetimes extended by as much as 4-fold. The activity 
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of the Al-zoned sample is slightly prolonged at early TOS but exhibits the fastest rate 

of deactivation (i.e., slope of the linear regions in Figure 3.4d). There are distinct 

differences between the two homogeneous samples, with H2-6 being less stable (ca. 2-

fold less than H1-3). One factor that can explain the poor performances of both H2-6 

and A-4 is their large RE relative to RA, which is indicative of diffusion limitations 

imposed by defects that compromise catalyst lifetime (as discussed later). Another 

interesting observation is the exceptionally long lifetime of S2-1 among the three Si-

zoned samples, despite having an intermediate value of RA (ca. 8 m) and comparable 

RE to S1-1. One factor that may contribute to its superior performance is the relatively 

thin region of silicon zoning, as indicated by VKE-XPS (Figure 3.4b). 

To facilitate side-by-side comparisons of catalysts in a manner that accounts for the 

variability of physicochemical properties listed in Table 3.1, we introduce a structure-

performance descriptor, 𝑅𝐸  𝐶𝐻+  𝑆𝐴
−1, that is inspired by approaches reported by Bhan 

[25, 27] and Gascon [207] with slight modification. The descriptor used here accounts 

for mass transport (RE, or diffusion path length) and total acid sites, analogous to Bhan’s 

approach where the parameter 𝐶𝐻+ used here is the total concentration of Brønsted acid 

sites measured from combined NH3 TPD and pyridine FTIR. We also account for the 

BET surface area, SA, used by Gascon, which yields a descriptor with units of moles 

Brønsted acids per unit length, in close agreement with the descriptor that was 

mathematically derived by Bhan (i.e., number of Al sites per unit length) [27]. Using 

the turnover number (TON) as a quantitative measure of catalyst lifetime, we assessed 

the performance of each catalyst in Figure 3.5a along with repeat samples and found 
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that trends were absent when comparisons were made on the basis of individual 

properties (e.g., RE, 𝐶𝐻+, etc.); however, a clear trend emerges when data are plotted in 

log-log scale as a function of the descriptor (Figure 3.5a), which is qualitatively 

consistent with a trend reported for SAPO-34 catalysts in the MTH reaction [25]. The 

indicator E/2MBu for the dual cycle mechanism representing the ratio of ethene to the 

sum of 2-methylbutane and 2-methylbutene (2MBu) is plotted in Figure 3.5b (log-log 

scale) as a function of the descriptor where we observe a decrease in E/2MBu ratio with 

decreasing values of the descriptor, in accordance with reported trends for ZSM-5 

catalysts in MTH reactions (Figure B13) [27]. 

The data in Figure 3.5 is one of the few examples where trends in lifetime and 

selectivity are directly compared as a function of catalyst properties. Interestingly, we 

see an inverse relationship where increased TON is correlated with reduced E/2MBu 

ratio, indicating the olefin-based cycle is promoted at lower values of 𝑅𝐸  𝐶𝐻+  𝑆𝐴
−1. The 

physical meaning of the descriptor is the total number of acid sites that a molecule 

encounters over the net diffusion path length. Previous studies have shown how each 

factor (Al content and effective size) individually impacts the propagation of olefin and 

aromatic cycles. These trends are consistent when coupling both effects within the 

descriptor, irrespective of gradients in Al distribution among homogeneous or Si-zoned 

samples; however, the Al-zoned sample (A-4) appears to defy the trend given that its 

E/2MBu ratio is equivalent to the Si-zoned S1-1 while there is a 4-fold difference in 

TON values. This highlights the capability of this descriptor to identify outliers among 

catalyst samples. Another observation along these lines is the use of the descriptor to 
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identify the impact of synthesis conditions on catalyst performance. For instance, the 

two homogeneous samples were prepared using growth solutions with predominant 

organic (H1-3) or inorganic (H2-6) SDAs, where the latter synthesis protocol generates 

a less effective catalyst. Alternatively, the two Si-zoned catalysts with lower turnover 

number (samples S1-1 and S3-2) were prepared from growth mixtures containing Na+, 

K+, and TPA+ (compared to Na+ and TPA+ for S2-1), suggesting the presence of K+ 

extends the region of silicon zoning (Figure 3.4b) that likely impacts catalyst lifetime 

(Figure 3.4d). 

 
Figure 3.5. (a) Turnover number for H-ZSM-5 catalysts calculated from conversion vs. time on 

stream data (Figure B14) and (b) E/2MBu as function of the descriptor 

𝑅𝐸  𝐶𝐻+  𝑆𝐴
−1. Zoned trend line is qualitatively consistent with that reported in 

literature (Figure B13). 
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3.4.3 Deactivation Mechanism of H-ZSM-5 Catalysts 

To further understand the catalytic behaviors of these samples, operando UV-Vis 

diffuse reflectance (DR) spectroscopy was utilized to follow the evolution of reactive 

intermediates, or hydrocarbon pool (HP) species, as well as coke (internal and external) 

[1, 24, 201, 208]. The catalysts are tested in a packed-bed reactor configuration where 

time-resolved UV-Vis spectra of the catalyst are collected during reaction. Here we 

correlate three regions of the spectra in generic groupings of HP species (Figure 3.6a, 

blue region), internal coke species (Figure 3.6a, yellow region), and external coke 

species (Figure 3.6a, gray region).  

 
Figure 3.6. (a) UV-Vis bands corresponding to species during the MTH reaction [1]. (b) 

Operando UV-Vis spectra of selected samples. Changes of the intensity ratio of 

(c) internal coke-to-HP species as a function of TOS and (d) of the intensity ratio 

of external-to-internal coke species.  

 

Comparison of UV-Vis spectra for representative homogeneous (H1-3) and Si-



 

88 

 

zoned (S2-1) samples after 9990 s of MTH reaction at 350 °C (Figure 3.6b, see Figure 

B15 for the full set of samples) reveal a significant reduction in external coke species 

relative to HP species for the zoned catalyst. Using select peaks in each spectrum (Table 

S6) we report a ratio of internal coke to HP species (Figure 3.6c) for four samples (see 

Figure B16 for others). The Si-zoned catalyst (S2-1) has the lowest intensity ratio 

among all samples, which is qualitatively consistent with its longer lifetime (Figure 

3.4d). The presence of a siliceous exterior also suppresses the formation of external 

coke, which is evident in the ratio of external to internal coke species (Figure 3.6d). 

Again, the Si-zoned catalyst exhibits the least degree of external coking compared to 

other samples. Similar suppression of internal (Figure B16a) and external (Figure 

B16b) coke is observed for the other two Si-zoned samples (S1-1 and S1-2); however, 

sample S2-1 stands out as having the lowest ratios of coke species, which is also 

reflected in its TON being 2-fold higher than other Si-zoned samples (Table S3.5). The 

exceptional performance of S2-1 among Si-zoned samples can be ascribed to its lower 

overall Brønsted acid concentration (Table 3.1), which is also reflected in its lowest 

𝑅𝐸  𝐶𝐻+  𝑆𝐴
−1 value (Figure 3.5). An additional contributing factor may be the thinner Si-

rich exterior region of S2-1 (Figure 3.4b). 

There are clear differences between the homogeneous samples where the one 

prepared with Na+ (H2-6) has a lower TON and larger RE than the one prepared with 

TPA+ (H1-3). The former has the highest ratio of internal to HP species (Figure 3.6c) 

with a distinct maximum observed at early TOS. The preferential deactivation of H2-6 

by internal coking can be interpreted as an initial buildup of coke species due to 
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diffusion limitations; and with time a larger fraction of coke precursors reach the 

external surface, leading to a delayed increase in external coke (Figure 3.6d). The 

disparity in size (RE > RA) for H2-6 (Figure 3.4c) is suggestive of crystalline defects. 

This is consistent with a prominent broad band observed in the FTIR spectrum of H2-6 

(Figure 3.7a) in the region associated with internal silanols (ca. 3650 – 3720 cm-1). 

Bands have been assigned [200] to external silanols (ca. 3745 cm-1), internal silanols (3720-

3710 cm-1), partially extra-framework Al (ca. 3665 cm-1), Brønsted acid sites (ca. 3615 cm-1), 

and silanol nests (ca. 3500 cm-1). The presence of internal silanols have previously been 

correlated with deactivation where Beato and coworkers [209] refer to these sites as 

internal defects that can slow diffusion of hydrocarbon products and/or stabilize the 

adsorption of coke precursors. In a separate study, Valtchev and coworkers also 

demonstrate that ZSM-5 with less internal silanols have better activity and resistance to 

deactivation [210]. The other sample (H1-3) has fewer internal silanols (Figure 3.7a) 

and less diffusion limitations (as inferred by RE ≈ RA in Figure 3.4c); therefore, this set 

of homogeneous H-ZSM-5 catalysts provides evidence that an increased number of 

crystalline defects can shift the predominant mode of deactivation from external (H1-3) 

to internal (H2-6) coking.  
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Figure 3.7. (a) Spectra in the range of 3900-3400 cm-1 for H-form samples before pyridine 

adsorption. (b) Spectra in the range of 1600-1400 cm-1 after pyridine adsorption.  

