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ABSTRACT 

Zeolites are shape-selective microporous crystals that are widely used in 

refining and (petro)chemical processes owing to their unique porous topologies, high 

thermal stability, and tunable acidity. This dissertation aims to improve the 

performance of zeolite catalysts by optimizing some essential design parameters such 

as framework topology, morphology, and Brønsted and Lewis acidity.  

We first investigated the synthesis of 2-dimensional (2D) zeolites due to their 

superior catalytic properties, particularly in applications involving large (bulky) 

molecules. We selected a common layered zeolite, MCM-22 (MWW framework), to 

explore methods of preparing 2D nanosheets via a one-pot synthesis in the absence of 

complex organic templates. Using a combination of high-resolution microscopy and 

spectroscopy, we show 2D MMW-type layers with an average thickness of 3.5 nm (ca. 

1.5 unit cells) can be generated using the surfactant cetyltrimethylammonium (CTA), 

which operates as a dual organic structure-directing agent (OSDA) and exfoliating 

agent to affect Al siting and eliminate the need for post-synthesis delamination, 

respectively. We tested these 2D catalysts using a m odel reaction to assess external 

(surface) Brønsted acid sites and observed a marked increase in the conversion relative 

to 3-dimensional MCM-22 and 2D layered MWW (ITQ-2) prepared by post-synthesis 

exfoliation. To this end, our findings highlight a facile, effective route to directly 

synthesize 2D MWW-type materials, which may prove to be more broadly applicable 

to other layered zeolites.  

Driven by the limited supply of fossil fuels, it is highly desirable to develop 

high-performance zeolite catalysts with improved selectivity to aromatics, particularly 

from diversified (non-petroleum) feedstocks. The catalyst ZSM-5 (MFI framework) 
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was chosen to examine more efficient routes to aromatics given its reported shape-

selectivity for C6 – C8 products. In this dissertation, we examine ethylene 

dehydroaromatization (DHA) over metal-exchanged ZSM-5 (both Ag-ZSM-5 and Ga-

ZSM-5) and show that extra-framework Lewis acid sites promote DHA reactions with 

enhanced selectivity to toluene and xylenes. We observe that metal-exchanged ZSM-5 

enhances aromatic selectivity approximately 3-fold compared to H-ZSM-5, which 

tends to produce light olefins and other aliphatic hydrocarbons. Through systematic 

studies of metal-exchanged ZSM-5 using a combination of experiments and density 

functional theory (DFT) calculations, we have been able to differentiate the roles of 

metal species in ethylene activation with enhanced product selectivity to value-added 

aromatics.  

Lastly, we have studied the challenges associated with synthesizing ZSM-5 at 

low temperature (ca. 100°C), which is often necessary to generate small crystals (< 200 

nm) with an appreciable quantity of acid sites (i.e., Si/Al < 25). We show that synthesis 

at low temperature, and most notably in growth mixtures containing high aluminum 

concentration, results in the incomplete incorporation of Al in ZSM-5 that can be 

partially removed through post-synthesis mild acid treatment. Our findings suggest that 

ZSM-5 may be more difficult to synthesize than is commonly perceived, most notably 

when examining the various types of defects (i.e., extra-framework octahedral- and 

penta-coordinated Al) that can be incorporated in crystalline products over a wide range 

of synthesis conditions. 
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Chapter 1  

Prior Work on Zeolites as Catalysts: Rational Design and Aromatics Production 

1.1 Zeolite Catalysts: Synthesis Approaches and Nature of Active Sites  

Zeolite is a crystalline, microporous material that is composed of tetrahedral 

units coordinated by O atoms, TO4 (T usually represents Si or Al atom).1 Before the 

discoveries of industrial zeolite applications, over 40 naturally-occurring zeolites were 

found forming inside rocks.2 After the discoveries of its commercial applications, 

researchers tried to mimic the geological condition to obtain synthetic zeolites. To 

optimize the physical and chemical properties of zeolites, different methods of 

preparation were developed, such as hydrothermal synthesis3, dry gel conversion 

synthesis4, and fluoride-medium synthesis5-6. Although zeolites are commonly 

considered to be aluminosilicates, other heteroatoms can replace Si atoms and 

incorporate into the framework structure, e.g., P5+, Ge4+, Ti4+, Ga3+, B3+, Co2+, or Zn2+.7-

8 Currently, there are over 248 frameworks that have been documented by the 

International Zeolite Association9, where each framework is given a three-letter code. 

Micropore size of most zeolites can be divided into three categories: small-pore (8 

member-ring, ca. 4 Å), medium-pore (10 member-ring, ca. 5-6 Å), and large-pore (12 

member-ring, ca. 7Å). Recently, ultra-large pore zeolites (14 member-ring to 18 

member-ring) have been developed, which can be considered as potential catalysts in 

oil refining.10 In general, zeolites have been widely used as ion exchangers, adsorbents, 

and catalysts,11-12 while new applications have started to emerge that include (but are 

not limited to) drug delivery13, sensors14, fuel cells15, and imaging16.  

In this dissertation, the major research focus is on the applications of zeolite 

catalysts. The widespread use of zeolites as heterogeneous catalysts in industrial 
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applications is attributed to their exceptionally high (hydro)thermal stability, tunable 

Brønsted acidity, and unique microporous topologies.17-19 The incorporation of 

tetrahedral aluminum in the zeolite framework creates a negative charge that is 

counterbalanced by an extra-framework cation (e.g., Brønsted or Lewis acid site). One 

of the challenges associated with zeolite catalyst design is their propensity to rapidly 

deactivate due to internal diffusion limitations that result in coke formation. This is 

particularly problematic for small-pore zeolites (< 4 Å pore apertures), and has led to 

significant efforts within the zeolite synthesis community to design nano-sized 

materials with markedly reduced internal diffusion pathlength.20-23 Indeed, there have 

been many notable advancements in the area of crystal engineering that has led to ultra-

small zeolites,24-26 2-dimensional materials,27-31 hierarchical zeolites,32-36 and other 

types of unique architectures that have proven to effectively reduce diffusion limitations 

and improve the performance of zeolite catalysts.37-39 

In select cases, a facile approach to prepare nano-sized zeolites involves the 

judicious adjustment of synthesis parameters, which includes (but is not limited to) gel 

composition, the source of reagents, and temperature. For example, the selection of 

silicon and/or aluminum sources can have a notable impact on the kinetics of 

crystallization.40 Moreover, the intimate contact between these sources and alkali 

metals, which often serve as structure-directing agents (SDAs), can dramatically alter 

crystal growth as well as the final physicochemical properties of zeolites.41 Among the 

various synthesis parameters that are available to control, the temperature is one that 

can have an appreciable effect on particle size. In particular, it is widely reported that 

low-temperature syntheses favor nucleation over crystal growth, thereby leading to an 

increase in the number of crystals with a concomitant reduction in average crystal 

size.42 Examples include the work of Valtchev and coworkers43 who systematically 
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examined the effect of temperature on zeolite A (LTA) crystallization and observed a 

monotonic decrease in crystal size with decreasing synthesis temperature. Rodríguez 

and coworkers showed for the case of ZSM-5 (MFI) synthesis that ultra-small crystals 

(10–20 nm) could be generated at low temperatures (70–90 °C).44 Numerous studies of 

ZSM-5 size control can be found in the literature where the vast majority of cases 

examine the formation of nano-sized crystals with relatively low aluminum content (i.e., 

Si/Al > 25). In catalytic reactions, it is often desirable to prepare ZSM-5 with higher Al 

content; however, it is nontrivial to synthesize ZSM-5 with the dual conditions of high 

acid site density and small crystal size. Reported cases in the literature where such 

scenarios are achievable tend to involve nano-sized ZSM-5 synthesis at low 

temperature.45 

The network of one- to three-dimensional micropores in zeolites provides 

confined regions for enhanced shape selectivity, and/or specific environments that 

direct the formation of certain products by stabilizing their associated transition 

state(s).46-52 To further enhance the selectivity towards desired products, the 

introduction of extra-framework cations (i.e., Lewis acid sites) is attracting widespread 

interest, which is discussed in greater detail in the following section. An alternative 

approach to tailor product selectivity is to control the aluminum content inside the 

zeolite catalyst (i.e., framework Al that serve as Brønsted acid sites). Khare et al. 

recently argued that increasing aluminum content in ZSM-5 catalysts enhances the 

propagation of aromatics-based cycles for methanol to hydrocarbon (MTH) reaction 

using ethylene selectivity as an indicator.53 They further related the effect of Al content 

with their previous findings on the crystallite size and argued that the average number 

of acid sites is as a general descriptor that strongly influences product selectivity. 
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To investigate the nature of an active site(s) in zeolite catalysts, it is often 

necessary to use multiple characterization techniques, such as diffraction, microscopy, 

and spectroscopy. Vibrational spectroscopy, especially infrared (IR), plays a key role 

in the characterization of zeolite catalysts.54 Due to its acid-base properties, zeolites can 

be titrated with probe molecules (i.e., CO NH3, and pyridine) to obtain quantitative 

information regarding the number, location, and strength of acid sites.55 For example, 

pyridine has been widely used as a probe molecule to differentiate between Brønsted 

and Lewis acid site density.56 On the other hand, substituted pyridines, such as 2,4,6-

collidine, can only titrate the external active sites due to its limited access to the zeolite 

pores.57 By comparing measurements using different probe molecules, internal and 

external active sites can be distinguished. Solid-state nuclear magnetic resonance 

(NMR) is another powerful technique to determine the local environment (both 

structure and dynamics).58 Both 27Al and 29Si magic angle spinning (MAS) solid-state 

NMR are the most conventional measurements for zeolites. 27Al MAS NMR can 

distinguish between framework Al (tetrahedral,  = 55 ppm) and extra-framework Al 

(octahedral,  = 0 ppm), which provides quantitative information regarding 

(extra)framework Al content. 29Si MAS NMR spectra of zeolites usually exhibit as 

many as five signals in the SiO4 units (Q4) region, Si(4Al), Si(3Al), Si(2Al), Si(1Al), 

and Si(0Al), where Si(nAl) (n = 0, 1, 2, 3, 4) represents the number of Al sites bound 

to the Si atom.59 Therefore, framework Si/Al ratio can be determined from the 29Si MAS 

NMR spectra. Recently, Xu et al. have explored metal active sites inside zeolite pores 

(host-guest interaction) and catalytic reaction intermediates via advanced solid-state 

NMR methods.60 
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1.2 Two-dimensional Zeolite Catalyst 

As mentioned in the previous section, micropores of zeolitic materials provide 

confined environments for molecules during the course of reactions, which may direct 

the formation of certain products by stabilizing the associated transition state(s).46-49 In 

addition to providing shape selectivity, small pore dimensions (4 ~ 7 Å) of typical 

zeolites often impose mass transport limitations, especially in applications that involve 

bulky molecules such as catalytic reforming.61-64 Two-dimensional (2D) zeolites, on 

the other hand, have exhibited properties that can alleviate mass transport restrictions 

by providing accessible acid sites (and short diffusion path lengths) to molecules in 

reactions without significant diffusion into internal pore structures.65-67  

Most zeolite can be obtained via conventional hydrothermal synthesis to directly 

form three-dimensional structures of interconnected TO4 tetrahedral units; however, 

some zeolite frameworks are able to undergo a different pathway to form two-

dimensional layered zeolite precursors (LZP) after the synthesis.65 In the 2D LZP 

structure, each layer is connected via hydrogen bonding (i.e., weaker bonds) instead of 

covalent bonding. Due to its unique layer formation, many studies have focused on 

expanding different zeolite frameworks that can directly form LZP architectures. Figure 

1.1 lists thirteen zeolite frameworks, such as FER68, SOD69, MFI29, NSI70, and PCR71, 

which are reportedly synthesized from a layered precursor.  

MCM-22 (MWW type) is one of the most investigated 2D zeolites because of 

its unique crystallographic structure formed by stacking thin MWW layers (ca. 2.5 nm 

thick).72-73 The MWW layers have thicknesses equal to a single unit cell dimension, and 

are aligned perpendicular to the c-axis (Scheme 1.1). The internal pores of MWW are 

comprised of supercages (boxed area of Scheme 1.1A) connected by 10-membered ring 
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(MR) apertures. These cages are surrounded by sinusoidal channels with narrower 10-

MR openings located in close proximity to each corner of the supercage. The exterior 

surfaces of MWW layers are comprised of 12-MR pockets (or cups) equal to 

approximately one-half the volume of a supercage. Distinct from surface acid sites on 

many zeolite catalysts, the acid sites in the external cups of MWW-type zeolite exhibit 

strong acidity, similar to sites within the micropores,74 which has generated interest for 

their use in catalytic reactions involving bulky molecules with steric restrictions for 

accessing interior cages/channels such as Friedel–Crafts alkylation75, hydrocracking27, 

and acetalization of aldehydes76. The MWW structure is comprised of eight unique 

tetrahedral (T) sites, which are illustrated in Scheme 1.1B and C.  

 
Figure 1.1. Zeolites with known 2D forms (yellow box with bold frame) and zeolites 

used industrially or those of commercial interest (red bold 3-letter code) 

This figure is adapted from previous work.65  

As shown in Scheme 1.2, post-synthetic approaches have been developed to 

delaminate MCM-22P, where P is used to denote layered precursors that are not 

covalently connected. Calcination of the precursors leads to the direct condensation of 

MWW layers, which can be avoided via post-synthesis processes to exfoliate the layers, 

thereby producing disorder nanosheets with a high surface area exposing 12-MR 
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pockets. A notable example is ITQ-2 prepared by swelling MCM-22P with an 

exfoliating agent (e.g., surfactant) and subsequently delaminated via sonication.77 

Calcined ITQ-2 exhibits very high external surface area (~700 m2/g), indicating the 

material is composed of disordered MWW layers.78-79 It has been reported that ITQ-2 

shows the superior catalytic activity as compared to conventional MCM-22 zeolites in 

various applications, such as cracking of vacuum gas oil.77 The original procedure and 

conditions used to prepare ITQ-2 involved the use of harsh conditions (i.e., high pH 

and temperature), leading to partial amorphization.80 Several methods were established 

since the initial reports of ITQ-2 synthesis to overcome these problems. For example, 

the separation of MWW layers can be achieved without the use of sonication.81  

 

Scheme 1.1. (A) MWW framework with its network of pores (B) Top down view of an 

external pocket with unique T sites for Al incorporation, and (C) side view 

along the a-direction (90 degrees relative to panel B).  

Similarly, potential amorphization of MWW layers can be avoided when 

operating under pH 9 and via the use of tetraalkylammonium ions to avoid energy-

intensive sonication.82 Another worth-mentioning MWW-type material prepared via 

post-synthetic treatment is MCM-36, which is the first pillared zeolitic material 

developed by Mobil Research and Development Corporation.83Scheme 1.2 indicates 
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the swollen layers are intercalated by silica species, which is able to hold the layers 

apart. Similar to the synthesis of ITQ-2 material, the swelling step to obtain MCM-36 

zeolite also requires severe conditions such as high temperature and pH, resulting the 

partial dissolution of framework silica. To resolve this challenge, Maheshwari et al. 

demonstrated the post-swelling step can be performed at room temperature (compared 

to conventional processes at 353 K) by extensive washing with water.84 Interestingly, 

post-synthetic processes have been extended to borosilicates where single-step 

delamination along with isomorphous substitution of boron with aluminum has been 

demonstrated on ERB-1 (MWW type; borosilicate counterpart).85 Delamination has 

also been used in somewhat related processes referred to as ADOR (assembly-

disassembly-organization-reassembly) to construct new frameworks.71, 86-89 In these 

processes, building units consisting of a chemical weakness (i.e., Ge heteroatoms) are 

used to delaminate (or disable) and then reassemble via silica bridges to construct new 

frameworks that are otherwise difficult to prepare directly. Moreover, layered zeolites 

can be used as seeds for the topotactic conversion between different 2D zeolitic 

precursors through a 3-dimensional germanosilicate intermediate.90 

 

Scheme 1.2. Possible MWW-type zeolite structures obtained via direct and post-

synthetic treatment. The scheme is redrawn and adapted from previous 

work.65  
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It is highly desirable from both an economic and practical standpoint to develop 

one-pot synthesis methods to yield zeolite MWW nanosheets with large external 

surface areas, while simultaneously avoiding loss of structure that is often the result of 

post-synthesis treatments. To our knowledge, there are few strategies reported in the 

literature to achieve disordered MWW-type materials with properties similar to ITQ-2. 

Several approaches that come close include the preparation of UZM-8,91 MCM-56,92-93 

EMM-10,94 and ITQ-30.95 Despite the fact these materials exhibit some degree of 

disordered MWW layers, their relatively low mesoporosity indicates MWW layers are 

not highly separated with respect to a fully delaminated MWW-type zeolite. Multiple 

groups have reported31, 96-97 the preparation of MWW-type materials with single layers 

using a one-step method; however, these methods required the use of custom organic 

structure-directing agents (OSDAs) that were not commercially available, and required 

multi-step synthesis. To this end, it has remained elusive to design a one-step synthesis 

of delaminated MWW type zeolite through more practical pathways. 

1.3 Bifunctional Metal-exchanged Zeolite Catalyst  

Zeolites are shape-selective microporous catalysts that are widely used in 

refining and (petro)chemical processes. The incorporation of aluminum in the zeolite 

framework creates a negative charge that is counterbalanced by an extra-framework 

cation (either a Brønsted or Lewis acid site). The use of metal Lewis acids broadens the 

range of catalytic applications. Table 1.1 summarizes the use of metal-exchanged 

zeolite in selected key catalytic applications in the perspectives of natural gas and oil 

processing, pollutant treatment, fine chemical synthesis, and biomass conversion. 

However, in this dissertation, the major focus is to optimize the dehydroaromatization 

(DHA) catalytic performance of bifunctional metal-exchanged zeolites. Numerous 

research studies have established that with the addition of Lewis acid sites (i.e., Ag (I), 
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Ga (III), and Zn (II)), the combination of two types of active sites (Brønsted and/or 

Lewis acid sites) can enhance aromatics yield due to the dehydrogenation properties of 

the added acid sites.98-99 In addition, among all zeolite frameworks, ZSM-5 (MFI 

topology) has been demonstrated to be a superb catalyst for BTX production from 

different feedstocks, including syngas100, methanol101-102, light alkanes103-104, and 

alkenes105-108, due to its unique medium pore (10-member ring) shape selectivity.  

Table 1.1. Selected catalytic applications of metal-exchanged zeolite catalysts. 

Selected applicationsa Metals ref 

Natural gas processing 

Methane dehydroaromatization (DHA)  Mo, Re, Fe 103
 

Oxidation of methane to methanol Cu, Fe 109
 

Oil processing 

Hydrocracking Ni/Mo, Ni/W, Pt, Pd 110
 

Naphtha reforming Pt  111
 

Light alkane/alkene dehydroaromatization (DHA) Ga, Zn, Ag 99
 

Environmental application 

Selective catalytic reduction (SCR) of nitrogen 

oxides (deNOx) 

Cu, Fe. Ag. Co 
 

(photo-)catalytic removal of volatile organic 

compounds (VOC) 

Ti, Cu, Pt, Pd 112
 

Deep catalytic oxidation of water pollutants Cu, Fe 113
 

Catalytic combustion of CO and hydrocarbons Pd, Ni 114
 

Synthesis of fine chemicals 

Benzene to phenol oxidation with N2O Fe, Ti 115
 

Selective hydrogenation of nitroarenes Pd, Pt 116
 

Diels-Alder reactions Zn, Cr, Ga, Cu, Zr 117
 

Baeyer-Villiger oxidation of ketones Sn. Ti, Zr 118
 

Biomass conversion 

Conversion of carbohydrates to lactic acid Sn, Ti, Zr 119
 

a. The table is modified from the previous literature.120 
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Direct conversion from light alkenes (e.g., ethylene) to desired aromatics (BTX) 

has attracted much attention over the past few decades. In 1998, Qiu et al.106 observed 

that aromatic selectivity over Ga-ZSM-5 can reach as high as 87% at the comparable 

ethylene conversion (95%) and the reaction conditions 1 atm and 793K; however, in 

2017, Coqueblin et al.121 investigated four metal-exchanged ZSM-5 catalysts (Mo, Ni, 

Ga, and Zn cations) over the same catalytic reaction (ethylene DHA) and observed that 

Zn-ZSM-5 shows the highest ethylene conversion (ca. 92%) and aromatics yield (ca. 

60%) at atmospheric pressure and 773K. Moreover, studies of methane activation have 

increased in number over the last decade due to the recent surge in shale gas. 

Particularly, partial oxidation of methane to methanol is a promising route to further 

produce aromatics and holds interests for researchers worldwide.109 As shown in Figure 

1.2, Ravi et al. have summarized the direct methane-to-methanol conversion results 

over different metal loading solid catalysts. For all reported catalysts, a higher methanol 

selectivity at a lower methane conversion is observed. It is worth mentioning that Cu-

ZSM-5 catalysts can achieve nearly 85% methanol selectivity at a relatively high 

methane conversion.  

 

Figure 1.2. Selectivity for the formation of methanol with different catalysts as a 

function of methane converted. This figure is adapted from previous 

work.109  
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The incorporation of Al into the zeolite framework creates a negative charge 

that needs to be balanced by extra-framework cations, usually H+ (Brønsted acid site). 

Wetness impregnation is the most common method that has been widely used to 

introduce transition metals into zeolite matrix. Typically, zeolite host is mixed with a 

solution where the metal precursor is dissolved in. The volume of zeolite micropore 

should be equal to the solution volume. The metal-loaded zeolite can then be dried and 

calcined, leading to the removal of volatile components and deposition of active metal 

sites. However, in the presence of gas molecules inside the zeolite structure, previous 

literature suggests the metal precursor solution cannot fill the entire zeolite micropore 

volume hence leading to a non-uniform metal site distribution with aggregates on the 

external zeolite surface.122 To achieve the homogeneous metal species distribution, a 

conventional ion exchange method is performed in an aqueous solution with an 

excessive amount of metal precursor and washing. Compared with the wetness 

impregnation method, the final metal loading is different from the amount of metal 

species dissolved in the solution. Factors such as metal precursor concentration, ion 

exchange temperature, and solution pH are all essential to influence the final metal 

loading amount. Although most monovalent cations (e.g., Na+, K+, and Ag+) can easily 

exchange with H+ and covalently bond with framework oxygen (Scheme 1.3B), 

multivalent cations usually have difficulty to interact with the zeolite host. Specifically, 

Ga-ZSM-5 prepared using a solution ion exchange method typically exhibits large 

fractions of GaxOy deposits formed on the external zeolite surfaces due to the slow 

diffusion of hydrated Ga3+ ionic species into the micropores.123 To obtain more 

dispersed Ga species, Ga-ZSM-5 could be reduced in H2 at high temperature (>700K) 

and exchanged with Brønsted acid sites.123-125 However, Ga cannot completely migrate 

into the zeolite micropore channels thus obtaining uniform dispersed Ga speciation is 
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challenging. Chemical vapor deposition is another approach to introduce isolated metal 

species into the zeolite micropore via reacting a volatile metal precursor (e.g., chloride, 

alkyl, etc.) with zeolite Brønsted acid sites under anhydrous conditions.120 For example, 

Phadke et al. developed a novel vapor-phase exchange of H-ZSM-5 with GaCl3 to 

obtain isolated Ga3+ cations inside ZSM-5.123  

 
Scheme 1.3. Possible metal-zeolite configuration via different preparation methods. 

The scheme is modified and adapted from previous literature.120  

In situ encapsulation of metal clusters is a powerful technique to generate metals 

inside zeolite micropores (Scheme 1.3A). However, most metal cations have a 

propensity to precipitate when directly added into zeolite synthesis gel mixtures, 

leading the formation of separated phases between metal cluster and zeolite 

framework.122 To overcome these challenges, Iglesia and coworkers demonstrated that 

metal cluster (Pt, Ru, Rh) can be incorporated via interzeolite transformation from a 

parent zeolite (BEA or FAU) to a daughter zeolite (e.g., MFI).126 Moreover, utilizing 

the silica ligand precursor to stabilize the metal species is also able to encapsulate metal 

clusters inside zeolite pores. Jones and coworkers developed a method that creates Ga 

Lewis acid sites via this approach.127 They reported that with the addition of 3-

mercaptopropyl-trimethoxysilane (MPS), Ga can be encapsulated into the framework 

without directly forming the covalent bonds with the framework oxygen. As shown in 

Scheme 1.3C, isomorphous substitution leads to the formation of isolated framework 
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metal sites. Instead of Al atom, other trivalent elements such as Ga3+, Fe3+, and B3+ can 

also be incorporated into the zeolite framework and exhibit different Brønsted acid 

strength.128 In this dissertation, we aim to develop a novel metal-exchanged zeolite 

catalyst that can maximize aromatics yield. Moreover, we focus on the identification of 

metal active sites and the elucidation of their role(s) in alkene DHA reactions.  

1.4 Recent Development in Aromatics Production over Zeolites 

Aromatic hydrocarbons (benzene, toluene, and xylene isomers referred to 

collectively as BTX) are essential precursors in the current petrochemical industry. 

BTX products can be commercially used as valuable materials such as fuel additives, 

raw materials for polymers, and other value-added aromatics-derived products.129-130 

As the industrial production of aromatics still heavily relies on catalytic reforming in 

oil refineries, 131-132 a supply gap is expected in the future. Therefore, alternative routes 

to produce aromatics are desirable given the limited supply of fossil fuels. The recent 

surge in shale gas has created opportunities to develop processes based on methane and 

light olefin feedstocks.133 Recently, IHS Markit claimed that novel process technologies 

(Figure 1.3) could change the entire chemical industry by 2025, where the feedstock 

will gradually shift from conventional crude oil to light crude oil (< C4).134 

 
Figure 1.3. Crude oil to chemical production routes. Crude oil to chemicals production 

routes. This figure is adapted from previous work.134  

One promising technology is the direct conversion of ethylene to aromatics (or 

ethylene dehydroaromatization, DHA).135 This feedstock has received relatively little 
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attention compared to methane103, 136 and propane.98 There is a high degree of feedstock 

flexibility in ethylene DHA reactions owing to the availability of ethylene from steam 

cracking in refineries,137 and its potential generation from ethane dehydrogenation.138-

140 Furthermore, the ethylene to liquids (ETL) reaction could be used in combination 

with the oxidative coupling of methane (OCM) to avoid costly separation of ethylene 

from OCM products.106, 141-142 Alternatively, ethylene can be used in methane upgrading 

through non-oxidative coupling (NOC),108 or in ethylene-to-propylene (ETP) 

reactions.143 While prior literature has focused on ethylene upgrading over nickel-based 

catalysts,144-146 there are disproportionately fewer studies of ethylene DHA reactions 

catalyzed by metal-containing zeolite catalysts.9, 107, 147-148  

Motivated by recent high production of natural gas and light olefins, we aimed 

to develop structure-performance relationships of metal-containing zeolite catalysts in 

non-oxidative CH4 and C2H4 upgrading reactions. According to the literature on non-

oxidative methane upgrading, methane conversion has not exceeded 20%, which is far 

from the practical level for industrial viability. Hence, elucidation of both NOC and 

DHA reaction mechanisms and corresponding active sites that include their locations 

in framework is a key step to enhance methane conversion. A general mechanism is 

shown in Figure 1.4 where methane activation, the rate-limited step, is proposed to 

occur at a Lewis acid site. In the presence of ethylene, C-C bond formation may occur 

at both Brønsted and Lewis acid sites via oligomerization and dehydrogenation. To 

improve methane conversion, screening Lewis acid sites using density functional 

theory (DFT) calculations is necessary to determine which metal promoter is the most 

promising one to activate methane. Moreover, methane or ethylene conversion is also 

strongly influenced by active site locations and co-feed reactants. Their effects can be 

elucidated with a fundamental understanding of the reaction mechanism.  
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Figure 1.4. General mechanism for NOC and DHA where Mn+ represents a Lewis 

acid site and H+ is a Brønsted acid site.  

In addition to aromatics production from DHA, it is economically important to 

explore alternative pathways to produce aromatics and other value-added chemicals 

through processes such as hydrocarbon cracking (i.e., converting heavy polyaromatics 

to valuable BTX). These critical industrial processes commonly use zeolites as 

heterogeneous catalysts; however, it is challenging for the high-molecular-weight feed 

to diffuse into the microporous channels of zeolites.27 High surface area 2D layered 

zeolites, such as MWW-type materials, can reduce internal mass transport limitations 

by providing more external acid sites and decreasing diffusion within pores. In addition, 

Friedel-Crafts alkylation involving aromatics is used widely in industry to produce fine 

chemicals, which can be further transformed into dyes and pharmaceuticals, among 

other products.30 Layered MWW materials have become promising catalysts for the 

production of ethylbenzene and cumene from alkylation owing to their unique surface 

pockets that enhance selectivity due to the strong acid sites inside the 12 MR exterior 

cups (Scheme 1.1).  

1.5 Dissertation Outline 

This dissertation is divided into three parts. In chapter 2 and 3, we discuss 

structure-performance relationships of metal-containing (Ag, Ga) zeolite catalysts in 

non-oxidative CH4 and C2H4 dehydroaromatization (DHA) reactions. By using 

advanced in situ techniques and DFT calculations, the nature of active sites and reaction 

mechanisms can be elucidated. In chapter 4, we demonstrate a novel one-step synthesis 

approach to produce ultrathin 2D nanosheets. In this study, we selected a common 
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layered zeolite, the MWW framework, to explore methods of preparing 2D nanosheets 

via a one-pot synthesis in the absence of complex organic structure-directing agents. 

Using a combination of high-resolution microscopy and spectroscopy, we show that it 

is possible to generate 2D MMW-type layers with an average thickness of 3.5 nm (ca. 

1.5-unit cells). In chapter 5, we highlight the challenges associated with synthesizing 

ZSM-5 at low temperature (ca. 100°C), which is often necessary to generate small 

crystals (< 200 nm) with an appreciable quantity of acid sites (i.e., Si/Al < 25). By using 

solid-state 27Al NMR technique, we observe the existence of extra-framework 

(octahedral) Al and penta-coordinated Al from ZSM-5 via low-temperature synthesis. 

Although these three parts have different objectives, all of them require rational design 

of zeolite catalysts to maximize their reaction performance (i.e., activity, selectivity, 

and stability).  
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Chapter 2  

Enhanced Surface Activity of MWW Zeolite Nanosheets Prepared By a One-

Step Synthesis Method 

The material discussed in this chapter has been published. Figure and table numbers 

have been changed for dissertation consistency. The work was in collaboration with 

Yanyu Mu, Dr. Bernd Kabius, Dr. Carlos Pacheco, Dr. Carol Bator and Dr. Robert M 

Rioux from the Pennsylvania State University.  

2.1 Motivation 

Zeolites with small-to-medium sized pores (3 ~ 7 Å) often encounter mass 

transport limitations with limited access of bulky molecules.62-64, 149 In comparison, 

two-dimensional (2D) zeolites possess properties that enhance mass transport within 

pores while providing accessible acid sites on external surfaces for molecules 

sterically restricted from accessing internal sites.65-67 MCM-22 (MWW type) is one of 

the most investigated 2D zeolites because of its unique crystallographic structure 

formed by stacking thin MWW layers (ca. 2.5 nm thick).72-73 The MWW framework 

has a hexagonal crystal structure (P6/mmm) with unit cell parameters a = 1.421, b = 

1.421, and c = 2.495 nm.150 These MWW layers are perpendicular with respect to 

each layer along the c-axis, in which half of the 12-MR cage (referred to as semi 12-

MR cups, boxed area of Scheme 1.1A) is located on the exterior of MWW layers. 

Different from normal surface acid sites, these acid sites in the semi cups still exhibit 

strong acidity similar to ones in micropores., hence leading MWW-type zeolites to 

become very promising catalysts for reactions involving large molecules that cannot 

diffuse into zeolite microporous channels.74 

In addition, conventional layered MCM-22 precursors, referred to as MCM-

22(P), result in direct condensation of MWW layers during calcination, sacrificing 

significant accessibility to surface acid sites. Post-synthetic approaches have been 
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developed to expose semi 12-MR cups by preventing direct condensation of MWW 

layers. As mentioned in Chapter 1, a notable example is ITQ-2 (high external surface 

area ~700 m2/g) prepared by swelling MCM-22(P) with long chain surfactant molecules 

and subsequently delaminated via sonication.27, 78-79 However, the original procedure 

and conditions used to prepare ITQ-2 appear to be limited to certain Al content and are 

also relatively harsh for zeolitic materials, leading to partial amorphization.151 Several 

methods were established to overcome these problems. For example, the swelling 

treatment can be performed at room temperature compared to the original temperature 

(353 K).152 Additionally, separation of MWW layers can be achieved without 

sonication.81 Potential amorphization of MWW layers can be avoided when using 

media under pH ~9 and through the use of long-chain surfactants without energy-

intensive sonication.151 Roth et al. obtained the first pillared zeolitic material, MCM-

36, where swollen layers are intercalated by silica species.83 Recently, Liu et al. 

developed a novel vapor-phase pillarization (VPP) process to produce pillared 2D 

zeolite materials with ~100% efficiency.153 While various post-synthetic treatments 

have been established, it is still highly desirable to develop one-step synthesis methods 

to expose semi 12-MR cups. However, most of the reported one-step strategies have 

not been successful in achieving properties that are comparable to MWW type zeolites 

prepared using multi-step post-synthetic treatments. Several examples include MCM-

56,93, 154 EMM-10,94 and ITQ-30.95 Despite the fact that these materials exhibit 

disordered MWW layers along c-axis based on the X-ray diffraction (XRD) patterns, 

the relatively low mesoporosity indicates that the MWW layers are not well separated 

with respect to delaminated MWW type zeolites. More recently, two research groups 

co-currently developed methods to prepare separated MWW layers in one-step 

approaches,31, 96 which require specially designed organic structure-directing agents 
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(OSDAs) that are costly and commercially unavailable. To this end, it is still 

challenging to develop a one-step synthesis of delaminated MWW type zeolites using 

economic reagents.  

In this chapter, we report a one-pot synthesis of disordered MWW zeolite using 

a conventional route that is modified through the addition of a commercial surfactant, 

cetyltrimethylammonium (CTA). Our findings reveal that CTA acts as a secondary 

OSDA to alter Al siting without impacting the overall Si/Al ratio of the final product. 

Parametric studies of growth conditions identify regions of growth solution 

composition resulting in disordered MWW. Textural analysis reveals the final product 

exhibits a degree of disorder and corresponding external surface area comparable to 

ITQ-2, while solid-state 27Al NMR reveals materials prepared by direct synthesis 

contains fewer Al defect sites. We also report the catalytic performance of these 

materials relative to 3D MWW (MCM-22) using a model reaction to verify that higher 

surface area leads to greater access to external acid sites (i.e., greater initial conversion), 

while the intrinsic activity (when normalized by the number of external acid sites) of 

the disordered MWW is identical to MCM-22. Collectively, these studies highlight a 

potentially new, facile route to generate 2D zeolites from naturally layered frameworks 

that may prove relevant to a broader class of microporous materials. 

2.2 Experimental Methods 

 Material 

The following reagents were purchased from Sigma-Aldrich: benzene (99.9%), 

benzyl alcohol (anhydrous, 99.8%), isopropylamine (99%), hexamethyleneimine (HMI, 

99%), hexadecyltrimethylammonium bromide (CTAB, 99.9%), hydrochloric acid 

solution (HCl, 1.0N) and sodium hydroxide (NaOH, 98%). Sodium aluminate 
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(technical grade), tetrapropylammonium hydroxide (TPAOH, 40%) and 

trimethylphosphineoxide (99%) was purchased from Alfa Aesar. 

Tributylphosphineoxide (90%) was purchased from Tokyo Chemical Industry (TCI). 

Fumed silica (Cab-o-Sil, M-5, scintillation grade) was purchased from Spectrum 

Chemical. Anhydrous dichloromethane (99.9%) was purchased from Fisher Scientific. 

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.  

 Synthesis of MWW Materials 

Synthesis of MWW type zeolite was performed based on a reported protocol in 

literature with slight modifications.72 MCM-22 zeolites (gel Si/Al = 15, 30, and 45) 

were synthesized using growth solution with a nominal composition of 0.49 HMI : 0.09 

Na2O : 1 SiO2 : x Al2O3 : 43.9 H2O, where x = 0.033, 0.017, or 0.011. The initial 

procedure involved the addition of sodium aluminate to a solution of HMI, NaOH and 

DI water. The mixture was aged at room temperature overnight under continuous 

stirring. Fumed silica was then added and the growth solution was heated at 150 °C for 

7d in a Teflon-lined autoclave (Parr Instruments) with rotation. The solution was then 

removed from the oven and immediately cooled to room temperature.  

Disordered MWW material was prepared by modifying the MCM-22 synthesis 

to include the addition of cetyltrimethylammonium bromide (CTAB). A small quantity 

of CTAB (0.55 – 1.38 g, or 4 – 10 wt%) was added in a mixture of 1M sodium 

hydroxide solution (2.41 g), DI water (9.55 g), sodium aluminate (0.03 – 0.09 g), and 

0.74 g of organic structure-directing agent, hexamethyleneimine (HMI). After stirring 

this mixture overnight at room temperature, 0.9 g of fume silica was added to give a gel 

molar composition of 0.49 HMI : 0.09 Na2O : 1 SiO2 : x Al2O3 : y CTA : 43.9 H2O, 

where x = 0.033, 0.017, or 0.011 and y = 0.10 – 0.25 . The solution was heated at 150 °C 
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for 7d in a Teflon-lined autoclave with rotation. The solid product (zeolite crystals) was 

collected by vacuum filtration, washed thoroughly with DI water, and dried at 60 °C. 

Samples were calcined in a Thermo Fisher Lindberg Blue furnace under a constant flow 

of dried air (Matheson Tri-Gas) at 550 °C for 10 h with a temperature ramp/cooling rate 

of 1 °C/min.  

ITQ-2 was synthesized by delamination of MCM-22P using a method reported 

in literature,155 with minor modifications to increase the Al content of the final product. 

The procedure involved the mixing of MCM-22P (1g) with DI water (25 g), CTAB 

(1.42 g), and TPAOH (3.75 g of 40 wt% reagent) to achieve a starting gel Si/Al ratio 

of 15. The mixture was stirred at 80 ºC under reflux for 16 h. After cooling to room 

temperature, the mixture was sonicated (110 W, 40 kHz) for 2 h. The pH of the mixture 

was dropped below 2 by the addition of stock HCl solution, and subsequently, the 

mixture was centrifuged to recover the solids. The delaminated product was dried in air 

and calcined at 550 ºC for 8 h. A second ITQ-2 sample synthesized from a starting gel 

of Si/Al ratio of 45 was prepared according to the same procedure with the following 

modifications: 1g MCM-22P (gel Si/Al = 45) was added into a mixture containing 

12.22 g DI water, 1.13 g CTAB, and 2.50 g TPAOH (40wt% reagent). 

Samples for catalytic testing were converted to their H+ forms by ion exchange 

wherein calcined zeolite was mixed with 1.0 M ammonium nitrate solution to obtain a 

2 wt % suspension. This mixture was heated to 80 °C for 2 h to allow the exchange of 

Na+ with NH4
+. This process was performed three times with centrifugation/washing 

between each ion exchange cycle, using a Beckman Coulter Avanti J-E centrifuge at 

5 °C and 13000 rpm for 10 min per cycle. The final NH4-zeolite samples were washed 

thrice with DI water before they were calcined once again at 550 °C for 5 h with a 
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temperature ramping/cooling rate of 1 °C/min (leading to the generation of H-form 

zeolites).  

 Characterization 

MWW type zeolite samples were characterized by powder X-ray diffraction 

(PXRD), nitrogen adsorption/desorption, scanning electron microscopy (SEM), 

thermogravimetric analysis (TGA), cryo-transmission electron microscopy (cryo-

TEM), inductively coupled plasma–optical emission spectroscopy (ICP-OES), and 

solid-state NMR. PXRD patterns were acquired from 5 to 50° 2θ with a step size of 

0.02° at 40 kV and 44 mA using a Rigaku Smartlab X-ray Diffractometer. Analysis of 

surface area by the BET method was performed on N2 adsorption/desorption isotherms 

obtained using a Micrometrics ASAP 2020 instrument. Crystal morphology and size 

were measured by a FEI Nova NanoSEM 230 instrument after Pt coating (ca. 5 nm 

thickness). Thermogravimetric analysis (TGA) was performed in flowing air (20 mL 

min–1) on a TG 209 F3 Tarsus instrument with a heating rate of 10 °C min–1. The 

temperature was ramped up to 850 °C to assess the weight percentage of occluded 

organics in MWW type materials.  

A Thermo Fisher Krios G3 Cryo-TEM with an image aberration corrector and 

customized Gatan BioQuantum electron-energy loss spectrometer was used for all 

measurements. The samples were cooled to liquid nitrogen temperature. During the 

entire TEM investigation, no contamination or radiation damage effects were observed. 

Images were detected with a Falcon 3EC direct electron detector in counting mode. An 

acceleration voltage of 300 kV was used for all imaging. The system is capable of a 

spatial resolution of better than 0.14 nm.  
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In order to prepare Cryo-TEM sample, zeolite dispersions (~3 mg/mL) in water 

were drop-cast (~1.5 L volume) onto Quantifoil grids (1.2/1.3/300 mesh Cu) (Ted 

Pella) which were subjected to glow discharge (PELCO easiGlow™ Glow Discharge 

Cleaning System) in air (0.3 mbar) at 20 mA for 40 s. For the grids, 1.2 refers to the 

hole sizes on the Quantifoil grid in m, while 1.3 refers to the average hole size in 

carbon support in m. The glow discharge ensured the TEM grids were hydrophilic. 

Prior to drop-casting, suspensions were sonicated in a water bath to ensure zeolite 

particles were fully suspended since they tended to settle out without agitation. After 

allowing the grids to dry by evaporation in the atmosphere, the Quantifoil grids were 

clipped into autoloader cartridges and loaded into the Krios autoloader at room 

temperature. Grids were cooled inside the Krios to liquid nitrogen temperature and 

maintained at cryogenic temperature throughout screening and data collection. 

In order to measure the thickness of nanosheets whose surface normal ((001) 

direction) are perpendicular to the electron beam, we processed images (which 

contained one or more of these edge-on oriented sheets) with Digital Micrograph. A 

sufficient number of crystals in this orientation could be identified over numerous 

micrographs allowing for the collection of substantial statistics (150-500 individual 

measurements). We chose vertically oriented crystals over flat-lying crystals since the 

latter had uniform thickness and minimum intensity at the boundaries enabling more 

accurate measurement of thickness. Thickness for each vertical crystal was determined 

from the distance between two positions of intensity minima in the line profile ( 

Figure A2). Nanosheets were only included into the data pool if they are 

visualized edge-on. Measurements on sheets tilted away from this condition are subject 

to projection effects falsifying the thickness value. The following criteria were used to 

identify edge-on sheets: (i) crystal structure has to be visible when the sheet extension 
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in beam was small enough (< 50 nm); (ii) lattice planes have to be visible when the 

sheet extension in beam was smaller than 150 nm and (iii) image contrast parallel to 

sheet normal has to be homogeneous for thicker sample (up to micron level). The line-

scan in  

Figure A2 across a nanosheet shows the thickness measurement procedure. The 

white fringes at the surface of the sheets are an image artifact caused by Fresnel 

diffraction. All thickness measurements were done from where the contrast turns dark 

to where the dark contrast ends on the other side of the sheet. This turning point is 

equivalent to the average electron count surrounding the sheet. Measurement error is 

related to image resolution which depends on sample thickness and ranges from 0.2 nm 

up to about one nanometer. This lower limit of 0.2 nm measurement error is 

inconsequential because there are crystallographic limitations to the allowed thickness 

values. From images of the crystal structure, the sheets are always terminated by (001) 

or (002) lattice planes. Therefore, the sheet thickness has to be a multiple of 2.52 nm. 

The upper limit of about one nanometer is valid for crystals which are about 20-40 nm 

thick, resulting in a measurement error of only a few percent. 

Solid-state 27Al NMR experiments were performed at 11.7 T on a JEOL ECA-

500 spectrometer, equipped with a 3.2mm Magic Angle Spinning Probe. 27Al MAS 

NMR spectra were obtained at a spinning frequency of 12.5 kHz with a π/12 pulse 

width of 1.25 μs and a recycle delay of 0.8 s. The number of scans was 4096 for all 

measurements. 27Al MQMAS measurements were performed using the same 

instrument, where the experiment details can be found elsewhere.156 The percentages 

of framework and extra-framework Al species (FAl and EFAl, respectively) were 

determined using the Dmfit program. The broad peak (ca. 56 ppm) in 27Al MAS NMR 

spectra was deconvoluted into three peaks at 50, 56, and 61 ppm (represented as Al(A), 
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Al(B), and Al(C), respectively). The 27Al chemical shift was referenced using 1M 

Al(NO3)3 aqueous solution. Solid-state 31P NMR experiments were carried out on a 

Bruker AVANCE III HD solid-state 500 MHz NMR with a quadruple tuned 4 mm 

CPMAS probe or a Bruker AVANCE solid-state 300 MHz NMR with a double-

resonance 4 mm HX probe spectrometers at room temperature (298 K). 31P NMR 

spectra were acquired at the frequency of 202.5 MHz using a single-pulse sequence 

with a pulse width of 1 µs, a recycle delay of 5 s in AVANCE III HD solid-state 500 

MHz NMR and a pulse width of 2.5 µs, a recycle delay of 10 s in Bruker AVANCE 

solid-state 300 MHz NMR. The sample spinning frequency is 12 kHz with 2-10 k scans. 

CaHPO4.2H2O was used as an external reference. 

Prior to the adsorption of phosphine oxides onto zeolites, MWW samples were 

dried at 473 K for 2 h in N2 (UHP, Praxair) and transferred into the N2-purged glovebox. 

A known amount of TMPO or TBPO dissolved in anhydrous CH2Cl2 was added into a 

flask containing the dried sample in a glovebox at room temperature. The P-loaded 

sample was sonicated for 5 h and then stirred at 500 rpm for over 24 h at room 

temperature. Removal of CH2Cl2 was achieved on a Schlenk line at 313 K. This 

procedure is a modified version of the preparation approach of Zhao et al157. The sample 

was then transferred into the N2 glovebox where the sample was transferred into a ZrO2 

MAS rotor and then sealed by a gastight Kel-F cap. The concentration of total (internal 

+ external) acid sites were quantified by TMPO adsorption, while external active sites 

were determined by TBPO. The nature of the phosphine oxide was characterized by 

characteristic 31P shifts. The concentration of acid sites was quantified from area ratio 

from NMR and the total P content determined by ICP-OES. 

Inductively coupled plasma-optical emission spectrometry (Agilent ICP-OES 

700) was used to determine the total P content of the zeolite after being titrated by 
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TMPO or TBPO. Typically, 40 mg of the P-loaded MWW sample was dissolved in a 

mixture of 2 mL of UA-1 solution (Inorganic Ventures), 0.2 mL of 70% nitric acid 

(BDH) and 10 mL UNS-1 solution (Inorganic Ventures). After visual confirmation, all 

of the solid dissolved, DI water was added to adjust the final solution volume to 100 

mL. The concentration of P, Si and Al elements were determined using commercial 

standards (High-purity standards). Three scans were obtained for each element (Si, Al, 

P) and averaged to determine the concentration of each element from established 

calibration curves.  