 

Operando UV-Vis spectroscopy data for the Al-zoned sample (A-4) diverges from 

the above interpretations. This can be explained on the basis of diffusion limitations 

(RE/RA ≈ 4) that leads to a short lifetime (Figure 3.4d) and a TON that is comparable 

to defective H2-6 (Table B5). Interestingly, the ratio of internal coke to HP species for 

A-4 is lower than both homogeneous samples (Figure 3.6c) and its external-to-internal 

coke ratio is nearly equivalent to that of H2-6 (Figure 3.6d). The intermediate levels of 

internal and external coking for A-4 complicate the assignment of its predominant mode 

of deactivation. Acid site titration by pyridine-FT-IR spectroscopy yields a low-

intensity spectrum in which the relative percentages of Brønsted and Lewis acids cannot 

be resolved. This suggests pore narrowing and/or pore blockage in Al-zoned samples, 

which could be associated with its relatively high percentage of extra-framework Al 

(Table 3.1) or may reflect partially-coordinated framework Al that was previously 

reported for Al-zoned ZSM-5 [127]. These defective Al sites impose extreme diffusion 
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limitations that promote internal coking and leads to lower external coking than 

expected on the basis of high Al concentration at the catalyst surface (Table 3.1). 

Similar ratios of internal coke to HP species for Al- and Si-zoned samples observed in 

Figure 3.6c may be attributed to an inaccessible fraction of active sites in sample A-4 

as a result of defective Al, which could explain why the poor performance of Al-zoned 

ZSM-5 deviates from the trends of other catalysts (Figure 3.5). 

3.4.4 Analogues of Zoned ZSM-5 

To demonstrate the efficacy of Si-zoning as a post-synthesis modification method, 

we synthesized a ZSM-5@Silicalite-1 core-shell catalyst (Figure 3.8a) as a Si-zoned 

analogue wherein a shell of silicalite-1 (siliceous MFI) was epitaxially grown on a 

homogeneous ZSM-5 parent crystal (core) using a previously reported protocol [22]. 

Standard characterization of both the core (sample C-0.2) and core-shell (sample CS-

0.2) was performed (Table 3.1, Figures B17 and B18) in addition to dynamic light 

scattering (DLS) experiments to confirm the average thickness of the shell (<5 nm). 

Here we use the same convention for sample names where numbers indicate the 

apparent size RA of the core (ca. 200 nm). Sample C-0.2 was prepared with a higher 

silicon content (Si/Al = 46) in order to achieve monodisperse spheroidal crystals for 

facile identification of shell growth. Catalyst performance was assessed at sub-complete 

conversion (<60%) using a lower space velocity than samples in Figure 3d owing to the 

reduced concentration of acid sites in sample C-0.2. The Si-zoned analogue CS-0.2 

exhibits a 2-fold increase in catalyst lifetime (Figure 3.8b) compared to its 

homogeneous parent (C-0.2), consistent with the trend observed for Si-zoned samples 
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prepared by a one-pot synthesis. The concomitant increase in TON and decrease in 

E/2MBu ratio (Figure 3.8c) with the addition of a siliceous shell is also consistent with 

trends in Figures 3.5a and 3.5b, respectively. This result is proof of principle that the 

performance of a ZSM-5 catalyst can be enhanced via post-synthesis modification as a 

proxy for direct synthesis of Si-zoned materials. 

 
Figure 3.8. (a) Illustrations of core-shell (left) and eggshell (right) catalysts with thin (10 – 15 

nm) shells. (b) Conversion of MeOH and DME as a function of cumulative 

turnovers. (c) Comparison of turnover number (TON, left y-axis) and E/2MBu ratio 

(right y-axis). 

 

To address whether Al-zoned ZSM-5 is an inherently poor catalyst or a 

manifestation of defective Al, we prepared an “inverse” core-shell analogue (Silicalite-

1@ZSM-5, sample ES-0.3) where a thin layer (10 – 15 nm) of ZSM-5 was epitaxially 

grown on a silicalite-1 core (RA = 300 nm). Analysis of ES-0.3 (Table 3.1) reveals no 

apparent diffusion limitations observed in the FT-IR spectrum after pyridine titration 

and a low quantity of EFAl in contrast to sample A-4. The performance of ES-0.3 aligns 
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with expectations for nanosized ZSM-5 [24, 30, 35, 211] that tend to exhibit long 

catalyst lifetime (Figure 3.8b), high TON, and low E/2MBu ratio (Figure 3.8c). These 

results confirm that the sub-optimal performance of Al-zoned ZSM-5 prepared by a one-

pot synthesis (sample A-4) is primarily attributed to the presence of defective Al sites, 

consistent with our previous study [22] showing that penta-coordinated Al at the exterior 

of ZSM-5 catalyst dramatically reduces catalyst activity. Interestingly, ES-0.3 with its 

ca. 10-nm thick shell behaves as an ultrathin nanosheet that compares favorably with 

reported performances of 2D ZSM-5 (ca. 3 nm)[35]and other nano-sized ZSM-5 

catalysts.[212] Reactions performed with ES-0.3 at a molar space velocity of 0.77 s-1 

results in similar starting conversion (Figure 3.8b) as reactions with C-0.2 and CS-0.2 

at lower space velocity (0.43 and 0.54 s-1, respectively). This indicates a higher apparent 

activity for ES-0.3, which has around one-half the concentration of Brønsted acid sites 

(Table 3.1), which contradicts general trends for homogeneous zeolite catalysts where 

a higher Si/Al ratio requires lower space velocity to achieve the same level of starting 

conversion. The exceptional catalytic performance of the egg-shell design shows 

promise for developing ultra-thin zeolite catalysts with reduced mass transport 

limitations and/or enhanced activity. 

3.5 Summary 

In this study we identified that surface passivation is an effective approach to 

manipulate the mass transport properties of zeolite catalysts and reduce the 

accumulation of coke on external surfaces. The enhanced performance of Si-zoned 

catalysts relative to homogenous counterparts suggests that diffusion limitations at the 
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pore mouth of MFI-type materials are more pronounced for ZSM-5 compared to 

silicalite-1. To this end, the approach presented here is a commercially-viable 

alternative to conventional methods aimed at reducing the size of zeolite crystals. Given 

the challenges of synthesizing ultra-small zeolites (< 100 nm), one-pot methods to 

generate zeolite catalysts with elemental zoning is a relatively facile solution to 

improving diffusion properties that has the potential to be a generalizable approach for 

rational catalyst design. 
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CHAPTER 4 

Core-Shell ZSM-11@Silicalite-2 Catalysts for Methanol-to-Hydrocarbons 

The materials discussed in this chapter will be published in a peer reviewed journal. 

Figure and table labels are reformatted to be consistent with dissertation formatting 

requirement. The work was done in collaboration with Dr. Conan Weiland from 

Brookhaven National Laboratory, Dr. Simon R. Bare from SLAC National Accelerator 

Laboratory. 

 

4.1 Motivation 

 

Zeolites as heterogeneous catalysts have significant commercial potential due to 

their shape selectivity and a set of tunable properties including but not limited to crystal 

habits and composition. The control of these properties proves to be challenging due to 

the complexity of zeolite synthesis and the resulting variability of aluminum speciations 

and macroscopic distribution, the latter of which receives notably less attention [198]. 

In chapter 3, we have shown that Al macroscopic distribution, also known as “zoning” 

can also impact zeolite catalysis, particularly methanol-to-hydrocarbons (MTH) 

reaction. Silicon zoning, in which the exterior of the zeolite crystal is Si-rich and hence 

lacking surface active sites, has been shown to improve catalyst lifetime in MTH. The 

enhancement in catalyst performance is mainly attributed to the suppression of external 

coke (i.e., bulky aromatics and graphitic hydrocarbons) development. In catalytic 

applications, since the Si-zoning phenomenon and synthesis of corresponding zeolites 

are underreported, its beneficial effect can be accomplished by multi-step synthesis 

whereby a layer of surface-passivated materials or a shell of siliceous zeolite is 

generated on the parent crystals. The first method (e.g., chemical vapor or liquid 

deposition of silanes) was first commercialized by Dupont [188] and Mobil [189] and 
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subsequently used by various groups [190, 191] with an overarching goal of limiting 

surface reactions and enforcing shape selectivity to within the interior pore network. 