 Catalytic Measurements 

Friedel-Crafts alkylation of benzene with benzyl alcohol reactions were carried 

out in septum-sealed, round-bottom flask with magnetic stirring. A fixed quantity of 

catalyst (30 mg) was added in a mixture of 0.54 g benzyl alcohol and 8.32 g benzene. 

Both reactants and catalyst were sealed into the flask and placed in an oil bath at 80 °C. 

Reaction mixtures were collected at a certain time period after cooling the flask to room 

temperature. The solution was evaluated using a gas chromatograph (Agilent 7890B) 

equipped with an FID detector and an Agilent HP-5 capillary column. Benzene was 

used as an internal standard. Both reactants, benzene and benzyl alcohol (BA), and 

products, diphenylmethane (DPM) and dibenzyl ether (DE), were calibrated, and their 

response factors were obtained. Benzyl alcohol is considered as a reactant with the 

conversion (𝑋𝐵𝐴) defined as  

𝑋𝐵𝐴 =
𝑁𝐵𝐴,𝑜−𝑁𝐵𝐴

𝑁𝐵𝐴,𝑜
=

𝑁𝐷𝑃𝑀+𝑁𝐷𝐸

𝑁𝐵𝐴+𝑁𝐷𝑃𝑀+𝑁𝐷𝐸
,                                                                  (2-1) 

where 𝑁𝐵𝐴,𝑜 is the mole amount of benzyl alcohol in the feed and 𝑁𝐵𝐴, 𝑁𝐷𝑃𝑀, and 𝑁𝐷𝐸 

are the mole amount of benzyl alcohol, diphenylmethane, and dibenzyl ether in the 

reaction mixture. The yield (𝑌𝑖) of product, 𝑖, is defined as  
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𝑌𝑖 =
𝑁𝑖

𝑁𝐵𝐴+𝑁𝐷𝑃𝑀+𝑁𝐷𝐸
,                                                                (2-2) 

where 𝑁𝑖 is the mole amount of product in the reaction mixture.  

2.3 Results and Discussion 

 Preparation of Disordered MWW-type Nanosheets 

In this study, we use a modified protocol for conventional MCM-22 synthesis 

that employs hexamethyleneimine (HMI) as an ODSA. To the growth mixture, we add 

a commercially available quaternary ammonium surfactant, cetyltrimethylammonium 

(CTA). Established post-synthesis methods (top-down approaches) of MCM-22 

delamination employ CTA as an exfoliating (or swelling) agent, where it is presumed 

that the hydrophobic tails of the surfactant aid in the separation of layers. Here, we use 

a bottom-up approach where the surfactant, with its positively-charged head group, has 

the ability to associate with negatively-charged aluminates in solution and/or Al 

tetrahedral sites within the MWW framework, thus creating opportunities for CTA to 

act as a secondary OSDA. The primary OSDA (HMI) is neutral in alkaline growth 

mixtures, but prior studies have indicated HMI can adopt a positive charge in confined 

channels of MWW zeolite, thereby acting as an extra-framework cation to 

counterbalance the negative charge of Al framework sites.158 Through parametric 

analysis of synthesis mixtures prepared with a combination of HMI and CTA, we 

explore the putative role of the latter as a cooperative OSDA and dual exfoliating agent 

in the synthesis of MWW type materials. 

Powder X-ray diffraction (PXRD) patterns were used to validate the successful 

synthesis of MWW type materials and qualitatively assess differences in the degree of 

layer disorder, which was specifically evaluated within the range 2θ = 6 ‒ 10° based on 

the common practice in literature94 to differentiate interlayer distances along the c 
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direction. As-synthesized MCM-22 (Figure 2.1, i) contains four peaks in this range. 

The position of the (002) inter-layer reflection, purely related to the layer thickness in 

the c direction, is located at 6.5°. Due to the presence of inter-layer reflections, (101) 

and (102), two discrete peaks appear at 7.8 and 9.6°, respectively. After calcination, the 

(002) reflection of the MCM-22 sample (Figure 2.1, i-c) shifts to 7.0° and overlaps with 

the (100) reflection due to the condensation of individual layers. As the CTA 

concentration in the growth mixture is increased to 5.5 wt% (Figure 2.1, ii) and 8.0 wt% 

(Figure 2.1, iii), the intensity of the (002) peak correspondingly decreases and the bands 

assigned for the (101) and (102) peaks gradually coalesce into a single broad peak. Both 

changes reflect the loss of long-range order in the c direction. When the quantity of 

CTA is further increased (e.g., 10 wt%), the PXRD pattern reveals a purely amorphous 

phase (Figure A1), thus indicating an upper limit of CTA that seemingly disrupts the 

nucleation of the MWW zeolite. For calcined samples prepared with CTA 

concentrations below this threshold (Figure 2.1, ii-c and iii-c), the single broad band at 

2θ = 7.8 ‒ 9.6° is preserved, which confirms the disordered layer arrangement of CTA-

derived materials (herein referred to as d-MWWx where x = weight percentage of CTA). 

 

Figure 2.1. PXRD patterns of MWW type materials (gel Si/Al: 15) prepared with (i) 0, 

(ii) 5.5, and (iii) 8 wt% CTA. The top (grey) lines are as-synthesized 

material, whereas the bottom (black) lines are the calcined (c) materials.  
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To further investigate the degree of disorder of MWW type materials, Scanning 

Electron microscopy (SEM) and nitrogen adsorption/desorption measurements were 

performed. Electron micrographs of MCM-22 (Figure 2.2A and B) show aggregates of 

plate-like crystals. In comparison, the disordered material d-MWW (Figure 2.2C and 

D) is an interpenetrating network of nanosheets with apparent uniform thickness, 

consistent with PXRD patterns indicating CTA alters crystal morphology. Textural 

analysis (Table 2.1) can be used to quantify the degree of disorder for which we define 

a disorder index as the ratio between the external and total surface areas. We introduce 

this parameter as an approximate measure of MWW layer delamination. The addition 

of CTA from 0 to 8 wt% increases the disorder index from 0.2 to 0.6, respectively, thus 

indicating CTA quantitatively improves the separation of layers in MWW type 

materials. Nitrogen physisorption on calcined MCM-22 reveals a type I isotherm 

(Figure A4) whereas d-MWW samples exhibit a type IV isotherm. At the highest 

concentration of CTA (8 wt%), the isotherm is characteristic of a mesoporous material 

with a sharp increase in N2 uptake at higher relative pressures and a large hysteresis 

loop, indicating the presence of high external surface area and mesoporosity (consistent 

with SEM images in Figure 2.2). At low relative pressure in the isotherms (i.e., the 

micropore filling region), the d-MWW materials prepared with 5.5 and 8 wt% CTA 

exhibit lower N2 uptake compared to MCM-22. This is expected due to the loss of 10-

membered ring (MR) channels and 12-MR supercages along the c direction (see 

Scheme 1.1) with an increasing percentage of disordered layers.  
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Figure 2.2. Scanning electron micrographs of calcined MWW type materials: (A and 

B) MCM-22; (C and D) d-MWW8.0. All scale bars are equal to 1 μm. 

Textural details and statistically-relevant measurements of the thickness of 

MCM-22 and d-MWW were assessed with cryogenic transmission electron microscopy 

(cryo-TEM). The collection of TEM images with the MWW samples cooled to liquid 

nitrogen temperatures enabled high-resolution imaging and long-time imaging of single 

samples to collect data over hundreds of nanosheets to quantify average thickness 

statistics. Contamination and radiation damage were suppressed significantly due to the 

low temperature and the use of the Falcon 3 direct electron detector, which allowed 

observation at low electron dose. Figure 2.3 is a summary of images collected with 

cryo-TEM for the d-MWW8.0 sample. Figure 2.3A is a bright field high-resolution TEM 

(HRTEM) image collected at liquid nitrogen (LN2) temperature of d-MWW8.0 zeolite 

sheets randomly oriented. The sheets, which are visualized “edge-on” ([001] direction 

perpendicular to the electron beam), appear dark and narrow. Figure 2.3B shows two 

of these sheets at higher magnification. The one on the left-hand side is a single unit 

cell thick, while the sheet on the right is two unit cells thick. Both high-resolution 

images of the zeolite crystal structure in Figure 2.3B are along a low indexed zone axis, 

type (xy0). A small deviation (~1°) from the observed zone axis would destroy the high-
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resolution pattern. Therefore, these sheets are oriented nearly edge-on, which makes 

thickness measurements of the sheets accurate. The brightest areas in Figure 2.3A are 

“flat” sheets where the (001) normal is oriented parallel to the electron beam. A flat 

area at higher magnification (Figure 2.3C) shows a high-resolution image of the crystal 

structure of MWW zeolite in the (001) orientation. In Figure 2.3D, a model of the 

zeolite structure is superimposed on detail from Figure 2.3C under the conventional 

assumption that the bright areas are identical with the cages in the zeolite. A fast Fourier 

transform (FFT) of a single crystalline portion of the sample (Figure 2.3E) shows 

information transfer better than 0.2 nm. 

Table 2.1. Properties of MWW materials produced with and without CTA 

sample DIa BET SA
b (m2/g) External SA

b (m2/g) Vmicro
b (ml/g) 

MCM-22 0.2 634 149 0.19 

d-MWW5.5 0.3 558 164 0.16 

d-MWW8.0 0.6 557 359 0.09 
a.DI (disorder index) defined as the ratio between external and total surface areas, which 

are calculated using the BET method; b. BET SA (surface area), External SA (external 

surface area) and Vmicro (micropore volume) calculated from N2 adsorption isotherms. 

Detailed analysis of HRTEM images was performed to quantify the average 

thickness of d-MWW nanosheets and to ascertain the statistical distribution of sizes 

among samples prepared with varying CTA concentration. Measurement of the 

thickness of MWW nanosheets as a function of sample treatment (wt% CTA) requires 

a substantial number of measurements to be statistically significant, since the spread in 

thickness for each sample is rather high. Selection of the sample area investigated had 

to be done without bias. A possible bias from a TEM study is to select the thinnest 

area(s) where image quality (contrast and resolution) is at an optimum. This bias 

ultimately excludes sheets thicker than a few unit cells. To avoid this situation, we 

employed two methods to measure nanosheet thickness: (i) electron energy loss 



33 

 

spectroscopy (EELS) based thickness measurement using the mean free path of 

electrons  in the sample and (ii) measuring the thickness of sheets whose (001) basal 

surface is oriented perpendicular to the electron beam, as observed in a number of 

micrographs (see Figure 2.3A). The latter method is equivalent to edge-on imaging of 

the sheets and measurement of sheet thickness does not require high resolution, 

enabling quantification of thicker areas. Method (ii) resulted in a greater number of 

measurements than method (i), which requires high resolution to detect areas where 

multiple nanosheets are in line-of-sight. These areas have to be excluded because the 

thickness measurement results from more than one sheet; therefore, method (i) is 

limited to very thin areas, excluding thicker sheets and thus creating a biased selection 

of results. All thickness data presented here have been obtained with method (ii). 

 

Figure 2.3. HRTEM images of disordered MWW (8 wt% CTA). (A) Bright field image 

(B-D) Magnified detail of panel A, scale bar of panel D equals 1 nm. (E) A 

fast Fourier transform (FFT) of a single crystalline portion of panel C.  

Figure 2.4 represents the histograms of sheet thickness for MCM-22 and all d-

MWWx samples. Each histogram is composed of at least 150 independent 

measurements. For each sample, the mean thickness (in nm) is 23.3 (MCM-22), 13.0 
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(d-MWW5.5), 7.5 (d-MWW7.5), and 3.5 (d-MWW8.0). A histogram consisting of more 

than 700 individual thickness measurements of d-MWW8.0 is plotted in  

Figure A2, where it is apparent that neither the skewed left nature of the 

histogram nor the average thickness change with an increased number of measurements. 

It is apparent from the images the spread of measured thicknesses is skewed to the left 

(i.e., a skewness parameter159 ranging from 2.3 to 4.8). Skewness describes an 

asymmetry from the mean of the thickness distribution, where left skewness represents 

an imbalance with most of the data shifted to values smaller than the mean. We plotted 

histograms using a bin size of 2.5 nm, which represents a thickness equal to a single 

unit cell (c) of MCM-22. Therefore, the thickness is discretized and any reported value 

deviating from multiples of 2 nm are likely errors associated with the measurement of 

edge-on oriented particles due to edge effects and orientation of the nanosheets relative 

to the beam, which is not perfectly parallel (i.e., the orientation is off from the [001] 

zone axis). On this basis, the mean thickness should be interpreted as ca. 6 (MCM-22), 

3 – 4 (d-MWW5.5), 2 (d-MWW7.5), and 1 (d-MWW8.0) unit cell dimensions. Further 

analysis of the histogram demonstrates the mode (thickness value encountered most 

often in data set) of each sample is 5 (MCM-22), 8 (d-MWW5.5), 1 – 1.5 (d-MWW7.5), 

and 0.5 – 1 (d-MWW8.0) unit cells. The data (obtained from a large sample number) 

demonstrate single unit cell nanosheets form in all syntheses (including MCM-22), but 

the distribution is skewed more heavily to a single unit cell or a few unit cell thick 

nanosheets with the addition of CTA. Indeed, the statistics demonstrate for d-MWW8.0 

that out of the 186 nanosheets measured, 85% are 1-2 unit cells thick. For the remaining 

samples, the corresponding percentages are 25% (MCM-22), 42% (d-MWW5.5), and 

67% (d-MWW7.5).  
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Figure 2.4. Histograms of layer thickness from HRTEM analysis of (A) MCM-22 and 

(B – D) d-MWWx samples prepared with the following CTA concentrations: 

(B) 5.5 wt%, (C) 7.5 wt%, and (D) 8.0 wt%. 

 Putative Role of CTA as an OSDA 

Here we first examine the impact of CTA on Al siting using solid-state 27Al 

NMR measurements of MCM-22 and d-MWW samples. Elemental analysis of samples 

prepared with identical gel Si/Al ratio reveals CTA addition has a marginal effect on 

the product (solid) Si/Al ratio (Table 2.3). To discern potential differences in the spatial 

distribution of Al sites among samples, the local environments of Al(III) atoms were 

investigated by 27Al Multi-Quantum Magic Angle Spinning (MQMAS) NMR 

spectroscopy. The MWW framework consists of eight unique tetrahedral sites for Al 

occupancy (Scheme 1.1). Prior studies160-161 have shown high-field (17.6 T) 27Al MAS 

is capable of distinguishing between three groups of tetrahedral (T) sites occupied by 

framework Al (FAl) at specific chemical shifts: Group A ( = 50 ppm) refers to T6 + 
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T7; Group B ( = 56 ppm) refers to T1 + T3 + T4 + T5 + T8; and Group C ( = 61 ppm) 

refers to T2. A fourth species detected at  = 0 ppm (Group D) is octahedral-coordinated 

Al, which is often considered as extra-framework Al (EFAl). With known chemical 

shifts corresponding to different Al species, the deconvolution and curve fitting of 1-

dimensional 27Al NMR spectra were performed on both ordered MCM-22 (Figure 2.5A) 

and disordered d-MWW7.5 (Figure 2.5B) using the previous assignments of FAl species.  

 

Figure 2.5. Two-dimensional 27Al MQ MAS NMR spectra of H-form (A) MCM-22 

and (B) d-MWW7.5 samples (gel Si/Al: 15). Deconvolution of these two 

samples were performed on one-dimensional 27Al MAS NMR spectra. 

The integrated areas of deconvoluted peaks in Figure 2.5 are presented in  Table 

2.2 for MCM-22 and d-MWW7.5 samples after ion exchange with NH4
+ and calcination 

to generate H-form zeolites (i.e., catalysts used for studies discussed later). Similar 

measurements were performed on H-ITQ-2; however, the post-synthesis method 

involving delamination at high pH and temperature leads to the dissolution of 

framework Si, which generates defective FAl that renders NMR spectra too noisy for 

analysis (Figure A3A), consistent with prior reports indicating a loss of crystallinity 

during post-synthesis exfoliation.84 Comparing the results of NMR analysis in  Table 

2.2, we observe the fraction of Al sites in Groups A, B, and D is similar for both ordered 
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and disordered materials. Interestingly, the quantity of Al in Group C (assigned to the 

T2 site) increases from 15 to 25% with CTA addition. According to the distribution of 

T sites in Scheme 1.1, the T2 site is located on the exterior surface of 2D nanosheets 

close to the outer rim of the 12-MR cup. The appreciable increase in T2 content of d-

MWW suggests CTA acts as an OSDA to alter the distribution of Al sites, and 

specifically place FAl species on the exterior surfaces where they are more accessible 

to bulky adsorbates. Although T1 and T3 (part of Group B) are also located at the 

exterior surface, Ivanova et al.162 argued that the substitution of Al atom in eight T sites 

of MCM-22 took place in the order of T4 ≈ T2 > T6 ≈ T8 ≈ T3 > T7 > T5 > T1. Thus, the 

5% reduction of Al content in Group B can be attributed to the loss of T4 site. We also 

observe the one-pot process using combinations of CTA and HMI does not alter the 

occlusion of FAl species (i.e., both have similar Si/Al ratios; see Table 2.3), and both 

samples contain approximately the same quantity of EFAl species (Al(D) in  Table 2.2). 

 Table 2.2. Relative peak areas of 27Al MAS NMR spectra. 

 (ppm) 
Al(A) Al(B) Al(C) Al(D) 

50 56 61 -1 

MCM-22 a 14% 54% 15% 17% 

d-MWW7.5 a,b 12% 48% 25% 15% 

                               a H-form samples; b prepared with 7.5 wt% CTA 

We performed a parametric analysis of synthesis conditions to determine the 

compositional range where d-MWWx can be prepared without appreciable loss of 

crystallinity. Syntheses were first performed in the absence of CTA at varying gel Si/Al 

ratios where we observed a systematic reduction in the disorder index of MCM-22 with 

increasing silicon content (Table A1). The quantification of percent crystallinity is 

difficult to extract from PXRD patterns owing to the broad peaks that overlap the region 

of amorphous product. To this end, we used textural analysis to evaluate changes in 
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both total BET surface area and micropore volume (Table A1). The disorder index 

increases with CTA concentration, irrespective of the gel Si/Al ratio; however, in more 

siliceous growth solutions the presence of CTA appears to stabilize an amorphous 

product. This is evident in syntheses using a gel Si/Al ratio of 45 where the PXRD 

patterns clearly show the presence of an amorphous peak (Figure A1); and the 

micropore volume correspondingly decreases well below 0.1 ml/g (Table A1) while the 

overall BET surface area monotonically decreases with increasing CTA concentration 

(Figure 2.6). At the lowest gel Si/Al ratio of 15, it is possible to prepare d-MWW over 

a relatively broad range of CTA concentration without a significant reduction in total 

BET surface area. Under these conditions, we observe an anticipated reduction in 

micropore volume (from 0.2 to 0.1 ml/g) and increasing disorder index (from 0.2 to 0.6) 

owing to the loss of supercages and channels with the formation of 2D nanosheets. For 

syntheses at intermediate silica content (gel Si/Al of 30), the determination of d-MWW 

formation is more convoluted. Based on the trend in total BET surface area (Figure 2.6), 

it appears d-MWW with a disorder index of 0.3 can be prepared with 4 wt% CTA, while 

higher surfactant concentration leads to lower total surface area and micropore volume 

less than 0.1 ml/g (Table A1). From these studies, it is evident that the ability of CTA 

to generate d-MWW is influenced by the Al content of the growth medium wherein it 

is possible to prepare disordered nanosheets with gel Si/Al ratios spanning from 15 to 

30, outside the range of ITQ-2 (gel Si/Al = 50) reported in the literature. We posit the 

upper limit is attributed to the need for a sufficient number of Al sites occupying the 

surface of disordered layers to electrostatically interact with adsorbed CTA molecules. 

This would imply a minimum coverage of adsorbed CTA is required for disoriented 

layers along the c-axis and concomitant stabilization of surface Al species, which is 

favored at low Si/Al ratios. 



39 

 

. 

Figure 2.6. Parametric analysis of d-MWW synthesis at varying gel Si/Al ratios. The 

total BET surface area measured from N2 sorption isotherms (Figure A4) 

is reported (solid symbols) for syntheses at varying CTA concentration.  

 Here we hypothesize the role of CTA in the synthesis of d-MWW (Figure 2.7). 

For the preparation of ordered layered precursors at a high gel Si/Al ratio, it has been 

postulated 61 that neighboring layers interact via hydrogen bonding between opposing 

silanol groups and interstitial HMI molecules (Figure 2.7A). As the gel Si/Al ratio 

decreases, there is an increased probability of Al atoms becoming incorporated at 

surface sites on the layers. A higher surface density of Al sites leads to enhanced 

electrostatic interactions between the negative charges of framework Al and Na+ 

counterions, which act as an inorganic structure-directing agent (Figure 2.7B). As the 

gel Si/Al ratio decreases from 45 to 15, the disorder index concomitantly increases from 

0.13 to 0.24 (in the absence of CTA), suggesting the presence of Na+ ions on layer 

surfaces impede layer alignment. In the presence of CTA, the positively-charged head 

group of the surfactant can also act as a counterion to balance framework Al atoms, 

which is consistent with the results of NMR analysis ( Table 2.2) showing the ability 

of CTA to act as an OSDA (i.e., alter Al siting). Residual CTA in extracted solids after 

multiple steps of isolation involving extensive washing with water was confirmed by 
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thermogravimetric analysis (TGA) where we observe two different peaks (Figure A5), 

which we attribute to surface species and those occluded within pores (or between the 

interstitial regions of neighboring nanosheets). Moreover, we observe an appreciable 

reduction in the quantity of occluded HMI that accompanies an increased amount of 

CTA and Na+ (Table A2) measured from TGA and elemental analysis (ICP), 

respectively. This trend agrees with prior studies showing MCM-56 (partially 

disordered MWW) contains a higher content of Na+ and a lower amount of HMI 

compared to conventional MCM-22P.163 For syntheses with CTA, we posit the long 

hydrocarbon tail of the surfactant can separate layers (Figure 2.7C), similar to the 

proposed mechanism of post-synthesis exfoliation.27 The accumulation of CTA at 

exterior surfaces may impede layer-layer interactions, thus maximizing layer separation 

along the c-direction to generate disordered materials that are maintained even after the 

removal of organics by calcination.  

 

Figure 2.7. Putative roles of organic (HMI and CTA) and inorganic (Na+) structure-

directing agents during the one-pot synthesis of MWW type materials. The 

illustrations are adapted from schemes reported by Roth et al.65, 163 

 Enhanced surface catalytic activity 

A comparison of MWW type materials was performed using a model reaction 

to assess differences in catalyst lifetime and selectivity with increasing degree of layer 
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disorder. For comparison, we tested our material against a conventional disordered 

MWW material. The two most commonly reported disordered MWW type materials, 

MCM-56 and ITQ-2, have surface areas of ca. 211 and ≥700 m2/g, respectively.27, 93 

Given the higher degree of disorder in ITQ-2, we used this material as a reference and 

we prepared a sample following a reported post-synthesis delamination protocol27 (with 

the Si/Al gel ratio reduced to match the Al content of d-MWW). All as-synthesized 

samples were converted to H-form by standard NH4
+ ion exchange and calcination. The 

internal and external acidity of H-MCM-22, H-d-MWWx, and H-ITQ-2 was determined 

by a method reported in the literature for MWW-type materials based on the adsorption 

of two molecules, a less bulky trimethylphosphine oxide (TMPO) and a more bulky 

tributylphosphine oxide (TBPO), using solid-state 31P NMR spectroscopy. The 31P 

NMR spectra for TMPO and TBPO adsorption on MWW type samples reveal complex 

spectra composed of a number of distinct species (deconvoluted spectra for TMPO and 

TBPO can be found in Figure A6 and Figure A7, respectively). Prior studies discussed 

the sites accessible by each of the phosphine oxide probe molecules used in this study. 

Zhao and co-workers157 stated TMPO can access acid sites in both the 10-MR channels 

(internal acid sites) as well as the external acid sites present in the 12-MR pockets. 

Therefore, the total amount of titrated TMPO represents the total number of acid sites 

accessible on MWW-type zeolites. More recently, Luo and co-workers 31 have utilized 

the same probe molecules to probe internal and external acid sites on MIT-1; their 

assignments agreed with those used by Zhao. TBPO is presumed to only access the 12-

MR pockets on the exterior surfaces.164 Here, like the previous groups, we posit TMPO 

is capable of accessing the same sites as TBPO given that its size is less restricted; 

therefore, it can be assumed that the amount of adsorbed TMPO constitutes the total 

number of H+ sites, while the amount of adsorbed TBPO is a measure of external active 
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sites. Luo conducted DFT calculations to confirm the 31P chemical shifts at 85, 72, 68 

and 63 ppm are associated with Brønsted acid sites present in the 10-MR and 12-MR 

channels of MCM-22.31 Luo also suggested the peak at 53 ppm is associated with Lewis 

acid sites; which appears to be a controversial assignment. Since the fraction of TMPO 

assigned to a 53 ppm chemical shift is small and no peak at 53 ppm was observed for 

any sample using TBPO, we opt not to make any definitive statement regarding the 

presence of Lewis acid sites on the MWW-type zeolites. 

Table 2.3 summarizes the measured TMPO and TBPO adsorbed concentrations 

for all catalysts. A total of ten resonance peaks at chemical shifts of  = 82, 78, 69, 66, 

58, 53, 48, 42, 36, and 33 ppm (Table A3) were identified for samples with adsorbed 

TMPO. The peaks at  = 82, 78, 69, 66, 58, and 53 ppm correspond internal acid sites 

present in the 12-MR pockets and 10-MR pores; and the peaks at 48 and 42 correspond 

to physisorbed TMPO and the peaks at 36 and 33 ppm correspond to crystalline TMPO 

(not associated with the zeolite).31 Six resonances at chemical shifts  = 75, 71, 62, 57, 

50, and 46 ppm (Table A3) were identified for adsorbed TBPO. Peaks at  = 75, 71, 

and 62 ppm correspond to TBPO bound to external acid sites, whereas the peak at 57 

ppm corresponds to physisorbed TBPO and the peaks at 50 and 46 ppm correspond to 

crystalline TBPO. The total quantity of acid sites (both internal and external) was 

measured using spectra integration coupled with ICP-OES elemental analysis of P.31, 

157  
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Table 2.3. Summary of Al content and adsorbed probe (TMPO and TBPO) amounts 

in H-MWW samples 

Sample Si/Al c 
[Al] 

(mmol g-1) 

[TMPO] 

(mmol g-1) d 

[TBPO] or 

[H+]ext 

(mmol g-1) d 

[H+]int 

(mmol g-1) 

H-MCM-22 a 11.2 0.76 0.43 0.05 0.38 

H-d-MWW5.5
 a 12.7 0.68 0.18 0.07 0.11 

H-d-MWW8.0
 a 12.7 0.67 0.44 0.06 0.38 

H-ITQ-2 a 20.3 0.48 0.19 0.10 0.09 

H-ITQ-2 b 45.0 0.20 0.11 0.06 0.05 

a. samples prepared with gel Si/Al = 15; b. samples prepared with gel Si/Al = 45; c. 

determined by ICP-OES; d. determined from ICP-OES and 31P NMR spectroscopy.  

A comparison of acid site densities in Table 2.3 reveals discrepancies between 

the total amount of Al sites measurement by ICP-OES, labeled as [Al], and that of 

TMPO adsorption that presumably represents the total number of Al sites. The 

comparison of 27Al MAS NMR spectra for all samples indicates an average 15 – 20% 

extra-framework Al ( Table 2.2), which likely accounts for some (but not all) of these 

differences. Additional considerations may include steric constraints that limit the 

number of accessible sites for TMPO adsorption. For example, Al sites located at the 

bottom of 12-MR pockets on the external surfaces may be too confined for TMPO 

adsorption. This would also be true for the bulkier TBPO probe molecule, which may 

be unable to efficiently bind to Al sites in external pockets. The latter hypothesis may 

explain why the number of external acid sites, [H+]ext, does not appreciably increase 

with higher CTA concentration (counter to the increased external surface area from 

BET analysis in Table 2.1). Collectively, our data seems to highlight inherent problems 

with the conventional use of TMPO and TBPO as probe molecules and has prompted 

ongoing studies in our groups to identify alternative methods of acid site titration 

(outside the scope of this study).   
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Another interesting observation is that H-d-MWW5.5 and H-ITQ-2 exhibit 

markedly lower acid density than the other samples. The H-ITQ-2 sample has a notably 

higher Si/Al ratio than other samples, which partially explains this observation; 

however, 27Al MAS NMR analysis reveals defective Al in this material (Figure A3), 

which may influence the measurements in Table 2.3. For the case of H-d-MWW5.5, the 

reasoning for low acid site density is less intuitive. It seems as though intermediate 

concentrations of CTA, which correspond to the transition between ordered and 

disordered MWW-type materials, has an apparent impact on Al siting that is not well 

understood. This suggests an optimal CTA concentration (ca. 6 – 8 wt%) where values 

below this range lead to seemingly defective materials, while values above this range 

result in an amorphous product. The exact mechanism for this effect remains elusive. 

To assess the catalytic performance of our materials, we selected the Friedel-

Crafts alkylation of benzyl alcohol (BA) with benzene as a model reaction28, 31, 165 

employing bulky molecules (Figure 2.8A) that can only access external sites on MWW-

type catalysts. Liquid-phase batch reaction was performed at 80°C using a large excess 

of benzene. Aliquots of the reaction mixture were removed at periodic times to analyze 

the products by gas chromatography (Figure A8). A comparison of BA conversion at 

fixed reaction time (9 h) is shown in Figure 2.8B (left axis) based on an equivalent mass 

of catalyst. As shown in Table 2.3, the Si/Al ratios of H-MCM-22 and H-d-MWWx 

(with x = 5.5 and 8 wt% CTA) are approximately equal, whereas H-ITQ-2 has a slightly 

higher Si/Al ratio. At equivalent mass, the H-d-MWW8.0 catalyst exhibits much higher 

conversion among these four catalysts owing to its larger external surface area and the 

increased density of Al sites in external 12-MR pockets (as inferred from  Table 2.2). 

Notably, the conversion for H-d-MWW8.0 catalyst is ca. 30% higher than that of H-

MCM-22. Normalization of reacted BA by the total number of external acid sites 
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reveals H-MCM-22 and H-d-MWW8.0 have a comparable turnover number (TON) 

(Figure 2.8B, right axis), and similar activity evaluated after 9 h (Figure A8). 

Conversely, the TON of H-d-MWW5.5 and H-ITQ-2 are markedly lower, reflecting a 

lower activity. For H-ITQ-2, we attribute this observation to its high percentage of 

defective (or non-framework) Al sites, which is evident in 27Al MQMAS NMR spectra 

(Figure A3). To confirm that the preparation of ITQ-2 with increased Al content did 

not impact its structural integrity, we also prepared a sample according to the original 

recipe (with a higher gel Si/Al ratio of 45)155 and observed a similar, albeit slightly 

lower, turnover number as the ITQ-2 sample prepared with a gel Si/Al ratio of 15 

(Figure A8). For H-d-MWW5.5, the lower catalytic activity is more difficult to 

rationalize. As previously discussed, the incorporation of Al in d-MWW at intermediate 

CTA concentrations is less effective, which correlates with decreased BA conversion. 

 

Figure 2.8. (A) Model reaction used to assess the performance of MWW-type catalysts. 

(B) Benzyl alcohol (BA) conversion (blue, left axis) and turnover number 

(yellow, right axis) for the four H-form MWW-type samples. 
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2.4 Summary 

In summary, we present a direct route to prepare disordered MWW type 

nanosheets (d-MWW) without the need for post-synthesis exfoliation or the use of 

elaborate organic structure-directing agents. The one-step approach is accomplished 

through the addition of a commercial surfactant, cetyltrimethylammonium, to a 

conventional MCM-22 growth mixture. A combination of powder X-ray diffraction and 

N2 desorption/adsorption analyses reveal high surface area nanosheets are generated 

within a narrow range of growth mixture composition (Si/Al = 15 – 30) and quantity of 

added surfactant (6 – 8 wt% CTA). These studies indicate CTA behaves as an in situ 

exfoliating agent wherein we posit that the positively-charged amine groups of the 

surfactant associate with negatively-charged Al sites on the surfaces of d-MWW 

nanosheets; however, solid-state 27Al NMR spectra of d-MWW reveals that CTA also 

behaves as a structure-directing agent by virtue of its ability to alter Al siting, placing 

additional acid sites within the 12-membered ring pockets lining the exterior surfaces. 

The number of Brønsted acid sites within the interior and exterior of MWW type 

materials was scrutinized through a combination of elemental analysis and 31P MAS 

NMR using two acid titrant: trimethylphosphine oxide and tributylphosphine oxide. 

The size disparity between these molecules allowed for the former to access both 

internal and external sites, whereas the latter is only able to access external sites owing 

to its large size relative to the 10-membered ring pores granting access to the interior 

supercages and sinusoidal channels. 

A combination of high surface area and increased number of external Brønsted 

acids for d-MWW compared to its 3-dimensional analogue, MCM-22, results in greater 

access to surface sites for reactions involving bulky organic molecules. To this end, we 

tested the catalytic performance of several MWW type materials using Friedel-Crafts 
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alkylation of benzyl alcohol with benzene as a model reaction. Our findings reveal the 

conversion of benzyl alcohol is markedly faster. Comparisons of turnover number 

reveal that d-MWW exhibits similar activity as MCM-22; however, preparation of 2D 

nanosheets through post-synthesis exfoliation reveals that the resulting catalyst, ITQ-2, 

is highly defective (e.g., extra-framework or distorted Al sites) and exhibits poor 

catalytic performance in the Friedel-Crafts alkylation reaction. Collectively, our 

findings indicate the direct incorporation of long-chain surfactant into syntheses of 

MWW type materials can lead to disordered 2D materials. It remains to be determined 

if this approach can be used as a generalized methodology for other layered zeolites to 

generate high surface area nanosheets. It is evident, however, the success along these 

lines could have practical implications for the rational design of zeolite catalysts for a 

broad range of applications. 
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Chapter 3  

Silver-Promoted Dehydroaromatization of Ethylene over ZSM-5 Catalysts 

The majority of material discussed in this chapter has been published. Figure and table 

numbers have been changed for dissertation consistency. The work was in collaboration 

with Dr. Hari Thirumalai and Prof. Lars C. Grabow from the University of Houston. 

3.1 Motivation 

Aromatic hydrocarbons (e.g., benzene, toluene, and xylene isomers) are 

essential precursors in the chemical industry, such as fuel additives, raw materials for 

polymers, and other value-added aromatics-derived products.129-130 Developing 

alternative routes for aromatics production is desirable due to the limited supply of 

fossil fuels, which are the main feedstocks for producing aromatics.131-132 Due to the 

recent rapid growth of methane and light olefin feedstocks133, one promising route is 

directly converting methane/ethylene to aromatics. Numerous studies have done 

regarding methane103, 136 and propane98 dehydroaromatization (DHA) reactions. In 

comparison, ethylene to aromatics attracted relatively little attention,135 although new 

technologies, such as ethane dehydrogenation138-140, have been developed for ethylene 

production. In addition, ethylene, as a feedstock, can be coupled with methane to form 

propylene with/without the presence of oxygen. 108, 143 While prior literature has 

focused on ethylene upgrading over nickel-based catalysts,144-146 there are 

disproportionately fewer studies of ETL reactions catalyzed by metal-containing zeolite 

catalysts.9, 107, 147-148 

Zeolites are shape-selective microporous catalysts that are widely used in 

refining and (petro)chemical processes owing to their unique porous topologies, high 

thermal stability, and tunable acidity.17-19 The incorporation of aluminum in the zeolite 

framework creates a negative charge that is counterbalanced by an extra-    
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framework cation (either a Brønsted or Lewis acid site). The use of metal Lewis acids 

broadens the range of catalytic applications, e.g., hydroisomerization reactions,166-168 

selective catalytic reduction (SCR) in catalytic converters,169-171 and the production of 

fine chemicals,172-175 among others. Herein, we examine Ag-exchanged MFI (Ag-ZSM-

5), which has proven to be an active catalyst for SCR,176-178 CO oxidation,179-180 and 

alkane aromatization181 reactions. The activity of Ag-ZSM-5 catalysts is attributed, in 

part, to the redox and acidic properties of Ag species.108, 182 For example, Ag-ZSM-5 

exhibits superior selectivity to aromatics in isobutane aromatization than Ga-ZSM-5 (a 

common catalyst for alkane aromatization).105 Interestingly, Ag-ZSM-5 has been 

proposed as an alternative catalyst for NOC of methane (or methane/ethylene co-feed) 

at moderate temperatures (e.g., 400 °C).108 Such reaction conditions are less severe than 

those required for direct non-oxidative methane upgrading via dehydroaromatization 

(DHA) at temperatures of 700 °C or higher.103, 136 Despite prior studies of Ag-ZSM-5 

performance in NOC reactions,108 the mechanism of methane activation over Ag sites 

in NOC (in the absence or presence of ethylene) is a topic of debate.183 Specifically, it 

has been suggested that Ag species catalyze the rate-determining the C-H bond 

activation of methane via two possible pathways: the formation of silver hydride 

species (i.e., Ag-H)184-185 or silver-methyl complexes (i.e., Ag-CH3).186 

In this chapter, motivated by the lack of ethylene dehydroaromatization work in 

the literature and the ambiguous role of Ag-ZSM-5 in ETL reactions, we investigated 

the role of Ag species in NOC of ethylene with and without methane co-feed. Our 

findings reveal that Ag-ZSM-5 promotes the formation of aromatics in ETL, whereas 

H-ZSM-5 preferentially yields light olefins and other aliphatic hydrocarbons. We 

observe that methane co-feed is activated over Ag-ZSM-5 catalysts with smaller 

conversion than previously reported, whereas H-ZSM-5 is an inactive catalyst for 
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methane upgrading under identical reaction conditions. In an effort to rationalize these 

observations, we studied the adsorption and activation of methane and ethylene on H-

ZSM-5 and Ag-ZSM-5 using periodic, van der Waals corrected density functional 

theory (DFT). Our results show that on H-ZSM-5 ethylene reacts with a moderate 

activation barrier, while methane is for practical purposes inert. On Ag-ZSM-5, 

however, methane activation requires a lower energy barrier than ethylene, but ethylene 

binds strongly to the Ag+ active site and blocks access to methane. These findings are 

consistent with our catalytic studies showing that Ag+ species promote aromatization 

and exhibit much lower activity for methane upgrading. 

3.2 Experimental Methods 

 Zeolite Catalyst Preparation 

NH4-ZSM-5 catalyst was purchased from Zeolyst International (product 

number 2314). Introduction of silver extraframework cations (Ag-ZSM-5) was 

accomplished by solution Ag ion exchange at room temperature in the absence of light 

for 24 h. Solutions for ion exchange were prepared with 100 mL AgNO3(aq)/g of NH4-

ZSM-5, where the AgNO3(aq) concentration was adjusted by dissolving AgNO3(s) (≥ 

99%, Sigma-Aldrich) to reach the targeted Ag loading in the final product. Detailed 

information is provided in the Appendix (Table B1). Following ion exchange, Ag-

ZSM-5 samples were dried in air at room temperature overnight and calcined under 

flowing air (ultra-zero grade, Matheson Tri-gas Inc.). Calcination was performed by 

increasing the temperature from 25 to 120°C at a rate of 1°C/min, held at 120°C for 2 

h, and then a second ramping to 500°C at 1°C/min and held for an additional 2 h. 

Following this dwell time at 500°C, the temperature was cooled to room temperature. 
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The same calcination profile was applied to as-received samples to convert extra-

framework NH4
+ to H+ Brønsted acid sites. 

 Characterization 

Ag-ZSM-5 catalysts were characterized by powder X-ray diffraction (XRD), 

energy dispersive X-ray spectroscopy (EDX), solid-state UV-Vis spectroscopy, and X-

ray photoelectron spectroscopy (XPS). Powder XRD patterns were acquired from 5 to 

50° 2θ with a step size of 0.02° at 40 kV and 44 mA using a Rigaku Smartlab X-ray 

Diffractometer. EDX analyses were performed using a JEOL JSM 6330F Field 

Emission scanning electron microscope (SEM). Solid-state UV-Vis spectra were 

obtained at wavelengths 200 – 800 nm with a step size of 1 nm using an Aglient Cary 

5000 UV/VIS/NIR spectrometer. The UV-Vis reference spectrum was collected using 

polytetrafluoroethylene fine powder, and the Kubelka-Munk function, F(R), was 

selected as the measuring mode. XPS spectra were collected from a Physical 

Electronics Model 5700 XPS instrument. A monochromatic Al-kα X-ray source 

(1486.6 eV) was used with the power at 350 W. All spectra were obtained once reaching 

a vacuum of 5x10-9 torr or better. The binding energy was calibrated with the C 1s peak 

at 284.8 eV. Micropore volume was measured by N2 adsorption using a Micromeritics 

ASAP 2020 instrument. Samples were degassed at 350°C for 4 h before N2 adsorption. 

 Catalytic Measurements 

Prior to reaction tests, catalysts were pelletized, crushed, and sieved to generate 

aggregates of size 250 to 400 μm (i.e., 40 – 60 mesh). For each catalytic measurement, 

pelletized catalyst (6 – 120 mg) was diluted with 500 – 550 mg of quartz sand (50 – 70 

mesh, Sigma-Aldrich) to avoid temperature gradients in the catalyst bed. For time-on-

stream studies, Ag25- and H-ZSM-5 catalysts (~150 mg) were used without inert quartz 
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sand. This catalyst bed was supported between quartz wool in a tubular, single-pass 

fixed bed reactor. Temperature was regulated with a ThermoScientific Lindberg Blue 

M furnace using a K-type thermocouple inserted at the bottom of the quartz wool bed 

(on the effluent side). All catalysts were pretreated in situ under the flow of 24 ml/min 

N2 (99.999%, Praxair) and 6 ml/min O2 (99.993%, Praxair). During pretreatment, the 

temperature was increased to 250°C at a rate of 1°C/min and then was further ramped 

to 500°C in 2 h and held for 3 h. After pretreatment, the temperature was decreased to 

400°C under flowing Ar (99.999%, Praxair) and was held for at least 1 h before catalytic 

measurements. The inlet gas containing methane (99.99%, Praxair) and/or ethylene 

(99.999%, Matheson Tri-gas Inc.) was diluted with Ar (99.999 %, Praxair) to the 

desired reactant partial pressure. Various space velocities were achieved by changing 

the amount of catalyst and/or gas flow rate. Effluent gas was analyzed using an on-

stream mass spectroscopy/gas chromatography instrument (Agilent MSD 5977A/GC 

7890B). Reactant conversion and product selectivities were calculated on a carbon mole 

basis. 

 Density Functional Theory Calculations 

Density functional theory (DFT) calculations were carried out using the Vienna 

Ab-initio Simulation Package (VASP) in combination with the Atomic Simulation 

Environment (ASE).187-190 The projector augmented wave (PAW) method 191 and the 

Bayesian error estimation functional with van der Waals correction (BEEF–vdW) 192 

were used to solve the Kohn−Sham equations. This functionality has been shown to 

quantitatively describe van der Waals interactions as well as reaction kinetics in zeolite 

pores.193 All calculations were performed with a cutoff energy of 540 eV, Gaussian 

smearing of kBT = 0.1 eV 194 and Γ-point sampling was used to sample the Brillouin-

zone. All calculations were run such that the residual force on each atom did not exceed 
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0.05 eV/Å. Transition state energies and structures were obtained from the climbing 

image nudged elastic band method and subsequently refined using the Dimer 

method.195-196  

The ZSM-5 periodic unit cell was optimized for use with the BEEF-vdW 

functional, and lattice constants were found to be a = 20.26 Å, b = 19.91 Å and c = 

13.26 Å. These lattice parameters correspond to an error of less than 1% from those 

obtained experimentally.197 The activation and subsequent dissociation of methane and 

ethylene were modeled to occur at the intersection of straight [010] and tortuous 

sinusoidal channels [100], specifically at the T12 site. The Si atom at this tetrahedral 

(T) site was replaced with Al and the resulting negative charge was balanced by Ag+ or 

H+, thus forming charge-neutral models for Ag-ZSM-5 and H-ZSM-5, respectively. 

The binding energies are reported with reference to CH4 and C2H4 centered in a 12 × 

12 × 12 Å box and otherwise the same settings as used for the zeolite calculations, but 

with kBT = 0.01 eV. 

3.3 Results and Discussion  

 Preparation of Bifunctional Ag-ZSM-5 Zeolite Catalyst 

Agn-ZSM-5 catalysts with different Ag loadings were prepared by conventional 

solution Ag ion exchange to achieve loadings of n = 8, 15, and 25 (where n is the 

percentage of Al sites occupied by Ag). Details of this procedure are provided in the 

Experimental Section and Table B1 of the Appendix. Powder X-ray diffraction (XRD) 

patterns confirm the structural integrity of ZSM-5 (MFI framework, Figure 3.1A, i) and 

the absence of impurities after Ag ion exchange (Figure 3.1A, ii). For instance, common 

impurities may include large metallic Ag particles that would be visible in the XRD 

patterns at 2θ = 38.3 and 44.2°,198 if present at appreciable weight percentage. The long-

range ordering of Ag-ZSM-5 samples remains intact after calcination (Figure 3.1A, iii), 
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as revealed by the nearly identical XRD patterns. Furthermore, textural analysis of 

Ag25-ZSM-5 (Table 3.1) reveals a micropore volume (0.12 ml/g) that is similar to its 

parent H-ZSM-5 (0.14 ml/g), suggesting the presence of Ag species does not 

significantly reduce accessible pore volume. 

Table 3.1. Chemical composition and textural properties of MFI zeolites 

Sample Si/Al[a] Ag/Al[a] Si/Al[b] Ag/Al[b] 
Pore volume 

(ml/g)[c] 

H-ZSM-5 10.0 ± 0.6 -------- 10.2 N/A 0.14 

Ag25-ZSM-5 10.3 ± 0.8 0.24 ± 0.07 10.8 0.52 0.12 

 [a] Measured by EDX; [b] Measured by XPS; [c] Determined by t-plot 

Metal species with different oxidation states and clusters thereof can 

significantly influence the performance of microporous catalysts.199-206 To assess the 

oxidation state(s) of extra-framework Lewis acid sites in Ag-ZSM-5, we used X-ray 

photoelectron spectroscopy (XPS) to characterize as-prepared and calcined Ag25-ZSM-

5. XPS spectra (Figure 3.1B) reveal two bands at 375.3 and 369.3 eV separated by 6 

eV, which are assigned to Ag 3d3/2 and Ag 3d5/2, respectively. These two characteristic 

bands are consistent with literature values of Ag-ZSM-5 and AgNO3,207-208 indicating 

that both as-prepared and calcined Ag25-ZSM-5 are predominantly comprised of Ag+ 

species. Interestingly, XPS surface analysis of as-prepared Ag25-ZSM-5 indicates an 

Ag/Al ratio that is nearly two-fold higher than the value measured by EDX (0.24 ± 

0.07). XPS has a short penetration depth (ca. 5 nm)209 in the sample, and thus elemental 

analysis by this technique is biased to the exterior region of zeolite particles. Conversely, 

EDX has a much longer penetration depth capable of assessing the catalyst interior. 