However, deposition of amorphous layer can often narrow the zeolite pore mouth, which 

can improve product shape selectivity while sacrificing catalyst activity. Alternatively, 

the latter method can be used to generate a core-shell structures in which the core and 

shell are of identical framework type. An early example of core-shell zeolite is of an 

MFI core-shell, ZSM-5@silicalite-1 in a Mobil patent [189], and subsequent works on 

core-shell zeolites have been limited to only approximately 5 frameworks [137, 213-

215]. In most cases, the shells are polycrystalline with thicknesses in the hundred 

nanometers to microns range, a factor which can negate the benefit of surface 

passivation by exacerbating mass transport limitations. 

Various positive effects of both surface passivation and core-shell configuration, 

such as improve product selectivity [190, 216-218] and conversion capacity [136], 

have been reported; however, the variability in techniques and the difficulty of 

synthesizing well-defined materials with controllable thickness obfuscate the exact 

effect of surface passivation on catalysis. In chapter 3, we have shown for ZSM-5 in 

MTH reaction that catalyst lifetime can be enhanced by ca. 2-fold if the shell is 

sufficiently thin (< 5nm). However, decoupling the effect of mass transport and 

surface passivation was not possible. Herein, we employ ZSM-11 and a previously 

devised method of controllable shell growth [22] to develop a model system to 

deconvolute the effect of siliceous shell on catalyst performance in MTH reactions. 

ZSM-11 is of MEL framework which has a more simplified network of straight 
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channels relative to MFI framework, and ZSM-11 catalyst has previously been shown 

to have exceptional performance in MTH [24, 219, 220]. 

4.2 Experimental Methods 

4.2.1 Materials  

The following reagents were purchased from Sigma-Aldrich: tetraethyl orthosilicate 

(TEOS, 98%), tetrabutylammonium hydroxide (TBAOH, 40%), 1,8-diaminooctane 

(DAO, 99%), aluminum sulfate (Al2(SO4)3), silica gel (Davisol Grade 636, 35-60 mesh 

size), and pyridine (99.8%, anhydrous). Deionized (DI) water was produced with an 

Aqua Solutions RODI-C-12A purification system (18.2 MΩ). All reagents were used as 

received without further purification. For reaction testing, methanol was purchased from 

Sigma Aldrich (ChromaSolv, 99.9%), and argon, oxygen and nitrogen gases were 

purchased from Matheson with UHP grade (99.999%). 

4.2.2 Synthesis and catalyst preparation of core-shell ZSM-11 

The synthesis of core ZSM-11 samples follows a previously published protocol for 

synthesis of MEL with 1,8 – diaminooctane [219]. The molar composition of the 

synthesis solution is 30 DAO: 10 K2O: 100 SiO2: 1 Al2(SO4)3: 4000 H2O. The solution 

was aged under stirring for 24 h before hydrothermal synthesis at 160oC for 3 d. The 

synthesized core was washed three times with centrifuge and kept in DI H2O before 

shell growth synthesis. The synthesis of core-shell ZSM-11 follows a previously 

published protocol [22]. The shell growth solution is 14 TBAOH: x SiO2: 9500 H2O 

with x varied in the range of 17-30 to control shell thickness. The synthesis was 

performed at 100oC for 1 d, followed by an annealing process with 14 TBAOH: 10 SiO2: 
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9500 H2O. The growth solution was aged for 24 h before silicalite-2 core was added to 

get a 1 wt% suspension. Crystals were isolated from the supernatant by three cycles of 

centrifugation, dried at room temperature in air, and then calcined in muffle furnace at 

550 C (heating and cooling rates of 1 C min-1) for 5 h. Ion exchange was performed 

three times using a 1 M NH4NO3 solution (2 wt% of calcined samples in solutions), 

which was heated at 80 C under continuous stirring for 2 h. The exchanged samples 

were dried and calcined by the same procedure described above to obtain H-form 

zeolites.  

4.2.3 Characterization of ZSM-11 zeolites  

Powder X-ray diffraction (XRD) patterns were collected on a Rigaku diffractometer 

using Cu K radiation (40kV, 40 mA) to verify the crystallinity and topology of the 

catalysts. Nitrogen physisorption experiments were performed on a Micromeritics 

ASAP 2020 instrument at 77 K to calculate micropore volumes (t-plot method) and BET 

surface area. Transient sorption experiments with 2,3-dimethylbutane were performed, 

and collected data was fitted following a previously reported procedure [24, 148] to 

obtain the characteristic diffusion timescale R2/D. Scanning electron microscopy (SEM) 

was done on a GEMINI FE-SEM system. The overall Si/Al ratio was determined by 

inductively coupled plasma optical emission spectrometry (ICP-OES) analysis at 

Galbraith Laboratories (Knoxville, TN). Energy dispersive X-ray spectroscopy (EDX) 

was performed using a JEOL SM-31010/METEK EDAX system at 15 kV and 15 mm 

working distance. X-ray photoelectron spectroscopy (XPS) analysis of samples was 

performed using a PHI 5800 ESCA (Physical Electronics) multitechnique system 
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equipped with a standard an achromatic Al K X-ray source (1486.6 eV) operating at 

300 W (15 kV and 20 mA) and a concentric hemispherical analyzer. The equipment 

neutralizer component was utilized to reduce charging effects. All data were collected 

at a 45 takeoff angle.  

4.2.4 Characterization of core and shell composition in ZSM-11 zeolites 

We used a combination of two elemental analysis techniques, EDX and XPS, to 

characterize the spatial distribution of elements in ZSM-5 zeolites. The average bulk 

chemical composition of ZSM-5 crystals was estimated by EDX, which has a sampling 

depth around two micrometers. The chemical composition of the outer rim of zeolite 

crystals was evaluated by XPS, which is a surface-sensitive technique with a sampling 

depth of only a few nanometers. Using the atomic percentages of aluminum and silicon, 

we define the percentage of aluminum occupying tetrahedral (T) sites as  

Ali =
(Al atom%)

(Al atom%)+(Si atom%)
,        (4.1) 

where i = bulk or surface based on EDX or XPS measurements, respectively. Herein, 

we use the ratio Alsurface/Albulk as a descriptor for the spatial aluminum distribution in 

ZSM-5 zeolites. When this ratio is greater than one, aluminum is disproportionately 

concentrated at the surface of ZSM-5 crystals compared to the bulk, leading to Al-

zoning. On the contrary, a ratio less than one signifies Si-zoning. 

4.2.5 Characterization of Al gradient in ZSM-11 zeolites  

We used variable kinetic energy X-ray photoelectron spectroscopy (VKE-XPS) to 

probe the change in Si and Al contents as a function of depth into the crystals. VKE-

XPS was performed at NSLSII (Brookhaven National Laboratory, Upton, NY) at 
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beamline 7-ID-2 with an HAXPES endstation. The powder form of samples was 

deposited onto carbon taped with a thin layer of carbon coating to reduce charging 

effect. Samples were taped onto a sample holder rod and installed in the vacuum 

chamber overnight. A neutralizer was also used to further prevent shift in binding energy 

due to charging effect. An L2 plane mirror was used for large (mm scale) spot size for 

spectra collection, with pass energy of 500 eV and a take-off angle of 80o. Ag3d 

spectrum was collected after every photon energy change to calculate actual ionization 

energy. Each sample sweep was for 0.5 to 1 h with a time ratio of 1:30 of Si1s to Al1s. 

The collected spectra were integrated using the Scienta program (IgorPro), and the peak 

areas were subsequently corrected with Scofield cross-section (NIST XCOM database) 

for Si/Al calculation. Inelastic mean free path (IMFP, λ) was calculated from 

corresponding Si1s and Al1s kinetic energy at each photon energy (eV) using relativistic 

equation TPP2M formula in the QUASES program) for SiO2 and Al2O3. The 

information depth was then calculated from IMFP using the following equation:      

                   Information depth = 3λcos(θphotoemission).                            (4.2) 

4.2.6 Characterization of Al species and acid sites  

Aluminum speciation was determined from 27Al MAS NMR spectra collected at a 

spinning frequency of 12.5 kHz, pulse of π/12, relaxation delay of 0.8s, and 4K scans at 

11.7T on a JEOL ECA-500 spectrometer [127]. We quantified the total number of acid 

sites with temperature-programmed desorption of ammonia (NH3-TPD) on a 

Micromeritics Autochem II 2920 equipped with a TCD detector. Approximately 100 

mg of catalyst sample was degassed for 1 h at 600 °C before being cooled down to 100 
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°C for ammonia adsorption. At saturation, the sample was flushed with He for 120 min 

before we ramped up the temperature to 600 °C at a rate of 10 °C /min while 

concurrently monitoring the desorbed ammonia with the TCD detector. To identify the 

types of acid sites (i.e., Lewis and Brønsted), we conducted pyridine-adsorbed Fourier-

transform infrared spectroscopy (pyr. FTIR). We first collected background spectrum 

at room temperature for a high temperature cell equipped with KBr windows using a 

Nicolet 6700 FTIR spectrometer. Subsequently, approximately 20 mg of sample was 

pelletized and placed in the cell. The configuration was installed in the spectrometer and 

connected to heated N2 gas lines (150 °C). The cell was heated to 550 °C for 2 h to 

eliminate adsorbed moisture in the sample before being cooled down to 200 °C for the 

adsorption experiment. Parent spectrum is collected before increment of 1 l anhydrous 

pyridine (Sigma Aldrich) was injected into the heated N2 stream (Matheson, 50 cm3 

min-1). Spectra were collected 5 min after each injection until saturation, and the final 

spectrum was collected after purging for 2 h with N2. The subtracted results from the 

final and parent spectra were analyzed using OMNIC software with peaks assigned to 

Brønsted and Lewis acid sites at 1545 and 1450 cm-1, respectively [200]. The corrected 

peak area was used to obtain the percentages of Brønsted and Lewis acid sites.  

4.2.7 Reaction testing  

Methanol-to-hydrocarbon (MTH) reaction was carried out in a 0.25 in. stainless 

steel tube installed in a Thermo Fisher furnace, equipped with a controller. All catalysts 

(40 – 60 mesh size) were diluted with silica gel (Davisol Grad 636; 35 – 60 mesh size) 

and held between two plugs of quartz wool. A K-type thermocouple (Omega 
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Engineering) was inserted into the stainless tube to measure the temperature of the 

bottom of the catalyst bed. Prior to the reaction, the catalyst bed was pretreated in situ 

at 550 C for 3 h under flow of dried air (Matheson, 6 cm3 min-1 of O2, 24 cm3 min-1 of 

N2). The catalyst bed was then cooled to the reaction temperature, 350 C. Methanol 

was fed by a syringe pump (Harvard Apparatus) into a heated inert gas stream of Ar 

(Matheson, UHP) to achieve a methanol partial pressure of 11.5 kPa. The molar space 

velocity is varied in the range of 0.5 – 1.8 s-1 to achieve different contact times, τ. First 

data point was collected after 20 min time on stream (TOS) at 3 different τ for each 

sample. Reaction effluent was evaluated using an on-stream gas chromatograph 

(Agilent 7890B) equipped with a FID detector and an Agilent DB-1 capillary column. 

Methanol and dimethyl ether (DME) are considered as reactant with the conversion X 

defined as  

          X = [1 − Ceff Cfeed⁄ ] × 100%         (4.3) 

where Ceff is the concentration of both methanol and DME in the effluent and Cfeed is 

the concentration of methanol in the feed. The selectivity Si of hydrocarbon product i is 

defined as 

  Si = [Ci Ct,eff⁄ ] × 100%        (4.4) 

where Ci is the concentration of hydrocarbon i in the effluent and Ct,eff is the total 

concentration of hydrocarbons in the effluent. Linear regression was performed on 

initial conversion versus contact time (τ) curves and conversion versus time-on-stream 

curves to obtain dX/dτ and dX/dt, respectively.  Site loss yield is calculated using the 

following equation [146]: 
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−
𝑑τ

𝑑𝑡
=

𝑑𝑋
𝑑𝑡⁄

𝑑𝑋
𝑑τ⁄

                                                         (4.5) 

where dX/dt and dX/dτ are the slopes from the linear regressions.  

4.3 Results and discussion 

Core-shell catalysts with a ZSM-11 core (Si/Al = 30) and a silicalite-2 shell were 

prepared according to a previously reported seeded growth protocol [22] using ZSM-11 

seeds (sample C-30) with an apparent thickness of 300 nm in the [100] direction (Figure 

4.1b). The ZSM-11 seeds were synthesized using 1,8-diaminooctane (DAO) as the 

organic structure-directing agent to produce pure MEL-type zeolite without MFI 

impurity [219]. Secondary growth of seeds was accomplished in siliceous growth 

mixtures where the silica content was modified to generate a set of core-shell catalysts 

with progressively increasing shell thickness.  

  Table 4.1. Physicochemical properties of H-ZSM-11 catalysts.  

Sample a 
R2/D 

(ks) 

BET SA 

(m2/g) 

Vmicro 

(cm3/g) 

Cacid c 

(µmol/g) 

Alratio 

S/B b 

Acid type d 

(%) -dτ/dt 

(molH+/molC) 
B L 

C-30 0.22 427 0.14 302 1.1 85 15 501 

CS-60 0.08 420 0.14 273 0.6 89 11 74 

CS-91 0.08 403 0.14 243 0.4 90 10 439 

CS-133 0.17 437 0.15 210 0.3 84 16 885 

H-45 0.12 408 0.14 244 1.0 77 23 102 

H-55 0.30 427 0.14 193 1.0 73 27 377 

a C = core, CS = core-shell (ZSM-11@silicalite-2); b S/B = surface-to-bulk Al ratio (calculated using the Si/Al from XPS 
compared to EDS for C-30); c NH3 –TPD; d Measured by pyridine FTIR where B = Brønsted acid sites and L = Lewis acid 

sites.  

 

We prepared three core-shell samples that are labelled as CS-x, where x is the Si/Al 
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ratio of the shell measured by laboratory X-ray photoelectron spectroscopy (XPS). 

Table 4.1 lists the physicochemical properties of the core (C-30) and core-shell (CS-60, 

CS-91, and CS-133) samples. Textural analysis reveals nearly identical total surface 

area and micropore volume with adsorption and desorption curves shown in Figure C1. 

Acid site concentration and speciation was measured by a combination of techniques. 

Ammonia temperature programmed desorption (TPD) was used to calculate the total 

acid site concentration, Cacid. The percentage of acid type (Brønsted vs. Lewis acid) was 

measured by pyridine adsorption Fourier transform infrared (FTIR) spectroscopy. For 

this set of four samples, the concentration of acid sites monotonically decreases with 

increased shell thickness, as expected, but the speciation of acid sites is relatively 

constant. 

 

Figure 4.1. (a) Scheme of a ZSM-11@silicalite-2 core-shell particle. (b-f) Scanning electron 

micrographs of the (b) core C-30, (c) core-shell CS-60, (d) core-shell CS-91, (e) 

core-shell C-133, and (f) homogeneous ZSM-11 H-55. Scale bars equal 200 nm. 

 

Seeded growth of silicalite-2 shells does not appreciably alter the morphology of 

ZSM-11 crystals, as confirmed by scanning electron microscopy (SEM, Figure 4.1b-

e). The shell thickness for samples prepared in this study does not exceed 50 nm; 

however, electron microscopy lacks the sensitivity to distinguish subtle differences in 
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shell thickness, whereas the anisotropic rod-like shape of the crystals precludes the use 

of more sensitive techniques, such as dynamic light scattering (DLS), to detect small 

changes in particle size. Here, the progressive increase in surface Si/Al ratio measured 

by XPS is an indication of increasing shell thickness. The ratio of aluminum in external 

rim of the catalyst (surface) relative to its interior (bulk) is extracted from XPS data for 

each sample and energy dispersive X-ray spectroscopy (EDS) data of the core (labelled 

as Alratio S/B in Table 4.1). Furthermore, the growth of shell does not contribute to new 

defects such as internal silanols as seen from the parent spectra from FTIR experiments 

(Figure C2). Comparatively, the homogeneous samples, notably H-55, have an obvious 

internal silanol peak at ca. 3500 cm-1. In order to extract Si/Al ratios as a function of 

depth, we used the synchrotron source at Brookhaven National Laboratory to conduct 

variable kinetic energy XPS (VKE-XPS). As shown in Figure 4.2, the Si/Al ratio is 

reported for each sample as a function of both photon energy (bottom x-axis) and 

estimated information depth (top x-axis). This data confirms the increase in shell Si/Al 

ratio with the progressive increase in shell thickness. Our findings also reveal that 

secondary growth does not result in pure silicalite-2 owing to the possible reallocation 

of aluminum from the seed (core) to the shell during hydrothermal synthesis. As such, 

the shell never achieves complete surface passivation, although the concentration of Al 

sites in the shell are diluted by as much as 4-fold compared to the seed. An identical 

outcome was reported in our previous study of ZSM-5@silicalite-1 synthesis in chapter 

3. 
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Figure 4.2. Comparison of Si/Al from XPS depth analysis (VKE-XPS) as a function of 

photon energy (bottom x-axis) and corresponding information depth (top x-

axis).  