Differences between XPS and EDX are indicative of spatial gradients in composition 

throughout the zeolite sample. Similar comparisons of the Si/Al ratio for H-ZSM-5 and 

Ag25-ZSM-5 (Table 3.1) reveal the absence of Al zoning – meaning that Al is uniformly 
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distributed throughout the zeolite particle. As such, Ag zoning (i.e., a higher percentage 

of Ag located at the exterior region of zeolite particles) is uncorrelated with the spatial 

distribution of Al sites. The exact origin of Ag zoning in Ag25-ZSM-5 is not well 

understood and is the subject of an ongoing investigation. 

 

Figure 3.1. Powder XRD patterns and XPS spectra of (i) H-ZSM-5, (ii) as-prepared 

Ag25-ZSM-5, and (iii) calcined Ag25-ZSM-5 are shown in black, red, and 

blue, respectively. 

XPS surface analysis confirmed that as-prepared and calcined Ag25-ZSM-5 

samples contain Ag+ ions as primary Lewis acid sites. This finding is consistent with 

solid-state UV-Vis spectroscopy measurements of Ag species. Notably, Figure 3.2A 

shows the UV-Vis spectrum of calcined Ag25-ZSM-5 with an absorption band at ca. 

220 nm. This band, which has been observed in other Ag-exchanged zeolite catalysts,198, 

208 has been assigned to the intra-ionic electronic transition (i.e., [Kr]4d10 → [Kr]4d95s1) 

on isolated Ag+ ions. In addition, there is a broad absorption band spanning from 260 

to 330 nm that is likely attributed to Ag clusters.210-212 It is unlikely that metallic Ag is 

present given the absence of an absorption band at 405 nm.213 In summary, a 

combination of XRD, XPS, and UV-Vis measurements collectively reveal that Ag+ is 

the dominant Lewis acid site in Ag25–ZSM-5 (as illustrated in Figure 3.2B).  
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Figure 3.2. (A) Solid-state UV-Vis spectrum of calcined Ag25-ZSM-5 (B) Schematic 

representation of Ag+ (Lewis acid) and H+ (Brønsted acid) species 

associated with framework Al sites in ZSM-5 (MFI type topology). 

 Kinetic Study on Ethylene Dehydroaromatization (DHA) Reaction  

It has been suggested in prior studies108, 214 that Ag-ZSM-5 is a promising 

catalyst for paraffin and natural gas upgrading. Motivated by these studies, we aimed 

to understand the catalytic behavior of Ag-ZSM-5 in the ethylene-to-liquids (ETL) 

reaction with the objective of converting ethylene directly to aromatics – notably 

benzene, toluene, and xylene isomers (BTX). To avoid secondary reactions that may 

interfere with the evaluation of catalyst performance, ethylene conversion was kept less 

than 50% for both Ag25-ZSM-5 and H-ZSM-5 (this was achieved by adjusting the space 

velocity). Figure 3.3A and B show product selectivity for Ag25-ZSM-5 and H-ZSM-5, 

respectively, as a function of ethylene conversion. Our findings reveal that the Brønsted 

acid sites in H-ZSM-5 are more active for ethylene conversion (i.e., high ethylene 

conversion over Ag25-ZSM-5 requires substantially lower space velocity than that of 

H-ZSM-5). For example, a comparison of ethylene conversion at the same space 

velocity (5000 ml g-1 h-1) reveals a significant difference between Ag25-ZSM-5 (33% 

ethylene conversion) and H-ZSM-5 (90% ethylene conversion). On the contrary, Ag25-

ZSM-5 exhibits higher selectivity towards aromatics irrespective of the space velocity. 

Comparison at 90% ethylene conversion reveals that Ag25-ZSM-5 exhibits twice the 
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aromatics selectivity as that of H-ZSM-5. This suggests that the initial activation of 

ethylene occurs at Brønsted acid sites, while Ag+ sites promote the formation of 

aromatics. This finding qualitatively agrees with prior studies of different reactions (e.g., 

methanol to hydrocarbons) showing enhanced aromatics formation over Ag-zeolites.203  

As shown in Figure 3.3, the selectivity to aromatics decreases by ca. 50% with 

decreased ethylene conversion for both H-ZSM-5 and Ag25-ZSM-5. At the lowest 

ethylene conversion (30%), the selectivity to aromatics is much higher for Ag25-ZSM-

5 (27%) compared to H-ZSM-5 (5%). Over the full range of ethylene conversion, the 

selectivity to aromatics for H-ZSM-5 never exceeds that of Ag25-ZSM-5. Indeed, Ag-

ZSM-5 catalysts increase BTX production by at least a factor of three relative to H-

ZSM-5, consistent with our observation that Ag+ acts as a promoter of 

dehydroaromatization (DHA) reactions. 

 

Figure 3.3. Effects of space velocity (x-axis) on product selectivity (left y-axis) and 

ethylene conversion (right y-axis) over (A) Ag-ZSM-5 and (B) H-ZSM-5. 

Data were acquired after 10 min time on stream. 

To further explore the effect of Brønsted acid sites in the ETL reaction, we 

prepared a homologous series of Ag-exchanged H-ZSM-5 catalysts where the Ag/Al 

ratio was varied while keeping the Si/Al ratio constant. Figure 3.4 shows the changes 
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in product selectivity and ethylene conversion as a function of Ag/Al ratio. Under 

identical reaction conditions (400 °C and 5000 ml g-1 h-1), ethylene conversion 

increases from 33 to 90% as the Ag/Al ratio monotonically decreases. The reason for 

the ca. 60% reduction in ethylene conversion with only 25% loss of Brønsted acid sites 

is unknown. There may be an intrinsic loss of activity, which is consistent with previous 

solid-state 2H NMR studies184 showing that ethylene forms stable π complexes on Ag 

species that likely reduce ethylene activity. Conversely, Ag+ promotes DHA that, in 

turn, could lead to more rapid coking; however, visual comparison of as prepared and 

spent catalyst after 10 min time on stream indicates very little coking, as inferred from 

in the nearly consistent color of the catalyst (i.e., there is no change from white to 

gray/black that is characteristic of coked zeolite catalysts). Another possible cause of 

decreased conversion is related to mass transport limitations imposed by ethylene 

adsorption to Ag+ sites disproportionately populated on the exterior of Ag-ZSM-5 

particles. A high coverage of adsorbed ethylene on the catalyst exterior due to Ag 

zoning may limit ethylene and/or other hydrocarbon access to internal acid sites. A third 

possibility is the potential migration of Ag+ ions during the reaction to form clusters 

that block reactant access to pores. For instance, we characterized the spent catalyst 

after a long time on stream and observed the presence of Ag metal (see Table B1). This 

preliminary data is suggestive of ion migration, but further studies are required to 

confirm this hypothesis and the nature of rapid deactivation in Ag-ZSM-5 catalysts at 

higher metal loading.  

Interestingly, the lowest Ag loading (Ag8-ZSM-5) has minimal impact on 

ethylene conversion (i.e., 5% reduction compared to H-ZSM-5), while this small 

quantity of Ag also leads to a 20% increase in aromatic selectivity. The ability of Ag to 

stabilize π complexes can explain the increased selectivity to aromatics (see Table B2 
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in the Appendix). Selectivity comparisons, however, may be complicated by secondary 

reactions when reactant conversion is high.215 Nevertheless, these results highlight the 

relative contribution of Brønsted and Lewis acid sites in Ag-exchanged zeolites on the 

ETL reaction. 

 

Figure 3.4. Effects of Ag/Al ratio (x-axis) on product selectivity (left y-axis) and 

ethylene conversion (right y-axis) over various ZSM-5 catalysts (Ag25-, 

Ag15-, Ag8-, and H-ZSM-5) at 400 °C and 1 atm.  

 Effect of Methane Coupling Reaction and DFT Studies  

Here, we explore the role of Brønsted and Lewis acid sites in the NOC of 

methane and ethylene. The use of methane and ethylene co-feed was motivated by 

previous studies suggesting Ag-ZSM-5 promotes methane C-H bond breakage and 

coupling with ethylene to produce propylene,108, 214 a value-added chemical with high 

market demand.216 Figure 3.5A shows methane conversion over Ag25-ZSM-5 and H-

ZSM-5 catalysts with time-on-stream (TOS). Ag25-ZSM-5 exhibits an induction period 

within the first 90 min TOS wherein methane conversion is ≤ 1%. Methane conversion 

subsequently increases to ca. 3.5% after 1.5 h TOS and eventually reaches a maximum 

of 5%. The maximum methane conversion is lower than previously reported values (ca. 

13%) for NOC reactions at 400 °C.214 It is well known that methane C-H bond 

activation in metal-exchanged zeolites requires high temperatures (e.g., > 600 °C).199, 
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217-218 The disparity between our methane conversion and those of prior studies may be 

attributed to variations in sample preparation. For instance, Ag-ZSM-5 catalysts in our 

studies were prepared by solution ion exchange, whereas Baba and coworkers214 

prepared Ag-ZSM-5 through wetness impregnation (a technique that is more 

susceptible to the generation of Ag clusters and/or oxides). Different methods of metal 

loading could impact Ag speciation and/or the spatial distribution of Lewis acid sites 

throughout zeolite particles, thereby leading to differences in catalytic performance.  

 

Figure 3.5. Performance of H-ZSM-5 (open squares) and Ag25-ZSM-5 (open circles) 

catalysts. Plots compare (A) methane and (B) ethylene conversion.  

NOC of methane and ethylene over H-ZSM-5 under the same reaction 

conditions as above resulted in higher outlet methane concentration than that of the feed 

(i.e., negative methane conversion). This observation can be attributed to two factors: 

(i) the inability of Brønsted acid sites to activate the C-H bond of methane at low 

temperature, and (ii) the generation of methane from hydrocarbon cracking during the 

NOC reaction. Comparison of Ag- and H-ZSM-5 catalytic data indicates that Ag+ 

promotes methane C-H bond activation, while the latter outperforms Ag25-ZSM-5 with 

respect to on-stream lifetime (on the basis of ethylene conversion). As shown in Figure 

3.5B, ethylene conversion is maintained at 100% for the first 4.6 h TOS for both Ag25-

ZSM-5 and H-ZSM-5. The latter exhibits longer lifetime (i.e., ≥ 95% ethylene 

conversion for 14 h TOS) compared to that of Ag25-ZSM-5 where ethylene conversion 

rapidly declines around 7 h TOS. 
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Product selectivity profiles for Ag25-ZSM-5 and H-ZSM-5 are significantly 

different during the first 8 h TOS (see Figure B2 and Figure B3 of Appendix A, 

respectively). Notably, Ag25-ZSM-5 exhibits 66 % selectivity to aromatics compared 

to 32 % for H-ZSM-5 after 10 min TOS. The relatively short lifetime of Ag-ZSM-5, 

however, results in decreased aromatic selectivity to 18 % around 8 h TOS and ≤ 10% 

at later times. Conversely, H-ZSM-5 aromatics selectivity increases to ca. 44 % during 

the first 8 h TOS, followed by a monotonic decrease to 10 % around 18 h TOS. It is 

expected that higher aromatics yield for the Ag25-ZSM-5 catalyst would lead to coking 

and pore blockage at shorter TOS, resulting in more rapid catalyst deactivation. Such 

behavior is consistent with aromatization reactions in zeolites where coking is the 

primary cause of reduced activity.219-220 Coke formation reduces internal pore volume 

and available active sites for various hydrocarbons during the course of the reaction, 

which can have an appreciable impact on product selectivity. 

Table 3.2 summarizes the DFT calculations of the activation barriers and 

binding energies of ethylene and methane on H-ZSM-5 and Ag-ZSM-5. The energy 

barrier for ethylene activation at the Brønsted acid site of H-ZSM-5 is Ea = 1.37 eV, 

and is substantially lower than on the Lewis acid site of Ag-ZSM-5 (Ea = 1.94 eV). The 

energy barrier for methane activation at the Brønsted acid site of H-ZSM-5 (Ea = 5.06 

eV) is significantly higher than on the Lewis acid site of Ag-ZSM-5 (Ea = 1.62 eV). 

Methane and ethylene both exhibit stronger binding energies on Lewis acid sites. 

Collectively, these findings support the conclusions that ethylene preferentially 

activates on Brønsted acid sites, whereas methane is unreactive over H-ZSM-5 but does 

exhibit marginal activity on Lewis acid sites. The differences between ethylene and 

methane on Ag-ZSM-5 are less pronounced and require a brief discussion. In terms of 

activation barriers only, methane is in fact easier to activate on Ag-ZSM-5 than ethylene 
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by approximately 0.3 eV. We attribute the stark contrast between the Brønsted (Z-H+) 

and Lewis (Z-Ag+) acid sites for ethylene and methane activation to mechanistic 

features. Over Brønsted acid sites ethylene is able to accept the proton and forms a Z-

C2H5
+ intermediate. An equivalent pathway for methane would require the formation 

of a Z-CH5
+ species, which is not stable. The only accessible pathway for methane 

activation at a Z-H+ site is the highly activated formation of Z-CH3
+ and H2. On the 

Lewis acid site of Ag-ZSM-5 the C-H bond activation in methane and ethylene 

proceeds via a similar pathway resulting in a Z-H+ site and an Ag-CH3 or Ag-C2H3 

species, respectively. Alternative pathways for methane activation on Ag-ZSM-5 

would involve the formation of Z-OCH3 (methoxy) intermediates, which have 

previously been identified in NMR studies.185 While our calculations suggest that this 

alternative pathway is thermodynamically less favorable, the presence of these 

intermediates cannot be ruled out without a more in-depth investigation into active sites 

and mechanisms of activation of methane and ethylene on H-ZSM-5 and Ag-ZSM-5. 

Table 3.2. Activation barriers and binding energies (in parenthesis) for the activation 

of ethylene and methane on H-ZSM-5 and Ag-ZSM-5.  

Species H-ZSM-5 [a] Ag-ZSM-5 [a] 

C2H4 1.37 (–0.75) 1.94 (–1.17) 

CH4 5.06 (–0.35) 1.62 (–0.44) 

           [a] All values are reported in eV (see also Table A6) 

Low methane conversion (5% maximum) in the NOC of methane and ethylene 

over Ag-ZSM-5 may be due to (i) competing effects of methane and ethylene 

adsorption on Ag sites and/or (ii) poor activation of the methane C-H bond on Ag sites. 

DFT calculations indicate that ethylene activation is energetically favorable on 

Brønsted acid sites, which is consistent with our catalytic studies showing high ethylene 

conversion over H-ZSM-5. The higher barrier for ethylene activation compared to 
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methane activation over Ag-ZSM-5 may in part be attributed to the high stability of the 

𝜋-bonded ethylene complex at the Ag+ site, which represents the initial state of the 

activation step. This stable and less reactive ethylene 𝜋-complex is also likely to occupy 

Ag+ Lewis acid sites when methane is present and ultimately impair methane 

conversion. Perhaps more importantly, DFT calculations indicate a large activation 

barrier for methane. To confirm the low activity of Ag-ZSM-5, we performed catalytic 

studies using only methane as feed and observed less than 4% conversion (see Figure 

B4). This suggests that low methane conversion is limited by the prohibitively large 

barrier of methane C-H bond activation (and to a lesser extent on competitive 

adsorption in reactions employing a co-feed).  

Based on these findings, it is expected that the presence of methane in an 

ethylene feed would have minimal influence on the performance of ZSM-5 catalysts. 

This was confirmed in Figure 3.6 by the comparison of ethylene conversion over Ag25-

ZSM-5 and H-ZSM-5 catalysts in the absence of methane (solid circles and solid 

squares, respectively). Ethylene conversion profiles for Ag25-ZSM-5 and H-ZSM-5 are 

nearly identical with and without methane addition (illustrated by open and solid 

symbols, respectively). It should also be noted that the selectivity profiles in the absence 

of methane for Ag25-ZSM-5 and H-ZSM-5 (Figure B5 and Figure B6) of the Appendix, 

respectively) are nearly identical to similar measurements in the presence of methane 

(Figure B2 and Figure B3 of the Appendix, respectively). These findings indicate that 

methane is primarily a spectator and that ethylene dominates the NOC reaction for all 

catalysts tested. 
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Figure 3.6. Effects of methane addition on the performance of ZSM-5 catalysts at 

400 °C and 1 atm. Dashed lines are interpolations for improved 

visualization. 

Based on the results of reaction tests and DFT, we propose a generalized 

mechanism (Figure 3.7) to describe the conversion of ethylene to various hydrocarbon 

products. It is evident that the first step involves ethylene activation on a Brønsted acid 

site (Figure 3.7A, i), followed by the transformation of the activated ethylene species 

via nonoxidative coupling with ethylene and/or other hydrocarbon species (Figure 3.7A, 

ii and iii). As highlighted in Figure 3.7B, Brønsted acid sites preferentially direct the 

formation of alkanes and olefins.221-223 The formation of aromatics is promoted by Ag 

species, which has been observed in aromatization reactions catalyzed by Ag-

exchanged zeolites.105, 203-204 It is also possible that catalytic cracking (facilitated by 

long residence times in zeolite pores) could contribute to the production of light olefins, 

analogous to acid-catalyzed pathways in methanol to hydrocarbon reactions. 38 A more 

detailed understanding of the ETL reaction pathway is elusive owing to the inherent 

complexity of these reactions in zeolite frameworks.  
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Figure 3.7. (A) Proposed mechanism of ethylene activation over an H+ (Brønsted acid) 

site in a ZSM-5 pore (B) Generalized pathways of DHA reactions  

3.4   Summary 

In summary, we have shown that Ag+ Lewis acid sites in ZSM-5 promote the 

formation of aromatics with selectivity as high as 60% relative to H-ZSM-5 where the 

maximum BTX selectivity is 20%. Catalytic measurements reveal enhanced 

dehydroaromatization on Ag-ZSM-5, which is qualitatively consistent with DFT 

calculations showing that  complexes between ethylene and the zeolite framework are 

stabilized by Ag+ extra-framework cations. Interestingly, DFT calculations reveal that 

the binding energy of ethylene on Ag+ sites is more favorable (i.e., lower enthalpy of 

adsorption), whereas the barrier for ethylene activation is lower on H+ sites. 

Collectively, experimental and computational studies suggest the first step in the ETL 

reaction is ethylene activation on Brønsted acid sites. The extent to which there is a 

synergistic effect, if any, between Lewis and Brønsted acid sites in subsequent coupling 

reactions is unknown, and remains a subject of the ongoing investigation.  

Systematic studies of Ag-ZSM-5 catalysts with varying Ag loading reveal that a 

small quantity of metal (e.g., 8% exchanged Ag) is capable of doubling BTX selectivity 

while sacrificing little of the catalyst activity. Ethylene conversion decreases 
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disproportionately at higher Ag loadings (upwards of 25% exchange). This relatively 

sharp decrease in catalyst activity with increased Ag+ exchange of H+ sites is not well 

understood. This phenomenon may be attributed to Ag zoning wherein the exterior of 

ZSM-5 particles contains a higher density of Ag sites relative to its interior. It does not 

appear that the decrease in activity at higher Ag loadings is associated with more rapid 

coking, which is often correlated with increased production of aromatics. Alternatively, 

it is possible that the binding of ethylene to Ag+ sites on the catalyst exterior may 

generate mass transport limitations by restricted access of ethylene and/or other 

hydrocarbons to the interior of the zeolite comprised of a higher density of H+ sites. 

This hypothesis is consistent with catalytic studies showing that a 5-fold reduction in 

the space velocity is required for ETL on Ag-ZSM-5 in order to achieve a conversion 

that is equivalent to H-ZSM-5 under similar reaction conditions. 

Studies of methane co-feed confirmed that Ag+ sites are capable of activating C-

H bond breakage, but to a lesser extent than what has been reported in the literature. 

There is an approximate 5 h induction period where methane conversion monotonically 

increases to a maximum of 5%; however, the presence of methane has little effect on 

the performance (i.e., conversion, selectivity, and on-stream lifetime) of Ag- and H-

ZSM-5 catalysts. Moreover, such low methane conversion is insufficient to justify the 

use of Ag-ZSM-5 as a catalyst for direct methane upgrading or as co-feed in ETL 

reactions. On the contrary, we show that Ag-ZSM-5 promotes DHA reactions and may 

prove to be a promising catalyst for low-temperature NOC reactions compared to other 

metal-exchanged zeolites. 
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Chapter 4  

Dehydroaromatization of Ethylene over Gallium-Modified ZSM-5 Catalysts 

The work is in collaboration with Dr. Hari Thirumalai, Dr. Scott Smith and Prof. Lars  

Grabow from the University of Houston; Prof. Kenton Whitmire from Rice University; 

Prof. Jing Liu from Manhattan College; and Prof. Anatoly Frenkel from Brookhaven 

National Laboratory. The manuscript of this research work is submitted.  

4.1 Motivation 

Benzene, toluene, and xylene (BTX) are important precursors in the 

petrochemical industry for the production of polymers, fuel additives, and other value-

added aromatics-derived products.129-130 The previous chapter explored the influence of 

Ag ions on the dehydroaromatization (DHA) of ethylene and showed that the 

combination of Brønsted and Lewis acid sites can enhance aromatics yield. Ga-

modified H-ZSM-5 zeolite catalysts are investigated owing to the reported exceptional 

properties of Ga species for dehydrogenation reactions.98, 127, 224-225 For example, Ga-

ZSM-5 has been used commercially in the UOP/BP Cyclar process, which converts 

light alkanes to aromatics.226 Despite numerous studies of Ga-zeolites, a general 

understanding of the active sites in Ga-ZSM-5 and the potential synergism between 

Lewis and Brønsted acid sites is lacking. In this chapter, we compare a series of Ga-

ZSM-5 catalysts where Ga is selectively incorporated at (non)framework sites to 

quantify the effect of Ga speciation on DHA performance. Here, we use a combination 

of zeolite synthesis, state-of-the-art characterization, catalytic testing, and 

computational calculations to investigate the mechanism of ethylene DHA over Ga-

ZSM-5, and elucidate the specific role(s) of Ga species in promoting aromatics. 

In addition to Ga-ZSM-5, prior studies have also characterized structure-

performance relationships for Ga-exchanged chabazite (CHA) and beta (*BEA) 

catalysts.227-228 There are two conventional post-synthetic approaches to prepare Ga-
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modified zeolites: (1) aqueous ion exchange with a gallium salt (e.g. Ga(NO3)3);  and 

(2) incipient-wetness impregnation.98 Characterization of Ga-zeolites prepared by these 

methods often reveals large fractions of GaxOy deposits on external surfaces of zeolite 

particles owing to the slow diffusion of hydrated Ga ionic species into the 

micropores.229 To obtain more dispersed Ga species within zeolites pores, it has been 

shown that GaxOy can be reduced under H2 at high temperature (>700 K) to facilitate 

Ga migration into pores and ion exchange with Brønsted acid sites.123-125 Price et al. 

investigated the effects of various treatment methods on the state of Ga (in ZSM-5 

catalysts) and the aromatization activity in DHA reactions.124, 230 They observed that 

the optimal catalyst was prepared by reduction of GaxOy to dispersed Ga species and 

re-oxidation to obtain Ga3+ sites within the 3-dimensional pores of ZSM-5; however, it 

has been hypothesized that achieving uniform dispersion of Ga3+ sites by this method 

is challenging.229 Bell and coworkers prepared isolated Ga3+ cations inside H-ZSM-5 

using vapor-phase exchange with GaCl3,123, 225 and investigated the mechanism and 

kinetics of C3H8 dehydrogenation over Ga-ZSM-5 catalysts. They report [GaH]2+ is the 

active site for both propane dehydrogenation and cracking reactions.225 Lercher and 

coworkers used conventional wetness impregnation to prepare well-characterized Ga-

ZSM-5 catalysts for propane dehydrogenation wherein they reported Lewis-Brønsted 

acid pairs are essential to catalyze the reaction.231 They proposed the existence of Ga+ 

sites that can be protonated by proximal Brønsted acids to form [GaH]2+. Bell and 

Lercher both claim [GaH]2+ is the active species for propane dehydrogenation (despite 

differences in their proposed reaction mechanisms). 