 

Catalytic performance was assessed using the methanol to hydrocarbons (MTH) 

reaction. All reactions were conducted at sub-complete methanol conversion and 350 

°C where the molar hourly space velocity was varied to achieve a starting conversion in 

the range of 50 to 70%. The slopes of conversion versus time-on-stream (Figure 4.3a), 

which are labelled as dX/dt, span an order of magnitude among all catalyts (ranging 

from 0.03 to 0.20 h-1). Similar reactions were performed to assess changes in the initial 

conversion as a function of contact time  (Figure 4.3b), which was achieved by varying 

the space velocity. Comparisons are made for the core sample C-30 (inverted gray 

triangles), homogeneous sample H-60 (red triangles), and core-shell samples CS-60 

(blue circles), CS-91 (purple diamonds), and CS-133 (gold squares). Dashed lines are 

linear regression with labelled slopes (dX/dt and dX/dτ, respectively).The slopes of 

initial conversion versus contact time, labelled as dX/d, are relatively similar for all 
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catalysts (ranging from 0.5 to 1.4 s-1). Janssens and coworkers [221] suggested the use 

of dX/dt as an assessment of catalyst deactivation in the MTH reaction is convoluted 

based on its inability to distinguish between loss of active sites and the intrinsic activity 

of sites. Bhan and coworkers [146] examined commercial ZSM-5 catalysts to expand 

upon the simple model introduced by Janssens wherein they empirically determined the 

quantity d/dt, which is the ratio of dX/dt (Figure 3a) and dX/d (Figure 4.3b). The 

physical significance of d/dt is a site-loss yield (i.e., mole of H+ loss for every mole of 

reactant fed), which is a more accurate parameter for comparing non-selective 

deactivation [222] of different catalysts. The measured site-loss yield for each catalyst 

in this study (Table 4.1) reveals that the coreshell with the thinnest shell (CS-60) loses 

active sites at a rate 7-fold lower than that of the core (C-30). As the thickness of the 

shell increases, the absolute value of d/dt monotonically increases such that the 

coreshell catalyst with the largest thickness (CS-133) exhibits a 1.8-fold increase in loss 

of active sites relative to the parent core. 

 
 

Figure 4.3. (a) Fractional conversion of MeOH and DME plotted as a function of time-

on-stream t. (b) Initial conversion (at t = 20 min) plotted as a function of 

contact time τ (s molH+ molC
-1).  



 

108 

 

 

The performance of coreshell ZSM-11@silicalite-2 catalysts can be impacted by 

several factors, which include mass transport effects and dilution of total acid sites, 

among others not directly assessed in this study. Mass transport is quantitatively 

assessed on the basis of the diffusional timescale, R2/D, experimentally determined from 

transient adsorption of a probe molecule (2,3-dimethylbutane, DMB). Values of R2/D 

for all catalysts (Table 4.1, Figure C3) indicate that the addition of a siliceous shell on 

the surface of a parent core reduces diffusion limitations, consistent with our previous 

study of MFI-type materials (i.e., both Si-zoned and coreshell ZSM-5@silicalite-1). The 

nearly 3-fold reduction in R2/D for coreshell materials is lost when shell thickness 

becomes prohibitively large, indicating that thinner shells enhance catalyst peformance 

(consistent with trends in dX/dt and d/dt in Figure 4.3a and Table 4.1, respectively). 

The impact of acid site dilution was assessed by preparing ZSM-11 catalysts with 

increasing Si/Al ratios where Al sites are homogeneously distributed throughout the 

catalyst. These samples are referred to as H-x where x is the Si/Al ratio measured by 

EDX. For the two ZSM-11 samples prepared with reduced Al content (H-45 and H-55), 

catalyst lifetime increases relative to C-30. We also assessed differences in selectivity 

using a common mechanistic descriptor reported as the ratio of ethene (a characteristic 

product of the aromatic cycle) and the sum of 2-methylbutane and 2-methyl-2-butene 

(2MBu collectively), which are characteristic products of the olefin cycle [143]. Full 

selectivity profiles are provided in Figure C4. In our previous study of ZSM-5 surface 

passivation, we reported a trend in E/2MBu ratio with several catalyst properties that 

were combined into the descriptor 𝐶𝐻+𝑆𝐴
−1 𝑅2 𝐷⁄ , where SA is the BET surface area and 
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𝐶𝐻+ is the Brønsted acid concentration determined from NH3 TPD and pyridine FTIR. 

Here, each of these parameters were measured for all ZSM-11 and ZSM-11@silicalite-

2 samples (Table 1). In Figure 4.4, we plot E/2MBu versus 𝐶𝐻+𝑆𝐴
−1 𝑅2 𝐷⁄  for catalysts 

in this study superimposed over previous data of ZSM-5 (green side triangles in Figure 

4.4) where it is apparent that coreshell ZSM-11@silicalite-2 samples deviate from the 

trend (shaded region). Likewise, the homogenous ZSM-11 sample with highest Si/Al 

ratio (H-55) is an outlier (graytriangle in Figure 4.4). 

 
Figure 4.4. Initial E/2MB at sub-conversion for MTH reactions over H-ZSM-11 plotted 

as a function of descriptor 𝐶𝐻+𝑆𝐴
−1 𝑅2 𝐷⁄ . Green side triangles marked data 

of homogeneous and zoned ZSM-5 in Chapter 3. Light yellow shaded area 

highlights general trend.  

 

Here, we hypothesize potential reasons why coreshell MEL-type and H-55 samples 

deviate from a variety of zeolite catalysts that include homogeneous ZSM-11 (C-30 and 

H-45), homogenous ZSM-5, Si-zoned ZSM-5, and coreshell MFI-type samples. Bhan 

and coworkers [27, 148] previously examined  the effect of crystallite size and Al 

content in ZSM-5 catalysts on ethene selectivity and reported that E/2MBu decreased 

with decreasing crystallite size and increasing Si/Al ratio, respectively. The dual effect 

of crystallite size and Al content were combined into one descriptor, similar to the one 
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used here, which represents the number of Al along a diffusion pathlength. An increase 

in Al content and crystallite size both increase the interaction the number of aromatic 

methylation/dealkylation events (i.e., interaction of methylbenzenes (MBs) with acid 

sites), leading to higher ethene selectivity. This trend is consistent with the 

homogeneous and zoned ZSM-5 samples (red triangles) and homogeneous samples 

ZSM-11 in this study, with the exception of H-55. However, the core-shell ZSM-11 

samples deviate from this trend. The coreshell ZSM-11@silicalite-2 catalyst with the 

thinnest shell (CS-33) has increased catalyst lifetime and improved mass transport 

properties, which are both consistent with zeolites of smaller size, whereas its larger 

than expected E/2MBu ratio is more characteristic of zeolites with larger size and or 

higher overall acid site concentration. This apparent dichotomy defies trends observed 

for other zeolites. In a previous study on SAPO-34, we have shown that the imposition 

of diffusional constrainst varies for different reactions within the complex MTO 

reaction network. For example, dehydrocyclization reactions experience stronger 

diffusion limitation than olefins methylation, methanol transfer hydrogenation, and 

aromatics dealkylation. Trends of increased cumulative selectivities of light alkanes 

(C1-C3) with increased diffusional constraints also reveal that it has a larger effect on 

olefins transfer hydrogenation than other reactions in the network. Indeed, the trend of 

deactivation and selectivities for core-shell ZSM-11 shown here suggests a dissimilarity 

in compositional gradients at the interior-exterior interface of the core-shell versus the 

Si-zoned samples from one-pot synthesis. This difference can impose different 

diffusional effect on different reactions within the MTH network. Our study suggests 
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further diffusional experiments with bulkier molecules (e.g., benzene, tertbutyl 

pyridine) capable of concurrently assessing internal diffusion and titrating acid sites are 

necessary to deconvolute different effect of compositional gradient in core-shell 

zeolites. 
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CHAPTER 5 

5.1 Current Research Summary 

We have explored the dissolution of siliceous MFI zeolite (silicalite-1) with a 

combination of electron and scanning probe microscopy (in collaboration with Prof. 

Valtchev of ENSICAEN and Dr. Bozhilov of UC Riverside). Our findings reveal that 

dissolution initiates preferentially at lattice defects and progressively removes defect 

zones to reveal a mosaic structure of crystalline domains within each zeolite. In general, 

our study shows that time-resolved dissolution experiments allow us to elucidate the 

possible stages of zeolite MFI growth mechanism and is an efficient ex situ technique 

for revealing details about crystal growth features inaccessible by other methods. 

We further expanded on the characterization of defects in relation to catalyst 

performance in the methanol-to-hydrocarbons (MTH) reaction whereby the effects of 

diffusion on catalyst lifetime and selectivity were compared for zeolites ZSM-5, ZSM-

11, and SAPO-34 (in collaboration with Dr. Hwang and Prof. Bhan of the University of 

Minnesota). In these studies, the use of transient adsorption experiments of probe 

molecules (i.e., 2,3-dimethylbutane, 2,3-DMB) proved to be an effective assessment of 

mass transport. The measured diffusional timescale (R2/D) can account for topological 

irregularities and crystalline defects (unobservable by most conventional methods), 

which contribute to mass transport limitations. The diffusional timescale was further 

incorporated into a developed physicochemical descriptor that combines several key 

properties of the zeolite catalyst: Brønsted acid site concentration, BET surface area, 

and mass transport. These studies established a basis for catalyst assessment and 
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comparison, which can be broadly applied to a range of zeolite frameworks in MTH and 

potentially other reactions. The general understanding and utilization of descriptors to 

correlate structure-performance relationship allows for comprehensive investigation of 

the effect of mesoscopic compositional gradients on MTH catalytic performance using 

zoned ZSM-5 catalysts and their core-shell analogues. We reported one of the few 

instances of Si-zoned samples obtained from a one-pot synthesis and further 

demonstrated that the existence of a siliceous exterior region reduces diffusion 

limitations (i.e., reduced diffusional timescale, R2/D). We also showed that a siliceous 

exterior suppresses external coke development using operando UV-vis spectroscopy in 

collaboration with Nikolaos Nikolopoulos, Dr. Fu, and Prof. Weckhuysen of Utrecht 

University. These two factors contribute to improved catalyst lifetime (i.e., total 

turnover numbers) of Si-zoned ZSM-5 samples in relation to ZSM-5 samples with a 

homogeneous distribution of Al sites.  

Lastly, we expanded upon studies of external surface passivation by examining the 

influence of siliceous shell thickness on the MTH reaction for core-shell ZSM-5 and 

ZSM-11 by synthesizing a set of ZSM-5@silicalite-1 and ZSM-11@silicalite-2 samples 

via secondary growth. Although we observed similar increase in catalyst lifetime for 

core-shell samples as with the Si-zoned samples, the product selectivity, assessed with 

a common descriptor, ethene/2MBu, deviates from the previous trend, with core-shell 

samples having higher ethene/2MBu ratios than the core sample. The higher 

ethene/2MBu ratio is not accompanied by an increase in aromatics selectivity and 

hydrogen transfer index (HTI), and hence, we posit that the increase in this ratio is partly 
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due to a higher ethene selectivity based on a reduction of non-selective reactions at the 

external surface. The difference in selectivity can also be associated with the 

dissimilarity in compositional gradients at the interior-exterior interface of the core-

shell versus the Si-zoned sample. Our study suggests more detailed experiments with 

probe molecules capable of assessing internal diffusion and titrating acid sites are 

needed to further the understanding of compositional gradients in zeolites generated 

from secondary growth.  

5.2 Future Outlook 

5.2.1 Zeolite secondary growth 

In our recent study of ZSM-5 and ZSM-11 we introduced a concept of finned zeolite 

catalysts wherein nano-crystalline zeolite domains are epitaxially grown over a zeolite 

particle of the same framework topology [7]. Although nanosized zeolites (sub 100 nm) 

can drastically reduce diffusion limitations for enhanced catalyst performance, the 

synthesis of nanosized single crystals is challenging and often results in low product 

yields. We offer an alternative approach of finned zeolite synthesis as a viable and facile 

method to enhance mass transport. We confirmed successful growth of finned zeolites 

for two frameworks, ZSM-5 and ZSM-11, in which the nano-crystalline zeolite domains 

(i.e., fins) are in the same crystallographic registry with the seeds. Extensive kinetic 

Monte Carlo modeling and time-resolved acid titration experiments also reveal 

substantial diffusion improvement, in line with catalytic testing results for MTH 

reactions. Catalytic behavior of finned catalysts is commensurate to that of a much 

smaller catalyst due to the existence of sub 50 nm fins. The concept of finned zeolites 
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can be applied to a larger range of frameworks to efficiently produce a new class of 

materials, pseudo nanocrystals, with enhanced catalytic performance.    

5.2.2 Bifunctional zeolite catalysts 

As understanding of reaction mechanisms over heterogeneous catalysts becomes 

more expansive, it becomes crucial to rationally develop catalysts that can take 

advantage of these mechanistic knowledges. Oftentimes, catalysts possess diverse 

active sites that can promote different reactions. The design of bifunctional zeolite 

catalysts often involves the introduction of other framework heteroatoms or the 

incorporation of metal/metal-oxides via ion-exchange, vapor deposition, and incipient 

wetness impregnation [223-225]. Advancement in the area of multifunctional catalysts 

heavily relies on material synthesis as well-controlled incorporation of secondary active 

sites, which are nontrivial. Furthermore, due to the harsh synthesis conditions of zeolite 

frameworks (i.e., highly basic/caustic solutions, high pressure and temperature), 

bottom-up synthesis of bifunctional catalysts is challenging. As such, most bifunctional 

catalysts are produced via top-down methods; however, post synthesis modification of 

zeolites can inadvertently alter zeolite composition and Al speciation [226, 227]. 

Regardless, ontinued exploration of bottom-up synthesis can be beneficial. There have 

been elegant bottom up synthesis examples of multifunctional catalysts including single 

site Pt in K-LTL (zeolite L) [228] and the use of ligands or chelating agents to 

incorporate metal/metal oxides in various zeolite structures [229, 230].  

5.2.2.1 Core-shell Ammonia Slip Catalyst  

In my research, I have collaborated with Rajat Ghosh and Prof. Harold at the 

University of Houston in designing core-shell Pt/Al2O3@Cu/ZSM-5 for selective 
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oxidation of ammonia [231]. The core-shell catalyst mimics a commercial dual layered 

ammonia slip catalyst at a reduced scale which comprises of a Pt/Al2O3 core responsible 

for oxidizing NH3 and a Cu/ZSM-5 shell responsible for reducing NOx. The rational 

design of this catalyst involves an initial coating of Pt/Al2O3 with a layer of silicalite-1 

in milder synthesis condition (100oC) to prevent leaching before a ZSM-5 shell is grown 

over the coated core. The resulting bifunctional core-shell catalyst demonstrated better 

performance based on N2 selectivity and light-off temperature compared to a physical 

mixture of Pt/Al2O3 and Cu/ZSM-5. Although the resulting catalyst exhibits better 

performance and activity, the synthesis process is laborious with relatively low yield. 

Furthermore, the range of synthesis conditions is prohibitive due to possible 

disintegration or leaching of Pt/Al2O3. This study, however, is a starting point for further 

exploration of a single particle ammonia slip catalyst (ASC). Future studies should focus 

on (i) achieving a core-shell ASC catalyst with Cu/SSZ-13 shell, which is the preferred 

catalyst for NOx reduction and (ii) understanding of the effect of shell synthesis on Pt 

activity in the core. 

 5.2.2.2 Bifunctional Y2O3/SAPO-34 catalyst for MTH reaction  

In the realm of methanol-to-hydrocarbons reactions, there are relatively fewer 

studies of bifunctional catalysts. The majority of studies reporting improved catalytic 

lifetime center around decreasing mass transport limitations via synthesis of nano-sized, 

nanosheet, or mesoporous zeolites. In some studies, incorporation of heteroatoms, 

metals (e.g., Ga, Ag, Zn), or metal oxides  is a strategic approach to promote benzene-

toluene-xylene (BTX) selectivity [21, 232, 233]. 

Alternatively, improvement of catalyst lifetime can also be achieved by limiting the 
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formation of formaldehyde, a known coke accelerant in MTH. Various methods have 

been proposed to limit formaldehyde formation, which include utilizing dimethyl ether 

(DME) instead of methanol as feed, seeding the hydrocarbon pool [234], and scavenging 

formed formaldehyde with rare-earth metal oxide placed in proximity with Brønsted 

acid sites [235]. The use of rare-earth metal oxides (e.g., Y2O3) [235] in MTH is 

accomplished by mixing and pelletizing it with the zeolite catalyst or by incipient 

wetness impregnation. Bhan and coworkers have demonstrated that the proximity of the 

rare-earth metal oxide, Y2O3, to the Brønsted acid sites of zeolites can improve catalytic 

lifetime, especially in SAPO-34 [235]. Indeed, spatial organization of metal active sites 

and acid sites can influence the reaction pathways, as demonstrated for 

hydroisomerization of light alkanes [236]. In this aspect, it can be especially beneficial 

to further reduce the distance between the Brønsted acid sites and the basic sites of Y2O3 

via top-down or bottom-up synthesis strategies. Due to the more complex composition 

of SAPO-34 compared to aluminosilicates and the sensitivity of acid site activity to 

synthesis conditions [25], a post-synthesis modification method such as mesopores 

generation to incorporate Y2O3 particles can be difficult. Notably, the synthesis of ca. 