Ga-ZSM-5 catalysts prepared via direct hydrothermal synthesis have been 

shown to enhance aromatics selectivity in alkane dehydrogenation reactions.125, 232-234 

Jones and coworkers developed a method to generate Ga Lewis acid sites using 
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synthesis mixtures with 3-mercaptopropyl-trimethoxysilane (MPS),127 which facilitates 

the occlusion of extra-framework Ga species into zeolite pores without directly forming 

covalent bonds with framework oxygens. The resulting gallosilicate catalyst (i.e. Ga-

MFI in the absence of Al) enhanced rates of propane dehydrogenation compared to 

gallosilicates prepared by conventional methods. Shu and coworkers evaluated several 

Ga-ZSM-5 catalysts obtained via different methods (i.e. hydrothermal synthesis, ion 

exchange, impregnation, and physical mixing) on n-heptane aromatization.235 They 

reported the Ga-ZSM-5 catalyst synthesized via direct hydrothermal synthesis 

exhibited the highest BTX selectivity, which they attribute to enhanced Lewis acidity 

and the presumed mesoporosity incurred by the incorporation of framework Ga. 

Moreover, they hypothesized that both liquid-phase ion exchange and direct 

hydrothermal synthesis lead to Ga substitution in framework sites. On the contrary, 

Hsieh et al.236 argued that Ga is less prone to be incorporated into the zeolite framework 

(compared to Al) based on their analysis of [Ga, Al]-ZSM-5 catalysts obtained via 

seeded hydrothermal synthesis. 

Ga species supported on microporous materials can be difficult to characterize 

due to the complexity of zeolite topology and interactions with strong Brønsted acid 

sites. To this end, Scott and coworkers systematically examined nonporous catalysts 

(e.g. Ga(i-Bu)3 grafted onto γ -alumina and silica) wherein they showed that 

mononuclear alumina-supported Ga sites exhibit higher activity (in propane 

dehydrogenation) than silica-supported Ga sites.237 Using a combination of high-field 

solid-state NMR and X-ray absorption spectroscopy (XAS), they resolved the structure 

of Ga species. For Ga-zeolites, the number of potential Ga species reported in the 

literature (as illustrated in Scheme 4.1) includes the following: Ga2O3, Ga+, [GaO]+, 

[GaH2]+, [Ga(OH)2]+, [GaH(OH)]+, and [GaH]2+.124, 225, 238-242 The majority of these 
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species contain Ga in its +3 oxidation state. For direct hydrothermal synthesis, Ga 

incorporated in framework sites (Scheme 4.1A) may also lead to the generation of 

Brønsted acid sites.128  

 
Scheme 4.1. (A). Possible zeolite Brønsted and Lewis acid sites generated from 

heteroatom framework (T = Al or Ga) and/or extra-framework species: 

(A) framework Ga3+; (B) Ga2O3; (C) Ga+; (D) [GaO]+; (E) [GaH2]+, 

[Ga(OH)2]+, or [GaH(OH)]+; and (F) [GaH]2+. 

In this chapter, we investigate the speciation and siting of Ga in ZSM-5 catalysts, 

and correlate the synergy of Brønsted and Lewis acid sites on the ethylene DHA 

reaction. We systematically examine five Ga-ZSM-5 zeolite catalysts prepared via 

different treatments, including both direct synthesis and post-synthesis exchange. Using 

a combination of experimental techniques, including X-ray absorption (XAS) and 

solid-state 27Al and 71Ga magic angle spinning (MAS) nuclear magnetic resonance 

(NMR) spectroscopy, we have distinguished Ga species with different oxidation states 

and coordination numbers. The catalytic performance of various Ga-ZSM-5 catalysts 

helps distinguish the roles of different (extra)framework Ga species. Experimental 

characterization and catalytic studies were coupled with density functional theory (DFT) 

calculations to assess the relative activities of different Ga and Al sites. Collectively, 

these findings highlight the challenges of elucidating Ga speciation, and the impact of 

Ga-ZSM-5 preparation on enhanced activity for the promotion of aromatics (BTX) 

products. 
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4.2 Experimental Methods 

 Material 

The following reagents were purchased from Sigma-Aldrich: 

tetraethylorthosilicate (TEOS, 98%), sodium hydroxide (NaOH, 98%), pyridine 

(anhydrous, 99.8%) and silica gel (Davisol Grade 636, 35-60 mesh size). 

Tetrapropylammonium hydroxide (TPAOH, 40%), gallium chloride (ultra dry, 

99.999%), gallium nitrate hydrate (99.999%, metals basis) and sodium aluminate 

(technical grade) were purchased from Alfa Aesar. Materials for catalyst preparation 

and reaction testing included argon, oxygen and nitrogen gases (Praxair, UHP grade, 

99.999%) and ethylene (99.999%, Matheson Tri-gas Inc.). All reagents were used as 

received without further purification. The commercial zeolite NH4-ZSM-5 was 

purchased from Zeolyst (CBV 5524G). Deionized (DI) water was produced with an 

Aqua Solutions RODI-C-12A purification system (18.2 MΩ). 

 Zeolite Catalyst Preparation 

The zeolite Ga-Z1 was obtained via direct hydrothermal synthesis from a 

growth mixture with the molar composition 5.25 TPAOH:1.25 Na2O:25 SiO2:0.63 

Al2O3:0.41 Ga2O3:1000 H2O. To a solution of 1.28 g TPAOH (40 wt%), 1.25 g NaOH 

(1 M), and 7.14 g DI water was added 2.50 g TEOS, 0.05 g sodium aluminate, and 0.10 

g gallium nitrate. The mixture was aged at room temperature for 24 h under continuous 

stirring. The growth solution was then placed in a Teflon-lined stainless steel acid 

digestion bomb (Parr Instruments) and heated at 170C under rotation (∼30 rpm) and 

autogenous pressure in a Thermo-Fisher Precision Premium 3050 Series gravity oven. 

The autoclave was removed from the oven after 3 days and immediately cooled to room 

temperature by quenching. The solid was isolated from the supernatant by three cycles 
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of centrifugation (13,000 rpm) and washing using a Beckman Coulter Avanti® J-E 

series high-speed centrifuge. The solid product was then dried at room temperature in 

air. The Ga-ZSM-5 sample was calcined in flowing dried air (100 mL min-1) at 550C 

using heating and cooling rates of 1 C min-1 for a total of 5 h to remove occluded 

organics. Ion exchange for catalyst preparation was performed three times using a 1 M 

NH4NO3 solution containing 2wt% of calcined zeolite sample. This solution was heated 

at 80C under continuous stirring for 2 h. The exchanged samples were dried and 

calcined using the same procedure to obtain the H-form zeolite (H-Ga-Z1). 

The sample Ga-Z2 was prepared by conventional aqueous ion exchange using 

a commercial NH4-ZSM-5 material purchased from Zeolyst International (CBV 

5524G). Introduction of extra-framework gallium species was accomplished by 

solution Ga ion exchange at 80C in the oil bath for 24 h under continuous stirring. The 

Ga ion exchange was performed using Ga(NO3)3 solution containing 1wt% of 

commercial NH4-ZSM-5 sample, where Ga(NO3)3(aq) concentration was adjusted by 

dissolving Ga(NO3)3 in DI water to reach the targeted Ga loading in the final product. 

Detailed information is provided in Table C1. Following ion exchange, the sample was 

dried in air at room temperature overnight and calcined. Pretreatment with H2 via 

reduction and re-oxidation according to a protocol reported by Dooley et al.124. In a 

fixed bed, the sample was heated to 575 C at 1 C min-1, held for 2 h, and then cooled 

to 350 C under the flow of H2 and He  (H2 = 2 ml/min and He = 26 ml/min). At the set 

point temperature, the system was flushed with pure He (30 ml/min) for 30 min. A 

subsequent oxidation under flow of dried air was performed at 550 C (using a heating 

rate of 1 C min-1) for 5 h, and then cooled to ambient temperature (resulting in sample 

Ga-Z2H). The same procedure was used to generate sample Ga-Z1H. 
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The sample Ga-Z3 was prepared by vapor-phase exchange following the 

procedure reported by Bell and coworkers123. Here, commercial NH4-ZSM-5 (CBV 

5524G) was again used as the parent zeolite. To achieve the comparable Ga elemental 

composition, 0.13 g anhydrous GaCl3 was physically mixed with 2 g calcined H-ZSM-

5 (dehydrated, CBV 5524G) inside an N2-purged glovebox (i.e., inert atmosphere) to 

achieve a mole ratio of Ga/Al = 0.5. The mixture was then loaded into a glass ampule, 

taken out of the glovebox, evacuated and flame-sealed under dynamic vacuum. The 

ampule containing a mixture of GaCl3 and zeolite sample was heated to 200 C at 5 C 

min-1, held for 2 h, and then cooled room temperature. After the vapor phase exchange 

of Brønsted acid O–H group with GaCl3, the material inside the ampule was transferred 

into a fixed bed. The sample was heated to 500 C at 2 C min-1, held for 1 h, and then 

cooled to 100 C under the flow of synthetic air (30 ml/min). At the set point 

temperature, the system was flushed with pure He (30 ml/min) for 30 min. The sample 

was then heated to 550 C at 5 C min-1, held for 2 h, and then cooled to 350 C under 

the flow of H2 and He  (H2 = 2 ml/min and He = 26 ml/min). At this temperature, the 

system was flushed with pure He (30 ml/min) for 30 min. A subsequent oxidation under 

flow of dried air (30 ml/min) was performed at 500 C (using a heating rate of 5 C 

min-1) for 1 h, and then cooled to ambient temperature (resulting in sample Ga-Z3). For 

the reference sample Z-ref, the commercial NH4-ZSM-5 zeolite was calcined using the 

aforementioned procedure.  

 Characterization 

Powder X-ray diffraction (XRD) patterns were acquired from 2θ = 5 to 50° with 

a step size of 0.02° at 40 kV and 44 mA using a Rigaku Smartlab X-ray Diffractometer. 

Analysis of surface area by the BET method was performed on N2 

adsorption/desorption isotherms obtained with a Micrometrics ASAP 2020 instrument. 
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Crystal morphology and size were measured by a FEI Nova NanoSEM 230 instrument 

after Pt coating (ca. 5 nm thickness). Energy-dispersive X-ray spectroscopy (EDX) was 

performed using a JEOL SM-31010/METEK EDAX system at 15 kV and 15 mm 

working distance. The molar ratios Si/Al and Si/Ga of zeolite samples were measured 

by inductively coupled plasma analysis in combination with optical emission 

spectroscopy (ICP-OES). Before analysis, a Katanax X-300 Fusion Fluxer instrument 

was used to conduct the fusion of samples (approximately 50 mg) prepared by first 

dissolving with LiBO2 (98.5 wt% lithium metaborate and 1.5 wt% LiBr).The mixture 

was heated to 1000 °C for 15 min. Then 50 mL 2 N HNO3 was added to the molten 

mixture and stirred for 10 min. The elemental components of the samples were analyzed 

using an Agilent 725 instrument. 

Solid-state NMR experiments were performed at 11.7 T on a JEOL ECA-500 

spectrometer equipped with a 3.2mm Magic Angle Spinning Probe. The 27Al MAS 

NMR spectra were obtained at a spinning frequency of 12.5 kHz with a π/12 pulse 

width of 1.25 μs and a recycle delay of 0.8 s. The number of scans was 4096 for all 

measurements. The 27Al chemical shift was referenced using a 1 M Al(NO3)3 aqueous 

solution. 71Ga MAS NMR spectra were obtained at a spinning frequency of 12.5 kHz 

with a π/12 pulse width of 1 μs, a relaxation delay of 0.5 s. The number of scans ranged 

from 9746 to 55296 for all measurements. The 71Ga chemical shift was referenced using 

a 1 M Ga(NO3)3 aqueous solution. 

The Ga K-edge X-ray absorption spectra of the samples were measured in 

transmission mode. The data were obtained at the National Synchrotron Light Source-

II (NSLS-II) at the QAS (7-BM) beamline. XAFS data processing and analysis were 

done using Athena and Artemis software within the IFEFFIT package. EXAFS fittings 

were performed using FEFF code and model structures obtained from Ga2O3 
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structure.243-244 One Ga-O path was used to fit the first shell of Ga-Z1. Two Ga-O paths 

(Ga-O1 and Ga-O2) with different bond lengths and one Ga-Ga path were included to 

obtain the best fit of Ga-Z2 sample. The k-range for fit of Ga-Z1 was 2-12 Å-1 for Ga-

Z1 and for the fit of Ga-Z2 was 2-13 Å-1. The fits were performed in r-space, using k2-

weighing. The k-ranges were 2-12 Å-1. The amplitude factor (S0
2) was set at 0.99 when 

performing EXAFS fits for Ga-Z1 and Ga-Z2 samples. The fraction of tetrahedral Ga 

sites in sample Ga-Z2 was estimated by the following equation245,  

𝑁(𝐺𝑎−𝑂1)/4

𝑁(𝐺𝑎−𝑂1)/4+𝑁(𝐺𝑎−𝑂2)/6
                                         (4-1) 

where N is the coordination number of Ga-Ox bonds listed in Table 4.2.  

 Catalytic Measurements 

Prior to each catalytic test, the zeolite powder (H-form) was pelletized, crushed, 

and sieved to generate aggregates of size 250 to 400 μm (i.e., 40 – 60 mesh). For each 

catalytic measurement, pelletized catalyst (40 mg) was diluted with 110 mg of quartz 

sand (50 – 70 mesh, Sigma-Aldrich) to avoid temperature gradients in the catalyst bed. 

The catalyst bed was supported between quartz wool in a tubular, single-pass fixed bed 

reactor. The temperature was regulated with a ThermoScientific Lindberg Blue M 

furnace using a K-type thermocouple inserted at the bottom of the quartz wool bed (on 

the effluent side). All catalysts were pretreated in situ under the flow of 24 ml/min N2 

(99.999 %) and 6 ml/min O2 (99.999 %). During pretreatment, the temperature was 

increased to 250°C at a rate of 1°C/min and then was further ramped to 500°C in 2 h 

and held for 3 h. After pretreatment, the temperature was decreased to 400°C under 

flowing Ar (99.999%) and was held for at least 1 h before catalytic measurements. The 

inlet gas consisted of ethylene (2 ml/min, 99.999%) diluted with Ar (14 ml/min, 

99.999 %) to achieve the desired reactant partial pressure. The effluent gas was 
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analyzed using an on-stream mass spectroscopy/gas chromatography instrument 

(Agilent MSD 5977A/GC 7890B). Reactant conversion and product selectivity were 

calculated on a carbon mole basis. 

 Density Functional Theory Calculations 

Density functional theory calculations investigating the Brønsted and Lewis 

acid sites and associated mechanisms of ethylene activation were performed using the 

Vienna ab-initio simulation package (VASP).189, 246-247 The setup and post-processing 

of the calculations were done using the atomic simulation environment (ASE).248 The 

Kohn-Sham equations were solved using the projector-augmented wave (PAW) 

method and the exchange and correlation energy were computed by the Bayesian error-

estimation functional with van der Waals correlation (BEEF-vdW).191-192, 249 This 

functional has been shown to adequately describe interactions of molecules within 

zeolite pores that are dominated by long range vdW forces.8 Hard pseudopotentials that 

include the 3d electrons of gallium were used along with an energy cutoff of 540 eV 

and a Gaussian smearing (kBT) of 0.1 eV to ensure electronic convergence. The 

Brillouin zone was sampled at the Γ-point. Calculation geometries were relaxed until 

the maximum force on any atom was below 0.02 eV/Å. Transition state structures and 

energies were calculated using the climbing image nudged-elastic-band method and 

subsequently refined using the Dimer method to a force convergence criterion of 0.05 

eV/ Å.196, 250  

The MFI zeolite unit cell was obtained from the International Zeolite 

Association (IZA) database251 and was initially optimized for use with the calculation 

parameters chosen for this study. An optimized unit cell with lattice constants a = 20.41 

Å, b = 20.05 Å, and c = 13.35 Å was obtained, differing from experimental lattice 

constants by less than 1%.197 A framework anionic defect at a T-site was created by 
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replacing a silicon with an aluminum atom, therefore, requiring an extra-framework 

monovalent Lewis or Brønsted acid site to compensate for the negative charge on the 

framework. The stability of the smaller Brønsted acid hydrogen atom (H+) was explored 

as a function of T-site as well as the oxygen atoms bound to that particular T-site. 

Stabilities of extra-framework Lewis acid sites (GaH2
+ and Ga+) were explored at all 

12 T-sites. All initial, transition and final states for ethylene activation and 

oligomerization were modeled at the T-12 site to allow for sufficient void space to 

sample larger transition states. 

4.3 Results and Discussion 

 Preparation of Ga-ZSM-5 Zeolite Catalysts 

In this chapter, we investigate Ga-ZSM-5 catalysts prepared by three distinct 

methods of gallium occlusion. The first method is a hydrothermal synthesis adapted 

from a previous study127 that places Ga in either extra-framework or framework sites. 

Inductively coupled plasma analysis in combination with optical emission spectroscopy 

(ICP-OES) reveals the product of direct synthesis contains a molar composition of 

Si:Al:Ga = 57:2.4:1.0. This sample is referred to herein as Ga-Z1. The second and third 

methods are post-synthesis modifications to a commercial ZSM-5 (Zeolyst CBV 5524G, 

referred to as Z-ref) with nearly identical molar Si/Al ratio as that of Ga-Z1 (Table 4.1). 

In one approach we use aqueous phase ion-exchange with Ga(NO3)3 to produce a 

product, referred to as Ga-Z2. In the second approach, we use vapor-phase exchange 

with GaCl3 according to a protocol reported by Bell and coworkers123 (referred to as 

sample Ga-Z3). The molar compositions of samples Ga-Z2 and Ga-Z3 are both equal 

to Si:Al:Ga = 54:1.8:1.0.  



78 

 

The liquid-phase ion exchange method reportedly leads to a large fraction of 

GaxOy species deposited on the external surfaces of ZSM-5.229, 252 Using a reported 

approach238 to obtain more dispersed Ga species, samples Ga-Z2 and Ga-Z1 were 

treated in H2 at high temperature (>700K) and are referred to herein as Ga-Z2H and 

Ga-Z1H, respectively (note that the protocol for Ga-Z3 also involves H2 treatment). 

The aluminum speciation for each sample was quantified using solid-state NMR 

(Figure C5) where peaks at 55 ppm and 0 ppm in 27Al MAS NMR spectra correspond 

to tetrahedral Al (framework Al, FAl) and octahedral Al (extra-framework Al, EFAl), 

respectively.253 The percentages of Al species for each sample are listed in Table 4.1, 

showing that Al speciation is not altered by either liquid ion-exchange or H2 treatment; 

however, there is a 9% reduction in FAl (with a concomitant increase in EFAl) during 

Ga impregnation by chemical vapor-phase exchange, as observed for Ga-Z3 (compared 

to  Z-ref). This is likely due to the release of HCl during the decomposition of GaCl3, 

which could facilitate dealumination of the zeolite framework. 

Powder X-ray diffraction (XRD) patterns confirmed the structural integrity 

(MFI framework) of all calcined Ga-ZSM-5 catalysts (Figure C1) and the absence of 

impurities in Ga-Z1. It has been reported229 that liquid phase ion exchange can lead to 

the formation of crystalline GaxOy that is not visible in XRD patterns of Ga-Z2; 

however, samples prepared by ion exchange with higher Ga concentrations clearly 

show the presence of crystalline Ga2O3 by XRD (i.e. peaks at 2θ = 21.6 and 37.1°254-

255, Figure C2). It has also been reported236 that powder XRD patterns can provide 

evidence of Ga incorporation in framework sites based on shifts in two characteristic 

MFI peaks, (501) and (303), when a larger Ga atom replaces a smaller Al atom. For all 

Ga-ZSM-5 samples in this study, these two peaks (2θ = 23.0 and 23.8°, respectively) 
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exhibit no observable shifts compared to commercial zeolite, Z-ref. This suggests the 

majority of Ga are extra-framework species.  

Table 4.1. Elemental analysis of zeolite catalyst samples. 

Sampled Sample Preparation 

Compositiona Al content (%)b 

Si/Al Si/Ga 
Al 

(55 ppm) 

Al 

(0 ppm) 

Ga-Z1 Direct synthesis 24 57 89 11 

Ga-Z2 Solution ion exchange 30 54 94 6 

Ga-Z3 Vapor phase exchange 30 54 85 15 

Ga-Z1H Z1 with H2 treatment 24 57 91 9 

Ga-Z2H Z2 with H2 treatment 31 54 94 6 

Z-ref Commercial zeolite 29c ---- 94 6 

(a) Determined by ICP-OES; (b) Measured by 27Al MAS NMR spectra of 

hydrated zeolite materials (Figure C5); (c) Value of commercial zeolite CBV 

5524G (Zeolyst) reported by Phadke et al256; (d) SEM images of samples reveal 

a spheroidal morphology with average particle sizes in the range of 300 – 500 

nm (Figure C3). 

  X-ray absorption fine structure (XAFS) spectroscopy was used to characterize 

the changes in the local structure and electronic states of Ga between the Ga-Z1 and 

Ga-Z2 samples (a similar analysis of Ga-Z3 is reported by Phadke et al.123). X-ray 

absorption near edge structure (XANES) at the Ga K-edge (Figure 4.1A) shows that the 

absorption edge energy is very similar between Ga-Z1 and Ga-Z2 while the peak region 

is more broadened for Ga-Z2. The absorption edge energy is defined here at the first 

inflection point of the XANES spectrum and is related to the charge state of the probed 

atoms. The charge state of Ga atoms in both samples is, effectively, +3 since the 

position of the absorption edge energy is at ~10376 eV for both samples, similar to the 

value of the reported standard Ga3+ species.123 The variation between XANES features 

in these two Ga-ZSM-5 samples is evidence of differences in their local environments. 
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Figure 4.1. (A) Normalized Ga K-edge XANES and (B) Magnitudes of k2-weighted 

Fourier-transformed EXAFS spectra for Ga-Z1 (direct synthesis) and Ga-

Z2 (solution ion exchange).  

Fourier transform magnitudes of the k2-weighted extended X-ray absorption 

fine structure (EXAFS) spectrum (Figure 4.1B) of Ga-Z2 features a shoulder near the 

2 Å distance that is absent for the Ga-Z1 sample. Moreover, the first main peak between 

1 and 2 Å in the spectrum of Ga-Z2 is slightly shifted to a higher distance compared to 

that of Ga-Z1. These observations, together with the large signal in the region of 2- 4 

Å in the spectrum of Ga-Z2, indicate the local environments around Ga atoms in these 

two zeolites are different – namely, we observe a greater degree of order in sample Ga-

Z2. To extract detailed local structure information from EXAFS, quantitative analysis 

was carried out for samples Ga-Z1 and Ga-Z2. The fitting results (Table 4.2 and Figure 

C4) highlight distinct differences in the local environments around Ga atoms in these 

samples, in agreement with visual observations of XANES and EXAFS data (vide 

supra). The coordination number of the Ga-O bond in Ga-Z1 is close to four, consistent 

with a tetrahedral-coordination of Ga atoms with an effective Ga-O distance of 1.81 ± 

0.01 Å. This value falls within the range of 1.73 – 1.93 Å reported for Ga-Z3.123 The 

best fit for Ga-Z2 involves two distinct Ga-O shells with interatomic distances of 1.90 

± 0.02 Å and 2.13 ± 0.08 Å. Such a split in the Ga-O distances is likely due to the 

distribution of Ga atoms between tetrahedral and octahedral sites.245, 257 We estimate 

the fraction of tetrahedral Ga sites in Ga-Z2 to be 82% (refer to the Supporting 
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Information for detailed calculations). The peak at about 2.96 Å is attributed to Ga-Ga 

pairs.  