10 nm or smaller Y2O3 is nontrivial, and the acid site speciation of SAPO-34 cannot be 

effectively controlled during post synthesis treatment. On the other hand, bottom-up 

synthesis of Y2O3/SAPO-34 has not been reported, but it can open a new pathway for 

the rational design of bifunctional zeolite catalysts and can be interesting from a 

synthesis perspective. Below, I propose a few techniques that could help achieve this 

objective.  
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Firstly, to facilitate dispersion of Y2O3 in the zeolite framework, Y2O3 particles can 

initially be functionalized with a silane compound before seeding into SAPO-34 

synthesis solution. Silane compounds must be chosen judiciously to not only 

functionalize Y2O3 but to also enable crystallization of SAPO-34. A promising 

candidate is (2-diethylphosphatoethyl)methyldiethoxysilane (DPTES), which has been 

shown to successfully produce SAPO-34 by a Mobil patent [237]. DPTES is a phosphate 

functional trialkoxy silane with a silane group for functionalization of Y2O3 and a 

phosphate group that can facilitate linkage to the SAPO-34 framework during synthesis. 

A preliminary experiment has shown that SAPO-34 can be crystallized using DPTES 

with the following recipe: 1 TEAOH: 0.25 Al2O3: 0.11 SiO2: 0.30 P2O5:6 H2O at 235oC 

under rotation for 24 h (modified according to the Mobil patent). Commercial Y2O3 (ca. 

50 nm, Sigma Aldrich) was functionalized with 5-20 mmol of DPTES in anhydrous 

toluene (110oC for 10 h under stirring), dried, and seeded into SAPO-34 solution (2 wt% 

of total solution) before hydrothermal synthesis. To confirm the existence of Y2O3 in 

the resulting product, CO2-TPD was performed to probe the quantity of basic sites with 

measurement also done on a parent SAPO-34 as a control. The synthesized 

Y2O3/SAPO-34 does show a noticeable increase in CO2 desorbed; however, the amount 

is minimal. The negligible amount of CO2 detected can be an indication that the DPTES 

functionalization method requires further optimization and/or there are initially not 

enough basic sites in the commercial Y2O3. Instead, Y2O3 particles can be synthesized 

via co-precipitation method to better control its morphology and concentration of basic 

sites [238]. Alternatively, to improve dispersion of Y2O3 in a bottom up synthesis, a 
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soluble Y3+  ̶  chelating agent complex can be introduced into the above SAPO-34 

synthesis solution. Yttrium nitrate hexahydrate (Y(NO3)3·6H2O) cannot be directly 

added to the synthesis solution as it can quickly precipitate in the presence of high 

tetraethylammonium hydroxide (TEAOH). As such, the chosen chelating agent must be 

able to stabilize the Y3+ cation against precipitation in the alkaline zeolite synthesis 

solution. Preliminary results from my experiment have shown that 

diethylenetriaminepentaacetic acid (DTPA), an expanded version of 

ethylenediaminetetraacetic acid (EDTA), but with a higher stability constant, can 

effectively stabilize Y3+ at a 2:1 mole ratio of DTPA to yttrium in the SAPO-34 solution 

listed above. To facilitate the formation of SAPO-34, a phosphonate version of DTPA, 

diethylenetriaminepentakis(methylphosphonic acid) (DTPMP), can also be used. The 

presence of phosphonic groups can perhaps promote bridging with SAPO-34 precursors 

to improve yttrium incorporation into the crystallized zeolites.  

The outlined strategies I have proposed here for Y2O3/SAPO-34 are novel and 

promising. I anticipate continued pursuit and fine-tuning of these synthesis strategies 

will result in facile, well-controlled, one-pot synthesis of high performing bifunctional 

catalysts for methanol-to-hydrocarbon reactions.  
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Appendix A Supplementary Information for Chapter 2 
 

 

Figures A1. Powder XRD pattern of ZSM-5 (MFI framework) synthesized in a 

fluoride medium.  

 

 
 

Figure A2. Scanning electron micrograph of representative ZSM-5 crystals synthesized 

in a fluoride medium.  
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Figure A3. Nitrogen adsorption-desorption isotherm of ZSM-5.  

 

 
 

Figure A4. Merged AFM height images of a silicalite-1 sample treated ex situ in 40 

wt% NH4F solution for up to 60 min (shown here in 5 min intervals).  

 



 

157 

 

 

 

 
Figure A5. AFM height images of an MFI crystal after 10 min of treatment used as a 

template to mark areas of analyses of figures in the main text.  

 

 

Figure A6. Scanning electron micrograph of a ZSM-5 crystal after NH4F etching for 60 

min.  
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Figure A7. Histogram of measured widths of etch pits (n = 50 measurements) over two 

different crystals. Widths listed in the x-axis are median values.    

 

 
 

Figure A8. Corresponding amplitude images of Figure 5g-l in the main text. The circle 

(labelled i) highlights a fixed area where the topography alternates. The 

dashed lines (labelled ii) highlight a crevice. 
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Figure A9. Chemical mapping of surface of two crystals from ToF-SIMS for parent 

MFI (a-d) and the acid-treated sample (e-h). Total chemical images (a and 

e), and mapping of (b and f) C3H8N
+, fragment of TPA ion, (c and g) SiO+, 

(d-h) Si2OH+. 

 

 
 

Figure A10. TEM imaging of a thin FIB lamellae cut of an untreated ZSM-5 crystal. 

(a) FI-FFT image from the [001] FFT pattern (c, central part), and (b) from 

the [001] FFT pattern image shown in d, peripheral part. 



 

160 

 

 
Scheme A1. (left) Atomic force microscopy (AFM) images of an entire MFI (010) 

crystal surface (ca. 14 m in length) compiled from the merging and 

overlapping of individual scans (size 2 x 2 m2). 

 

 

 

 
Scheme A2. Scheme illustrating AFM tip geometry effect. The geometric factor is 

accounted for in diameter measurements of spheroidal features (Figure 

2.5f). Adapted from [26].   
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Appendix B Supplementary Information for Chapter 3 
 

Table B1. Synthesis conditions and properties of ZSM-5 from an OSDA-based 

protocol. 

Sample Temp. 

(oC) 

NaCl/Al2O3 KCl/Al2O3 M+/ 

(TPA++M+) 

(Si/Al)bulk
a (Si/Al)surface

b Alsurface/Albulk
c Size 

(µm)d 

ZH1 100 0 0 0.03 10.7 ± 1.4 10.4 0.97 0.9 

ZA1 100 1.6 0 0.10 18.7 ± 0.4 11.6 1.57 1.0 

ZA2 100 3.2 0 0.17 21.0 ± 0.1 12.4 1.64 1.2 

ZA3 100 6.4 0 0.27 23.0 ± 0.4 13.1 1.70 1.1 

ZA4 100 9.6 0 0.35 23.2 ±1.0 9.7 2.26 0.9 

ZA5 100 0 1.6 0.10 23.7 ± 3.1 13.4 1.71 1.0 

ZA6 100 0 3.2 0.17 23.1 ±3.5 11.5 1.93 1.0 

ZA7 100 0 6.4 0.27 23.2 ±0.2 8.6 2.52 1.2 

ZA8 100 0 9.6 0.35 26.5 ± 2.3 9.5 2.63 1.1 

ZS1 190 0 0 0.03 14.5 ± 0.7 20.7 0.71 8.0 

ZS2 190 6.4 0 0.27 25.9 ± 1.9 48.2 0.55 2.5 

a The (Si/Al)bulk values with two standard deviation errors from EDX measurements of different 

batches; b The (Si/Al)surface values are determined by XPS; c Ratio calculated from measured 

(Si/Al)bulk values and (Si/Al)surface; dThe crystal size is measured by SEM and each value is the 

average of more than 50 crystals. 
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Table B2. Properties of ZSM-5 from an OSDA-free method where Na+ is replaced with 

TPA+. 

Sample NaOH/Al TPAOH/Al (Si/Al)bulk (Si/Al)surface Alsurface/Albulk Size (µm) 

ZH2 9.6 0.0 17.5 ± 2.3 20.0 0.88 4a 

ZS3 7.5 2.1 14.9 ± 0.3 38.0 0.41 8 

ZS4 5.3 4.3 20.6 ± 2.1 64.0 0.32 8 

ZS5 3.2 6.4 29.1 ± 1.3 35.7 0.82 4.5 

ZH3 1.0 8.6 26.2 ± 1.9 25.1 1.04 4 

a Crystal thickness in b-direction is used to represent the size of faceted 

crystals for ZS-3, while the average particle size is used to present the size of 

spheroidal samples.   

 

Table B3. Properties of ZSM-5 from an OSDA-free method where NaOH is replaced 

with TPAOH and amount of alkali metal is replenished with NaCl or KCl 

salt. 