Table 4.2. Best fits of the structural parameters obtained from of Ga K-edge 

EXAFS. 

Sample Bond N R (Å) σ2 (Å2) 

Ga-Z1 Ga-O 4.2 ± 0.3 1.81 ± 0.01 0.005 ± 0.001 

Ga-Z2 Ga-O1 3.6 ± 0.8 1.90 ± 0.02 0.008 ± 0.003 

 Ga-O2 1.2 ± 0.7 2.13 ± 0.08 0.008 ± 0.003 

 Ga-Ga 8 ± 2 2.96 ± 0.02 0.015 ± 0.003 

The effect of Ga-ZSM-5 sample preparation on the coordination (or local 

environment) of Ga species was assessed by solid-state NMR. Previous studies of 71Ga 

MAS NMR spectra generally assign peaks in the ranges 150-160 ppm and -7-12 ppm 

to tetrahedral (framework) Ga and octahedral (extra-framework) Ga (i.e. Ga2O3), 

respectively.258-260 However, an alternative interpretation from Dai et al.261 is the signal 

at 150-160 ppm is tetrahedral coordination attributed to either framework Ga cations or 

extra-framework Ga species such as Ga3+, [Ga(OH)2]+, or [GaO(OH)]. Moreover, Gao 

et al.101 assigned the peak at 58 ppm to highly dispersed Ga2O3 particles, and the peak 

at 190 ppm to cationic [GaO]+ or its hydrous state [Ga(OH)2]+. The 71Ga NMR spectra 

of all Ga-ZSM-5 samples in this study are shown in Figure 4.2. Samples Ga-Z1 and 

Ga-Z1H exhibit a single peak around 159 ppm (Figure 4.2A), indicating the majority 

of Ga species have tetrahedral coordination. For the remaining samples (Figure 4.2B), 

the signal-to-noise ratio of spectra is relatively low due to the strong broadening effect 

on the oxidic extra-framework Ga species.260 The Ga-Z2 spectrum contains two bands 

located at 159 and 102 ppm, respectively. Since EXAFS suggests 82% of the Ga sites 

in Ga-Z2 are tetrahedrally coordinated, the peak at 102 ppm could be assigned to 

distorted tetrahedral sites of extra-framework Ga or amorphous Ga2O3. After H2 

treatment, the peak located at 102 ppm disappears due to the formation of dispersed 
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tetrahedral [Ga(X)2]+ (X = OH or H) species that can exchange with Brønsted acid sites. 

Indeed, the NMR spectrum for Ga-Z2H (Figure 4.2B) is similar to that of Ga-Z3 (i.e. 

single peak around 147 ppm), which is consistent with tetrahedrally-coordinated Ga 

reported by Bell.123 Direct comparison of these two spectra with that of Ga-Z1 provides 

evidence for the presence of framework Ga in the latter (although the exact percentage 

cannot be quantified). The presence of framework Ga in sample Ga-Z1 (and Ga-Z1H) 

is inferred from the large difference in signal-to-noise ratio compared to Ga-Z2 and Ga-

Z3, despite all samples having nearly identical Ga concentration (Table 4.1). The 

presence of tetrahedrally-coordinated Ga in framework sites leads to higher symmetry 

(i.e. higher peak intensity), consistent with previous 71Ga NMR spectra of 

gallosilicates,258, 262 whereas the asymmetrical environment of tetrahedral [Ga(X)2]+ 

species leads to lower signal-to-noise ratios. 

The 71Ga MAS NMR spectra of samples Ga-Z1, -Z1H, -Z2H, and –Z3 indicate 

a predominance of tetrahedral Ga species, which could be either [GaX2]+ (Scheme 4.1E) 

or [GaH]2+ (Scheme 4.1F). The relatively high Si/Al ratio of ZSM-5 samples suggests 

there are few paired Al sites, which would limit the number of [GaH]2+ species; thus, 

we propose the majority of extra-framework sites are [GaX2]+. Direct synthesis of Ga-

Z1 generates [Ga(OH)2]+ in the as-synthesized product. Hydrogen treatment of sample 

Ga-Z1H results in hydrogen exchange via the reaction 

[𝐺𝑎(𝑂𝐻)2]+ + 2𝐻2 ↔ [𝐺𝑎𝐻2]+ + 2𝐻2𝑂                (4-2) 

Treatment of Ga-Z2 with H2 mobilizes GaxOy to generate dispersed [GaH2]+ 

sites via a similar reaction, 

𝐺𝑎𝑥𝑂𝑦 + (𝑥 + 𝑦)𝐻2 ↔ 𝑥[𝐺𝑎𝐻2]+ + 𝑦𝐻2𝑂                (4-3) 
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The final step of treatment involves exposure to O2 at high temperature, which 

reoxidizes sites to [Ga(OH)2]+. During catalyst testing, non-oxidative DHA of ethylene 

produces H2 to regenerate [GaH2]+ species in situ, which we presume herein to be the 

active site for Lewis acid catalysis. 

 

Figure 4.2. 71Ga MAS NMR spectra of hydrated Ga-ZSM-5 zeolites: (A) direct 

synthesis (Ga-Z1) and after H2 treatment (Ga-Z1H); (B) Ga-Z2 (solution 

ion exchange), Ga-Z2H (Z2 after H2 treatment), and Ga-Z3 (chemical 

vapor-phase exchange) 

 Ethylene Dehydroaromatization (DHA) Reaction 

The catalytic performance of all H-form Ga-ZSM-5 catalysts was compared in 

the ethylene DHA reaction using a packed bed reactor with a fixed space velocity (3000 

ml g-1 h-1) and ethylene partial pressure (12.7 kPa). Reactions were performed at sub-

complete ethylene conversion (ca. 80%) to assess catalyst deactivation and selectivity 

towards light olefins and aromatics. As shown in Figure 4.3A, isoconversion 

comparison reveals the following order of aromatic selectivity: Ga-Z1H > Ga-Z1 ≈ Ga-

Z2H > Ga-Z3 > Ga-Z2 > Z-ref. Commercial ZSM-5 (Z-ref), which lacks Ga Lewis acid 

sites, exhibits the least aromatic selectivity (16%) owing to the presence of Brønsted 

acid sites that preferentially direct the formation of alkanes (e.g. 19% butane) and 

olefins (e.g. 23% propylene). Among Ga-ZSM-5 catalysts, Ga-Z2 has the lowest 

aromatics selectivity owing to the presence of GaxOy species on the zeolite surface, 

which are reportedly inert sites for aromatic formation.229 The Ga-Z3 catalyst obtained 
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via chemical vapor phase exchange produced an appreciable amount of aromatics 

(45%), suggesting the existence of well-dispersed extra-framework Ga species (i.e. 

isolated Ga3+ sites substituting Brønsted acids as illustrated in Scheme 4.1E with T = 

Al)123. The catalyst prepared via direct hydrothermal synthesis (Ga-Z1) exhibits the 

highest aromatics selectivity (52%), which can be explained by the presence of 

tetrahedrally-coordinated Ga3+ species. Analyses by XAS and 71Ga MAS NMR cannot 

distinguish the fraction of Ga occupying framework and extra-framework sites, which 

is illustrated in Scheme 4.1A and E, respectively. One differentiating factor between 

samples Ga-Z3 and Ga-Z1 is that extra-framework Ga in the latter can be associated 

with either Al or Ga in the framework. Another factor that must be considered is the 

potential impact of framework Ga on the acidity of Brønsted acid sites. Investigation 

of both scenarios by DFT modeling is described later.  

Figure 4.3A compares product selectivities for specific light paraffins and 

olefins where the most notable differences observed among the catalysts are with 

respect to propylene and C4 olefins. Comparisons were made at a fixed space velocity, 

where we observe nearly identical ethylene conversion at initial time on stream (Figure 

4.3B), indicating all six catalysts have similar activity. Comparison of the rates of 

catalyst deactivation reveal two groups of similar stability: those with lower rates of 

deactivation (Ga-Z2, Ga-Z2H, and Z-ref) and those with 3.4-fold higher rates of 

deactivation (Ga-Z1, Ga-Z1H, and Ga-Z3). In general, the stability of the catalyst 

decreases with increased aromatics selectivity (Figure 4.3B), presumably due to the 

generation of heavier coke species. Interestingly, the only catalyst that deviates from 

this trend is Ga-Z2H, which has the second highest aromatics selectivity, yet exhibits 

one of the lowest rates of deactivation. The exact reason for its enhanced stability is 

unknown. It is seemingly not attributed to difference in aromatics selectivity at 
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isoconversion, which is highlighted in Figure 4.4. For all catalysts, their relative 

fractions of BTX products are similar.  

 

Figure 4.3. (A) Hydrocarbon product selectivity over various ZSM-5 catalysts. Data 

were acquired at 10 min time on stream. (B) Ethylene conversion for each 

catalyst as a function of time-on-stream (TOS).  

The effect of H2 treatment leads to significant increases in aromatics production 

for both Ga-Z1 and Ga-Z2. Prior studies have shown that the reduction of Ga-zeolites 

in H2 at high temperature is essential to reduce GaxOy (Eq. 4-3) to more dispersed Ga 

species.124, 230 It has also been reported that reoxidation to the Ga3+ phase after 

dispersion can further enhance aromatic selectivity, indicating reoxidized Ga differs 

from the initial GaxOy species. This is consistent with the observation of Ga-Z2 

(containing GaxOy species) producing fewer aromatics than Ga-Z2H (after H2 
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treatment). Indeed, the BTX selectivity increases from 28 to 52% (Figure 4.4), 

indicating a large shift to well-dispersed Ga3+ species, consistent with its NMR 

spectrum (Figure 4.2B). It was anticipated that Ga-Z3, which also contains Ga3+ species 

and was treated with H2, would perform similarly to Ga-Z2H; however, we observe the 

former produces 8% less BTX. This may be attributed, in part, to the loss of framework 

Al in Ga-Z3 during chemical vapor phase exchange. An even more unexpected 

observation was the fact that H2 treatment of Ga-Z1 raises its BTX selectivity from 52 

to 68% (Figure 4.4, sample Ga-Z1H), the highest among all samples tested. The 71Ga 

MAS NMR spectra for samples before and after treatment are identical (Figure 4.2A). 

Moreover, 27Al MAS NMR reveals no loss of framework Al species with H2 treatment, 

and only a small (ca. 2%) reduction in the amount of extra-framework Al (Table 4.1). 

The exact reasoning for the large increase in aromatics yield is not fully understood, 

but herein we put forth a hypothesis based on DFT calculations that provide a molecular 

level analysis of Ga speciation and its impact on ethylene DHA. 

 

Figure 4.4. Comparison of aromatics product selectivity (histogram, left y-axis) and 

ethylene conversions (square symbols, right y-axis) for six ZSM-5 

catalysts. Data were acquired at 10 min time on stream. 

 Density Function Calculation 

Ethylene can potentially be activated on BASs or LASs263, but after exploring 

the pathways compiled in Table C2 we were only able to identify a mechanism with 
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realistic barriers on BASs. DFT calculations264 of heteroatom substitution in ZSM-5 

revealed that pyridine binding energy (i.e., measure of acidity) is stronger for 

framework Al compared to Ga; therefore, the presence of framework Ga in sample Ga-

Z1 is expected to weaken the intrinsic strength of BASs, which can impact the catalytic 

mechanisms underlying DHA of ethylene. To examine differences among heteroatom 

sites, we explored the activation and oligomerization of ethylene to butene (a 

characteristic product of the DHA reaction) by means of periodic DFT calculations with 

van der Waals (vdW) corrections. To this end, we selected the T-12 site of ZSM-5 as a 

representative BAS (and one of the most frequently studied in literature), located at the 

intersection of straight and sinusoidal channels in the MFI structure.265 The potential 

energy diagram depicting the energies of reaction and activation barriers for each 

intermediate step for AlFW in orange and GaFW in blue, are shown in Figure 4.5A. 

Visualizations of the initial, transition, and final states along the reaction coordinate are 

provided in Figure C7. 

Ethylene is stabilized at the vicinity of the BAS through vdW forces and π-bonds 

with a total binding energy of -1.83 eV for AlFW and -1.88 eV for GaFW. The activation 

of ethylene at a BAS proceeds with the formation of a positively-charged ethyl (C2H5
+) 

species (Figure C7, top) with activation barriers of 1.46 eV (AlFW) and 1.56 eV (GaFW). 

Next, a second ethylene molecule attacks the unsaturated carbon atom of the ethyl 

group and proceeds through the formation of a π-bonded transition state, forming a 

butyl (C4H9
+) complex (Figure C7, middle). The activation barrier for this step was 

calculated to be 1.38 eV (AlFW) and 1.65 eV (GaFW) and is followed by a mildly 

exothermic internal hydrogen transfer step. The formation of 2-butene and restoration 

of the BAS occurs by β-hydrogen elimination with an activation barrier of 0.23 and 

0.25 eV for AlFW and GaFW, respectively (Figure C7, bottom). We also considered the 
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formation of 1-butene with AlFW, which was only marginally more activated. Overall, 

each BAS provides an accessible pathway to the activation and oligomerization of 

ethylene to butene; however, the barriers of all elementary steps are somewhat lower 

when the framework heteroatom is Al instead of Ga, suggesting that the BAS bound to 

AlFW is more amenable to oligomerization or hydrocarbon upgrade reactions. This 

result is consistent with the higher intrinsic acidity of H-(Al)-ZSM-5 compared to H-

(Ga)-ZSM-5.266 

 

Figure 4.5. (A) Potential energy diagram for ethylene activation and oligomerization 

at an H+ site, and 1-butene at an GaH2
+ site. (B) Binding energies of 

unsaturated hydrocarbons at GaH2
+ and Ga+ Lewis acid sites. 

Zeolite samples Ga-Z1, -Z2, and -Z3 all contain GaEFW sites with Lewis acidity 

that affects the overall catalytic activity and product selectivity. To examine the role of 

GaEFW we built on the work by Bell and coworkers242 to study the oligomerization of 

ethylene to 1-butene over [GaH2]+ sites bound to framework AlFW and GaFW anionic 

sites. The reaction energies and activation barriers of the accessible pathway for 

ethylene oligomerization for [GaH2]+ (dotted line) are visualized in Figure 4.5A. For 
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comparison we also include an analysis of Ga+ species, as well as various other 

inaccessible pathways we considered for the activation of ethylene in the Supporting 

Information (Figure C8, Table C2). The activation of ethylene on [GaH2]+ results in a 

[C2H5-GaH]+ intermediate, resembling the activation mechanism on the BAS, but with 

a lower ethylene activation barrier on the [GaH2]+
 LAS. For instance, calculations with 

AlFW reveal an activation barrier of 0.97 eV at the LAS compared to 1.46 eV at the 

BAS. In the case of GaFW, the barrier at the LAS is only 1.22 eV, but 1.56 eV at the 

BAS. For both heteroatoms, the coupling to a second ethylene molecule to form [C4H9-

GaH]+ is exothermic and fast. Despite the existence of this low energy pathway to C-C 

coupling on [GaH2]+, we were unable to identify a feasible mechanism for the 

desorption of 1-butene. The lowest desorption barriers we found were 2.37 eV for AlFW 

and 2.24 eV for GaFW. Thus, the oligomerization of ethylene on [GaH2]+ sites is 

desorption limited. 

If the role of extra-framework GaEFW is not to accelerate the oligomerization of 

ethylene, it may play a critical role in increasing the selectivity to aromatics.263 Since 

complete aromatization pathways are complex and highly branched, it is not possible 

to rigorously examine them with DFT. Instead, we have calculated the binding energy 

of various olefins and aromatics to Ga+ and [GaH2]+ extra-framwork sites located at 

AlFW and GaFW heteroatoms in the T-12 position. These unsaturated hydrocarbons 

shown in Figure 4.5B (numerical values in Table C3) have been detected in catalytic 

experiments (Figure 4.3) and we postulate that stabilizing these products has a positive 

effect on their yield. Notably, the GaEFW-GaFW sites in blue exhibit significantly 

stronger binding to all tested olefins and aromatics, suggesting selectivity 

improvements for samples containing framework and extra-framework Ga. 
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During H2 treatment we noted that extra-framework GaEFW becomes mobile and 

can be atomically dispersed to increase reactivity.123-125 One of the unexplained 

observation in Figure 4.4 is the dramatic enhancement of Ga-Z1 with H2 treatment. 

Here we hypothesize that the enhanced BTX selectivity is due to a redistribution of 

extra-framework [GaH2]+ among available framework Al and Ga sites. Based on our 

DFT results we have assigned ethylene oligomerization primarily to strong BAS 

associated with AlFW, and attribute selectivity improvements to the stronger binding of 

higher olefins and aromatics at LAS near GaFW. To rationalize the substantial selectivity 

improvement observed for Ga-Z1H, we have calculated the energies associated with 

swapping a proton at a GaFW framework site (labelled as Ti) with [GaH2]+ at an Al site 

(labelled as Tj), which is expressed in the following reaction        

𝐻+ − 𝐺𝑎𝐹𝑊(𝑇𝑖) + 𝐺𝑎𝐻2
+ − 𝐴𝑙𝐹𝑊(𝑇𝑗) → 𝐺𝑎𝐻2

+ − 𝐺𝑎𝐹𝑊(𝑇𝑖) + 𝐻+ − 𝐴𝑙𝐹𝑊(𝑇𝑗)             (4-4) 

Here, we considered [GaH2]+ to be the more likely GaEFW species under 

hydrogen treatment conditions. The ion-exchange energies for all possible T-site 

combinations are summarized in Figure 4.6, where blue rectangles indicate a preference 

for [GaH2]+ LAS located near framework GaFW and a strong BAS near AlFW. The 

calculated values are provided in Table C4. A cursory inspection shows that blue is 

more prevalent among all possible combinations, suggesting that H2 treatment can 

indeed alter the BAS/LAS site distribution and favor a desirable BAS/AlFW and 

LAS/GaFW combination. If GaFW heteroatoms are located at the T-4 site, then the 

BAS/AlFW and LAS/GaFW configuration is always preferred. In contrast, if AlFW 

heteroatoms are located at either T-4 or T-8 sites, the BAS/LAS distribution is reversed. 

Without knowledge of the exact distribution of framework AlFW and GaFW sites in 

sample Ga-Z1, it is not possible to draw a firm conclusion regarding the BAS/LAS 

distribution; however, our computational results support the hypothesis that H2 
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treatment of Ga-Z1 leads to a redistribution of BAS/LAS sites that benefits ethylene 

conversion and selectivity to aromatics as demonstrated for the Ga-Z1H sample. It 

should also be noted that this is fully consistent with 71Ga MAS NMR data showing no 

apparent change in spectra before and after H2 treatment (Figure 4.2A), which suggests 

that LAS speciation remains the same.   

 

Figure 4.6. Brønsted (H+) and Lewis ([GaH2]+) acid site exchange energies between 

framework GaFW at Ti sites and AlFW atoms at Tj sites according to the 

reaction in Eq. 4-4.  

An underlying characteristic of catalysts Ga-Z1, -Z2H, and –Z3 is the presence 

of [GaH2]+ extra-framework LAS species, which is a likely explanation for their nearly 

identical performance in DHA of ethylene. DFT calculations predict enhanced 

aromatics selectivity for 𝐺𝑎𝐻2
+ − 𝐺𝑎𝐹𝑊 combinations, which can only be achieved in 

Ga-Z1 (the direct synthesis method) given its distinguishing attribute of having GaFW 

heteroatoms substituted at framework sites. The notable improvement of Ga-Z1 

performance after H2 treatment (sample Ga-Z1H) can be rationalized from DFT 

calculations revealing a preferential exchange of [GaH2
+] LAS between framework 

AlFW and GaFW sites (Eq. 4-4), leading to an increase in 𝐺𝑎𝐻2
+ − 𝐺𝑎𝐹𝑊  sites that 

enhances BTX selectivity and a concomitant increase in 𝐻+ − 𝐴𝑙𝐹𝑊 sites that enhances 

ethylene activation. It is feasible that the high temperature of H2 treatment coupled with 

the mobility of [GaH2]+ species can lead to this exchange of sites; however, in order for 
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this to be true, it implies that direct synthesis of Ga-Z1 places an appreciable fraction 

of extra-framework GaEFW at framework AlFW sites (𝐺𝑎𝐻2
+ − 𝐴𝑙𝐹𝑊), which on average 

are less energetically favorable. Although the exact location and quantity of framework 

and extra-framework Ga sites cannot easily be resolved, it is frequently reported that 

zeolite synthesis produces metastable, or kinetically trapped, structures; and with 

sufficiently high temperature it is possible to promote interzeolite transformations from 

the initial structure to one that is more thermodynamically stable.267 A similar 

phenomenon may occur for GaEFW species during H2 treatment to result in a more 

energetically favorable distribution of sites. This hypothesis, although unverifiable by 

the techniques used in this study, is consistent with experimental and modeling results, 

and thus is a viable explanation for the superior performance of Ga-Z1H. 

4.4 Summary 

In summary, we present a direct synthesis method to introduce well-dispersed 

extra-framework Ga3+ Lewis acid sites without the need for additional post-synthetic 

treatments (i.e. solution ion exchange or chemical vapor deposition). A combination of 

advanced characterization techniques such as XAS and solid-state NMR spectroscopy 

indicates that framework GaFW and tetrahedrally-coordinated extra-framework GaEFW 

sites can be simultaneously generated via this direct synthesis method. We also 

investigate the roles of Ga speciation in ZSM-5 prepared by three distinct methods, 

direct synthesis (Ga-Z1), solution ion exchange (Ga-Z2), and chemical vapor-phase 

exchange (Ga-Z3), to identify the structure and catalytic function of different Ga sites. 

We have shown that any type of GaEFW Lewis site can promote the formation of BTX 

with a total selectivity as high as 57%, whereas the aromatics selectivity is only 16% 

for commercial H-ZSM-5 at comparable ethylene conversion. Isoconversion 

comparisons further reveal the following order of aromatic selectivity: Ga-Z1 > Ga-Z3 > 
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Ga-Z2, indicating the Ga Lewis sites and the existence of framework GaFW species in 

Ga-Z1 catalyst lead to superior catalytic performance and promote aromatics 

formations. XAS and NMR measurements both indicate Ga-Z2 prepared via solution 

ion exchange contains a large amount of GaxOy species on the external zeolite surface, 

suggesting that GaxOy species are not the most active Lewis sites for aromatics 

promotion.  

We further explore the effect of H2 treatment on Ga-Z1 and Ga-Z2 and directly 

compare their selectivity with Ga-Z3, which was obtained via chemical vapor-phase 

exchange involving H2 treatment. For both treated Ga-Z1H and Ga-Z2H catalysts, we 

observed increased BTX selectivity, but the improvement was attributed to two 

different phenomena: For Ga-Z2 the H2 treatment disperses inactive GaxOy to active 

[GaH2]+ species, while for Ga-Z1 the H2 treatment is believed to redistribute Brønsted 

acid protons to AlFW and [GaH2]+ to GaFW sites. The Brønsted and Lewis acid site 

redistribution is supported by DFT simulations, which also suggest that ethylene 

activation is preferred on strong H+/AlFW sites, whereas GaEFW/GaFW exhibits the 

strongest affinity to aromatics. This would explain the exceptional activity and 

selectivity to aromatics observed for the Ga-Z1H sample. To our knowledge, few 

studies have considered the possibility of directing Lewis acid siting in zeolites (i.e. the 

majority focus on AlFW siting and distribution268-270). Our findings indicate that if 

heteroatoms (such as Ga) can be selectively placed at specific T sites within zeolites, 

this would afford the opportunity to direct the spatial distribution of Lewis acid sites 

for bifunctional catalysis. 
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Chapter 5  

Deleterious Effects of Non-framework Al Species on the Catalytic Performance 

of ZSM-5 Crystals Synthesized at Low Temperature 

The material discussed in this chapter has been published. Figure and table numbers 

have been changed for dissertation consistency. This work is initiated by former group 

member, Dr. Wei Qin.  