Sample NaOH/Al TPAOH/Al NaCla/Al KCla/Al (Si/Al)bulk (Si/Al)surface Alsurface/Albulk Size 

(µm) 

ZS6 7.5 2.1 2.1 0.0 16.7 ± 1.9 53.0 0.33 7 

ZS7 5.3 4.3 4.3 0.0 17.4 ± 1.3 62.8 0.29 5 

ZS8 3.2 6.4 6.4 0.0 20.0 ± 1.0 70.8 0.25 4 

ZS9 1.0 8.6 8.6 0.0 16.7 ± 0.5 76.5 0.28 3 

ZS10 7.5 2.1 0.0 2.1 21.0 ± 1.6 61.4 0.35 13 

ZS11 5.3 4.3 0.0 4.3 22.5 ± 3.1 48.7 0.41 12 

ZS12 3.2 6.4 0.0 6.4 20.7 ± 0.6 80.1 0.26 6.5 

ZS13 1.0 8.6 0.0 8.6 17.2 ± 0.8 47.3 0.46 11 

ZS14b 5.3 4.3 0.0 4.3 19.9 ± 0.5 61.9 0.27 3 

a NaCl or KCl was added to keep total inorganic SDA content fixed; b ZS-14 was synthesized 

under rotation. 
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Table B4. Synthesis conditions and properties of selected ZSM-5 samples for catalysis 

study. 

Sample Temp. 

(oC) 

NaCl/

Al2O3 

KCl/ 
Al2O3 

  M+/ 

(TPA++M+) 

(Si/Al)bulk
b (Si/Al)surface

c Alsurface/

Albulk
d 

Size 
(µm)

e 

A-4 100 6.4 0   0.27 23.0 ± 0.4 13.1 1.70 1.1 

  NaOH

/Al 

TPAOH/

Al 

NaCl/

Ala 

KCl

/Ala 

     

H1-3 190 1.0 8.6 0 0 0.10 26.2 ± 1.9 25.1 1.04 4 

H2-6 190 9.6 0.0 0 0 1 17.5 ± 2.3 20.0 0.88 4 

S1-1a,f 190 5.3 4.3 0.0 4.3 0.69 19.9 ± 0.5 61.9 0.27 3 

S2-1 190 5.3 4.3 0 0 0.55 20.6 ± 2.1 64.0 0.32 8 

S3-2 190 5.3 4.3 0.0 4.3 0.69 22.5 ± 3.1 48.7 0.41 12 

a NaCl or KCl was added to keep total inorganic SDA content fixed; b The (Si/Al)bulk values with 

two standard deviation errors from EDX measurements of different batches; c The (Si/Al)surface 

values are determined by XPS; d Ratio calculated from measured (Si/Al)bulk values and 

(Si/Al)surface; eThe crystal size is measured by SEM and each value is the average of more than 

50 crystals. f S1-1 was synthesized under rotation. 
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Table B5. Summary of R2/D, turnover numbers, and E/2MBu ratios. 

Catalyst 

sample 
RE

2

/D 

(ks) 
𝑹𝑬 𝑪𝑯+  𝑺𝑨

−𝟏 (µmol/nm) 
TONa 

(molC/molBrønsted) 
E/2MBuc 

A-4 2.06 4.9 x 10-15 3042, 3719b,c 2.4, 2.6 

H1-3 1.23 4.0 x 10-15 5518 3.4, 3.5 

H2-6 5.81 1.4 x 10-14 3129 3.8, 4.0 

S1-1 0.21 1.8 x 10-15 12769, 12820c 2.0, 2.3 

S2-1 0.26 1.6 x 10-15 22167 1.4, 1.7 

S3-2 0.37 2.5 x 10-15 11694 2.1, 2.2 

C-0.2 0.35 8.9 x 10-16 1944 3.6 

CS-0.2 0.22 5.6 x 10-16 4117 3.2 

ES-0.3 0.31 5.1 x 10-16 10109 2.6 
a Calculate for Δ(conversion) = 47% starting from initial conversion 
b Calculate with total acid site concentration measured by NH3-TPD since pyridine-adsorbed 

spectrum from FTIR experiment is not quantifiable for A-4. 
c Values from two separate runs of different sample batches 

 

Table B6. Summary of local maxima (in wavenumbers) in each UV-vis spectral 

region for all samples. Specific association of species with 

wavelengths is summarized by Fu et al., [1].  

Catalyst 

sample 
HCP (cm-1) Internal coke (cm-1) External coke (cm-1) 

A-4 370 416 574 

H1-3 361 422 560 

H2-6 353 421 569 

S1-1 356 415 569 

S2-1 373 422 564 

S3-2 364 421 571 
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Figure B1. Powder XRD patterns for the set of samples shown in Table B1. The patterns for all 

samples display typical peaks indicative of the MFI framework. 
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Figure B2. XRD patterns for the set of samples shown in Table B2. The patterns for all samples 

display typical peaks indicative of the MFI framework.  
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Figure B3. XRD patterns for the set of samples shown in Table B3. The patterns for all samples 

display typical peaks indicative of the MFI framework. 
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Figure B4. Si and Al concentration in the supernatant, analyzed with ICP-MS, as a function of 

time for homogeneous sample (H1-3, purple circles) and Si-zoned sample (S2-1, 

red inverted triangles). Error bars span two standard deviations.  
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Figure B5. (a) XRD patterns of homogeneous sample synthesized with mixed SDAs (H1-3) 

and of (b) a Si-zone sample (S2-1) after 3, 6, 12, and 24 h of synthesis. The patterns 

display typical MFI peaks, except for S2-1 - 3h which shows partially amorphous 

phase. 
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Figure B6. SEM micrographs of (a – d) homogeneous sample (H1-3) and (e – h) Si-zone sample 

(S2-1) collected from time-elapsed study after 3, 6, 12, and 24 h.  

 

 

 
Figure B7. Results of transient sorption of 2,3-dimethylbutane, plotted as the normalized 

adsorption with respect to time. The experimental curves are shown with red 

circles, and the weighted curves are shown in blue. 
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Figure B8. Physisorption curves plotted as quantity of N2 adsorbed/desorbed versus relative 

pressure for samples A-4 to S3-2 listed in Table 4.1.  

 

 
Figure B9. NH3 – TPD curves plotted as TCD concentration versus desorption temperature for 

(a) Al-zoned sample (blue), homogeneous sample from an inorganic synthesis (dark 

purple), and homogeneous sample from mixed SDAs (lavender); (b) Si-zoned 

samples. 
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Figure B10. 27Al MAS NMR spectra for H-ZSM-5 catalyst samples with Al-zoning (A-4), Si-

zoning (S1-1, S2-1, and S3-2), and homogeneous Al distribution (H1-3, H2-6). 

 

 

Figure B11. Raw VKE-XPS spectra for (a) sample A-4 and (b) H1-3. The binding energy (EB, 

x-axis) is plotted relative to the binding energy of spectra collected at a photon 

energy of 3003 eV. 
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Figure B12. Raw VKE-XPS spectra for (a) sample S1-1, (b) sample S3-2. The binding energy 

(EB, x-axis) is plotted relative to the binding energy of spectra collected at a photon 

energy of 3003 eV. 
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Figure B13. Ethene-to-2MBu selectivity ratio as a function of a descriptor (NH+). The digitizer 

tool in OriginLab was used to extract ethene and 2MBu selectivities from Figure 

S4a of Khare et al.,  [27]. 

 
Figure B14. Conversion of MeOH and DME as a function of TOS for the Al-zoned (blue), 

homogeneous (purple), and Si-zoned samples (red). All reactions were performed 

at 350 °C using a space velocity of 0.18 - 0.30 mol MeOH mol-1 H+ s-1. 
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Figure B15. UV-vis spectra collected under operando condition for methanol-to-hydrocarbon 

reaction. 

 

 
Figure B16. (a) Temporal changes of the intensity ratio of internal coke species (416-425 nm) 

to HP species 350-375 nm) for Si-zoned sample S3-2. (b) Corresponding changes 

of the intensity ratio of external coke species (560-575 nm) to internal coke 

species. 
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Figure B17. SEM images of the homogeneous ZSM-5 core (C-0.2), ZSM-5@silicalite-1 core-

shell (CS-0.2), and inverse core-shell silicalite-1@ZSM-5 (ES-0.3) samples.  

 

 
Figure B18. Physisorption curves plotted as quantity of N2 adsorbed/desorbed versus relative 

pressure for samples C-0.2, CS-0.2, and ES-0.3 listed in Table 3.1 of the 

manuscript.  
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Appendix C Supplementary Information for Chapter 4 
 

 
Figure C1. Physisorption curves plotted as quantity of N2 adsorbed/desorbed versus relative 

pressure for all samples listed in Table 4.1. 

 

 
Figure C2. Spectra in the range of 3800-3300 cm-1 for H-form samples before pyridine 

adsorption. 
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Figure C3. Results of transient sorption of 2,3-dimethylbutane, plotted as the normalized 

adsorption with respect to time. The experimental curves are shown with red 

circles, and the fitted curves are shown in blue. 

 

 
Figure C4. Initial effluent hydrocarbon selectivity (left axis) and ethene/2MBu (black circles, 

right axis) at iso-conversion (39-61%) for methanol-to-hydrocarbons reactions over 

H-ZSM-11 catalysts at 350 °C and PMeOH = 11.5 kPa.  