5.1 Motivation 

One of the challenges associated with zeolite catalyst is their propensity to 

rapidly deactivate due to internal diffusion limitations that result in coke formation. 

This is particularly problematic for small-pore zeolites (< 4 Å pore apertures), and has 

led to significant efforts within the zeolite synthesis community to design nano-sized 

materials with markedly reduced internal diffusion pathlength.20-23 Indeed, there have 

been many notable advancements in the area of crystal engineering that has led to 

ultrasmall zeolites,24-26 2-dimensional materials,27-31 hierarchical zeolites,32-36 and other 

types of unique architectures that have proven to reduce diffusion limitations and 

improve the performance of zeolite catalysts.37-39 

In select cases, a facile approach to prepare nano-sized zeolites is the judicious 

adjustment of synthesis parameters, which include (but are not limited to) gel 

composition, the source of reagents, and temperature. For example, the selection of 

silicon and/or aluminum sources can have a notable impact on the kinetics of 

crystallization.40 Moreover, the intimate contact between these sources and alkali 

metals, which often serve as structure-directing agents, can dramatically alter crystal 

growth as well as the final physicochemical properties of zeolites.261 Among the various 

synthesis parameters that are available to control, temperature is one that can have a 

notable impact on particle size. In particular, it is widely reported that low-temperature 

syntheses favor nucleation over crystal growth, thereby leading to an increase in the 
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number of crystals with a concomitant reduction in average crystal size.42 Examples 

include the work of Valtchev and coworkers43 who systematically examined the effect 

of temperature on zeolite A (LTA) crystallization and observed a monotonic decrease 

in crystal size with decreasing synthesis temperature. Rodríguez and coworkers showed 

for the case of ZSM-5 (MFI) synthesis that ultrasmall crystals (10–20 nm) could be 

generated at low temperatures (70–90 °C).44 Numerous studies of ZSM-5 size control 

can be found in the literature where the vast majority of cases examine the formation 

of nano-sized crystals with relatively low aluminum content (i.e., Si/Al > 25). In 

catalytic reactions, it is often desirable to prepare ZSM-5 with higher Al content; 

however, it is nontrivial to synthesize ZSM-5 with the dual conditions of high acid site 

density and small crystal size. Reported cases in the literature where such scenarios are 

achievable tend to involve nano-sized ZSM-5 synthesis at low temperature.45 One 

potential pitfall of low-temperature conditions is a higher probability of sacrificing the 

percent crystallinity of the final product, particularly when trying to synthesize 

materials within a reasonable time period (i.e., on the order of days). 

In this chapter, we focus on the deleterious effect of ZSM-5 synthesis at low 

temperature, and the challenges associated with achieving Al-rich (Si/Al < 25) 

nanomaterials for applications in catalysis. Using a combination of experimental 

techniques, including 29Al MAS NMR, we show that low temperature favors the 

incorporation of non-framework Al. These species include extra-framework 

(octahedral) Al as well as penta-coordinated Al. Moreover, the ZSM-5 catalysts 

prepared under these conditions are susceptible to Al zoning, which is a well-known 

phenomenon in zeolite synthesis (most notably for ZSM-5)271-272 where a 

disproportionate number of Al sites in the exterior rim of the crystals leads to a spatial 

gradient in acid site density. The formation of Al-zoned zeolites could be due to delayed 
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incorporation of Al into the zeolite during crystallization; however, some Al-zoned 

ZSM-5 crystals exhibit a relatively sharp boundary in Si/Al ratio between the exterior 

Al-rich rim and the interior Si-rich core, which has been explained by the deposition of 

Al on zeolite surfaces during quenching.273-274 Analysis of Al speciation by solid-state 

NMR reveals that many of the Al species associated with low-temperature synthesis of 

ZSM-5 are not fully incorporated within the zeolite framework; and given that the 

Brønsted acidity of zeolites for catalysis applications is attributed to framework 

(tetrahedral) Al sites,275 the presence of non-framework species reduces the total acidity, 

and can adversely affect catalyst activity. Typical methods of dealumination include 

steam and acid treatments.253, 276-281 Mild applications of the latter are used in this study 

to remove extra-framework Al. Here we examine a series of as-made and acid-treated 

ZSM-5 materials that were prepared with a range of sol gel Si/Al ratios at low 

temperature (100°C). Our findings highlight the challenges associated with 

synthesizing “defect-free” ZSM-5 crystals, and the impact of non-framework Al 

species on the methanol to hydrocarbons (MTH) reaction, which was used as a 

benchmark to compare the performance of various H-ZSM-5 catalysts. 

5.2 Experimental Methods 

 Materials 

The following reagents were purchased from Sigma-Aldrich: 

tetraethylorthosilicate (TEOS, 98%), aluminum isopropoxide (AIP, 98%), aluminum-

tri-sec-butoxide (97%), sodium hydroxide (NaOH, 98%), hydrochloric acid solution 

(HCl, 1 N), and silica gel (Davisol Grade 636, 35-60 mesh size). Tetrapropylammonium 

hydroxide (TPAOH, 40%) and sodium aluminate (technical grade) were purchased 

from Alfa Aesar. Deionized (DI) water was produced with an Aqua Solutions RODI-

C-12A purification system (18.2 MΩ). All reagents were used as received without 
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further purification. For reaction studies, methanol was purchased from J.T. Baker 

(99.8%) and the argon, oxygen, and nitrogen gases were purchased from Praxair with 

UHP grade (99.999%). 

 Zeolite Crystallization 

ZSM-5 zeolites (gel Si/Al = 20, 30, 50, 75, and 100) were synthesized from 

growth solutions with a nominal molar composition of 6 TPAOH:0.1x Na2O:25 

SiO2:0.25x Al2O3:480 H2O:100 EtOH, where x = 0.5, 0.67, 1.0, 1.67, or 2.5. TEOS was 

added to a solution of TPAOH, NaOH and DI water. The mixture was aged at room 

temperature for 24 h under continuous stirring. AIP was added and the mixture was 

aged for an additional 24 h at room temperature. The growth solution was then placed 

in a Teflon-lined stainless steel acid digestion bomb (Parr Instruments) and heated at 

either 100 or 170C under autogenous pressure for 3 days. The solution was then 

removed from the oven and immediately cooled to room temperature. The preparation 

of ZSM-5 with gel Si/Al = 22 (sample Z22-2) was performed according to a protocol 

reported by Palčić et al. 282 whereby sodium aluminate and TPAOH were combined in 

DI water with continuous stirring until the solution was clear. To this mixture was added 

TEOS to yield a molar composition of 1.23 Na2O:9.74 TPAOH:1.0 Al2O3:43.2 

SiO2:806 H2O. This growth mixture was aged at 80°C for 24 h, and then placed in an 

acid digestion bomb and heated at 100°C for 7 days. This same procedure was repeated 

to prepare sample Z22-1 with identical molar composition using a different Al source 

(AIP), room temperature aging for 24 h, and heating at 100°C for 3 days. 

Solid products were isolated from the supernatant by three cycles of 

centrifugation (13,000 rpm) and washing, and then dried in air under ambient 

conditions. A fraction of the synthesized ZSM-5 samples were acid treated in 0.1 M 
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HCl (3 g sample per 100 g of solution) at room temperature for 5 h. After drying, both 

the treated and untreated samples were calcined in flowing dried air (100 mL min-1, 

Matherson Tri-Gas) at 550C (using heating and cooling rates of 1 C min-1) for 5 h to 

removed occluded organic structure-directing agent. To prepare catalysts, ion-exchange 

was performed three times using a 1 M NH4NO3 solution containing 2 wt% of calcined 

zeolite samples, which was heated at 80C under continuous stirring for 2 h. The 

exchanged samples were dried and calcined again to obtain protonated (H-form) 

zeolites.  

 Characterization 

Powder X-ray diffraction (XRD) patterns were collected on a Rigaku 

diffractometer using Cu K radiation (40kV, 40 mA). 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). 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) 

multi-technique system equipped with a standard 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 prevent charging effects. 

All data were collected at a 45 takeoff angle. Solid-state NMR experiments were 

performed at 11.7 T on a JEOL ECA-500 spectrometer, equipped with a 3.2mm Magic 

Angle Spinning Probe. 27Al MAS NMR spectra were obtained at a spinning frequency 

of 12.5 kHz, pulse of π/12, relaxation delay of 0.8 s and 4 k scans. The 27Al chemical 
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shift was referenced using 1M Al(NO3)3 aqueous solution. The BET surface area was 

measured by N2 adsorption using a Micromeritics ASAP2020 instrument.  

 Catalytic Measurements 

Methanol-to-hydrocarbon (MTH) reaction was carried out in a ¼ inch stainless 

steel tube installed in a Thermo Scientific Lindberg Blue M furnace. All catalysts beds 

of ZSM-5 (36.9 mg, 40-60 mesh size) were mixed with silica gel (113.1 mg, 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 

catalyst bed. Prior to the reaction, the catalyst bed was pretreated in situ at 550C for 3 

h under flow of dried air (6 cm3 min-1 of O2, 24 cm3 min-1 of N2). The catalyst bed was 

then cooled to the reaction temperature, 350C. Methanol was fed by a syringe pump 

(Harvard Apparatus) at 7 L min-1 into a heated inert gas stream of Ar (Matheson, 30 

cm3 min-1), which resulted in a reactant flow with a weight hourly space velocity 

(WHSV) of 9 h-1. 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%,                      (5-1) 

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%,                   (5-2) 
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where Ci is the concentration of hydrocarbon i in the effluent and Ct,eff is the total 

concentration of hydrocarbons in the effluent. 

5.3 Results and Discussion 

 ZSM-5 Synthesis with Varied Sol Gel Si/Al Ratio 

The protocol for ZSM-5 (MFI) synthesis was adapted from a previous study by 

Persson and workers283 that reported nano-sized (ca. 150 nm) crystals prepared at low 

synthesis temperature (100°C). The use of low temperature to produce small ZSM-5 

crystallites is common in literature.42, 44, 284 In this study, our original intent was to 

assess whether the nominal aluminum content of the crystalline product could be 

increased. For instance, Persson et al. expressed difficulties with incorporating 

additional Al into ZSM-5 beyond their reported value of Si/Al = 50. This is consistent 

with a broader survey of literature wherein it is difficult to find reports of ultrasmall 

ZSM-5 crystals (<200 nm) prepared with high Al content (i.e., Si/Al ≤ 25). Valtchev 

and coworkers282 recently reported the synthesis of ZSM-5 crystals with sizes of 100 – 

150 nm with Si/Al ratios of 25 to 35. Their study revealed that lower temperature 

resulted in less crystalline ZSM-5 (i.e., reduced framework Al) and a higher percentage 

of amorphous (extra-framework) species and defects (e.g., silanol nests).  

Here, we examined Al incorporation at fixed temperature of 100°C by adjusting 

the sol gel Si/Al ratio. The ZSM-5 samples are denoted as ZX, where X is the Si/Al ratio 

of the original sol gel mixture. We varied X from 20 to 100 (Table 5.1) by adjusting the 

quantity of aluminum source while keeping the silica content fixed. Aluminum 

incorporation into the zeolite framework requires a structure-directing agent (SDA) to 

facilitate the formation of the 3-dimensional porous network and also to compensate 

for the negative charge of tetrahedral Al sites within the MFI framework. To this end, 
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we used a combination of tetrapropylammonium (TPA+) and Na+ ions as organic and 

inorganic SDAs, respectively. For each synthesis, we adjusted the NaOH content in 

order to maintain a constant sodium-to-aluminum (Na+/Al) ratio. Powder X-ray 

diffraction (XRD) patterns of as-made ZSM-5 samples (Figure D1) confirm that 

syntheses with X ≥ 30 result in ZSM-5 without noticeable impurities or residual 

amorphous material, whereas higher Al content (X = 20) leads to an amorphous product. 

The latter can be avoided when using higher Na+ concentration, analogous to the 

protocol reported by Palčić et al.,282 which leads to a crystalline product (sample Z22-

1). Although there is no apparent amorphous material in its powder XRD pattern 

(Figure D1), it is evident this sample is not fully crystalline by virtue of its 27Al MAS 

NMR spectrum (Figure D3) revealing an abnormally low framework Al content (Table 

5.1). Indeed, samples Z22-1 and Z30 both have <60% framework Al (i.e., as denoted 

by the 55 ppm peak in the NMR spectra); however, longer synthesis time used to 

prepare sample Z22-2 appears to facilitate Al incorporation, as denoted by an increase 

to >70% framework Al. Textural analysis by nitrogen adsorption/desorption (Figure 

D2) reveals a monotonic reduction in BET surface area from 547 to 470 m2/g with 

increasing sol gel Si/Al ratio (samples Z30 to Z100), with only minor differences in 

micropore volume (Table 5.1). Elemental analysis by energy-dispersive X-ray 

spectroscopy (EDX) shows a linear increase in the Si/Al ratio of ZSM-5 crystals 

(spanning from 17 to 57) with increasing sol gel Si/Al ratio. For samples with gel Si/Al 

≥ 30, the zeolite (solid) contains a disproportionately larger amount of Al compared to 

the starting sol gel mixture (i.e., Si/Al(gel) > Si/Al(solid)). 
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Table 5.1. Properties of ZSM-5 samples synthesized from different sol gel Si/Al ratios. 

Sample a 
Si/Al 

(gel) 

Si/Al (solid) Al content (%) b 
Textural 

analysis 

EDX XPS 
Al (55 

ppm) 

Al (31 

ppm) 

Al (0 

ppm) 

SBET 

(m2/g) 

Vmicro 

(cm3/g) 

Z20 c 20 ---- ---- ---- ---- ---- ---- ---- 

Z30 30 16.8 15.0 58.5 23.8 17.7 547 0.16 

Z50 50 26.5 19.0 84.5 4.7 10.8 517 0.15 

Z75 75 39.4 24.0 83.9 3.6 12.5 475 0.14 

Z100 100 57.4 25.4 88.6 2.7 8.7 470 0.14 

Z30T 30 45.6 49.8 85.1 3.9 11.0 498 0.14 

Z50T 50 52.4 65.2 90.7 2.6 6.7 476 0.16 

Z75T 75 52.6 56.1 85.9 4.5 9.6 475 0.16 

Z100T 100 54.8 48.4 90.8 2.2 7.1 488 0.16 

Z50H 50 30.5 20.7 91.4 1.7 6.9 460 0.14 

Z50HT 50 34.8 25.3 97.1 0.1 2.8 465 0.13 

Z22-1d 22 24.5 14.1 52.7 26.1 21.2 359 0.12 

Z22-2e 22 25.4 13.5 70.4 12.4 17.3 435 0.15 

(a) Samples nomenclature: Z = ZSM-5, numbers refer to sol gel Si/Al ratio, T = samples 

treated with mild acid, and H = samples synthesized at higher temperature; (b) 

Deconvoluted peaks in 27Al MAS NMR spectra (Figure 5.4 and Figure D3); (c) 

Determined to be amorphous from its XRD pattern (Figure D1A); (d) Sample Z22-1 

was prepared with increased NaOH content (0.73 Na2O:26 SiO2); (e) Z22-2 was 

prepared using a modified procedure reported by Palčić et al.282 (see the Experimental 

section for details).  

ZSM-5 samples exhibit a spheroidal morphology with crystal sizes in the range 

of 100 – 200 nm (Figure 5.1). There was no apparent change in crystal size with 

decreasing sol gel Si/Al ratio. The average size (diameter) of crystals measured from at 

least 30 particles within a single batch is 198 ± 26 nm, 182 ± 15 nm, 169 ± 15 nm, and 

167 ± 11 nm for Z30, Z50, Z75, and Z100 samples, respectively. Likewise, the crystals 

all exhibit some degree of surface roughness (Figure 5.1, inset images), which is 

reflected in N2 adsorption/desorption profiles (Figure D2) showing hysteresis at P/Po > 

0.75 that is attributed to interparticle porosity. Comparison of SEM images does not 

indicate a systematic change in surface roughness with Al content. This is seemingly 

inconsistent with the trend proposed by Stucky and coworkers 285 who reported that 
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rough and smooth ZSM-5 crystals are formed in Al-rich and Al-deficient synthesis gels, 

respectively. They attributed the rough surface features of ZSM-5 crystals to a 

branching epitaxial growth of Al-rich MFI nanocrystals near the end of zeolite 

crystallization due to Al zoning. While spatial gradients in the elemental composition 

of zeolite ZSM-5 are widely reported, the synthesis conditions and processes leading to 

Al zoning are not well understood. 

 

Figure 5.1. Scanning electron micrographs of the following as-made ZSM-5 samples: 

(A) Z30, (B) Z50, (C) Z75, and (D) Z100. Scale bars are equal to 500 nm. 

Scale bars of the insets are equal to 100 nm. 

To determine if as-made ZSM-5 samples are Al-zoned, we compared the Si/Al 

ratios of solids measured by EDX and X-ray photoelectron spectroscopy (XPS). EDX 

has a sampling depth around two micrometers and was used to obtain the bulk chemical 

composition of each sample. XPS is a surface-sensitive technique with a sampling depth 

of only a few nanometers that was used to obtain the surface (or outer rim) chemical 

composition. The results of elemental analysis are summarized in Table 5.1. 

Interestingly, the sample prepared with the highest quantity of Al (Z30), which also has 

the highest degree of surface roughness (Figure 5.1A, inset), exhibits negligible Al 
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zoning. This is counter to the correlation reported by Stucky and coworkers linking Al 

zoning with enhanced surface roughness. Here, we find that the ZSM-5 sample 

prepared with the least Al content (Z100) exhibits the highest degree of Al zoning. 

When comparing the entire series of samples, we observe a linear dependence of the 

Al(surface)/Al(bulk) ratio (or the degree of Al zoning) of extracted solids on the Si/Al ratio 

of the sol gel synthesis mixture (Figure 5.2A, triangles).  

Prior studies have suggested different types of Al coordination in Al-zoned 

ZSM-5. For instance, it is reported that Al in the exterior rim is crystalline (i.e., 

framework Al, denoted as FAl).285 Alternatively, it has been posited that Al zoning may 

be attributed to Al deposition on the zeolite surface during the quenching (cooling) step 

when solids are extracted from the mother liquor.271 The latter hypothesis indicates that 

the formation of an Al-rich exterior could be attributed to extra-framework Al (denoted 

as EFAl). To determine the chemical nature of Al zoning in our ZSM-5 samples, we 

performed a common method of removing EFAl via mild acid treatment. Notably, as-

made zeolites were treated with 0.1 M HCl at room temperature, which is reported to 

exclusively remove EFAl without extracting FAl.286 We refer to the acid-treated 

samples herein as ZXT (where T = treated). After acid treatment, the physicochemical 

properties of each sample were evaluated. Mild acid treatment removes Al from the 

zeolites, resulting in two observed effects. First, acid-treated samples lack any evidence 

of Al zoning, i.e., Al(surface)/Al(bulk) ≈1 (Figure 5.2A, circles). As also shown in Table 

5.1, we observe by EDX that irrespective of the original sol gel composition, all Si/Al 

ratios of acid-treated samples converge to Si/Al ≈ 50 (i.e., the nominal sol gel Si/Al 

ratio reported by Persson and coworkers283). Comparison of EDX and XPS data also 

reveal negligible Al zoning in all acid-treated samples. Moreover, we observe that the 

total loss of Al during acid treatment monotonically decreases with increasing sol gel 
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Si/Al (Figure 5.2B). It should be noted that the most significant reduction in zoning 

occurs for zeolites with a higher Si/Al ratio (Figure 5.2A, Z100); however, the net 

change in solid Si/Al is minimal (Figure 5.2B) owing to the reduced quantity of Al 

throughout the framework. Conversely, samples with low Si/Al ratio (e.g., Z30) show 

no evidence of Al zoning, but acid treatment results in the most significant loss of Al 

and the most notable change in solid Si/Al ratio. 

 
Figure 5.2. (A) Ratio of surface Al content and bulk Al content as a function of the sol 

gel Si/Al ratio. (B) Si/Al ratio = Si/Al (after acid treatment) – Si/Al (before 

acid treatment) as a function of the sol gel Si/Al ratio.  

Significant shifts in Al content with acid treatment is evidence for the presence 

of non-framework Al. In order to gain a better understanding of Al speciation, we used 

27Al MAS NMR to distinguish between framework and extra-framework species. 

Figure 5.3 contains the 27Al MAS NMR spectra of H-ZSM-5 samples prepared with sol 

gel Si/Al ratios spanning from 30 to 75. The peaks at 55 ppm and 0 ppm in 27Al MAS 
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NMR spectra correspond to tetrahedral Al (FAl) and octahedral Al (EFAl), 

respectively.253 As previously discussed, samples prepared at higher Al content (e.g., 

Z30) have < 60% FAl, whereas the samples prepared at lower Al content have 85 ± 2% 

FAl (Table 5.1). Inspection of NMR spectra reveals a peak around 31 ppm that 

increases in relative intensity with higher Al content in the sol gel mixture. This peak 

has been assigned to either penta-coordinated or distorted tetrahedral Al and is 

frequently observed in amorphous aluminumsilicates.287-288 In Table 5.1, we report the 

percentages of each Al species estimated from the deconvolution of NMR spectra at 

resonances  = 0, 31, and 55 ppm corresponding to octa-, penta-, and tetra-coordinated 

Al, respectively. An example of peak deconvolution is shown in Figure 5.4, while 

analogous plots for all samples are provided in Figure D3 of the Appendix. 

 
Figure 5.3. 27Al MAS NMR spectra for the H-form samples: (i) Z30, (ii) Z50, (iii) Z75, 

and (iv) Z100. Vertical dashed lines represents: tetrahedral Al (55ppm), 

penta-coordinated Al (31 ppm), and octahedral Al (0 ppm).  

The presence of a third Al species in ZSM-5 samples (at  = 31 ppm) has long 

been identified in zeolites and nonporous aluminosilicates289-293; however, it is being 

recognized more frequently in studies of zeolites, although the molecular details of its 

incorporation within the ZSM-5 framework are not well understood. The Z30 sample 

has the largest percentage of penta-coordinated Al, but lacks evidence of Al zoning, 
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which suggests the latter is not uniquely correlated with this Al species. Indeed, samples 

with a higher degree of zoning exhibit much less penta-coordinated Al (< 7%), 

suggesting that EFAl may be responsible for non-framework Al in the outer rim of 

zeolites. Solid-state NMR analysis of the most aluminous H-form sample before 

(Figure 5.4A, Z30) and after (Figure 5.4B, Z30T) acid treatment reveals a significant 

reduction in the resonance at  = 31 ppm with a concomitant reduction in the intensity 

of the 0 ppm peak. The partial removal of EFAl is an expected outcome of mild acid 

treatment, whereas the nearly complete removal of penta-coordinated Al (or distorted 

tetrahedral Al) indicates the facile removal of this species during post-synthesis 

treatment.  

 

Figure 5.4. Deconvolution of 27Al MAS NMR spectra showing the curve fittings of (A) 

H-Z30 (as-made aluminous sample) and (B) H-Z30T (corresponding 

sample after mild acid treatment). 

It is not fully evident whether the penta-coordinated Al reported here should be 

classified as distorted FAl species or as EFAl. Here we simply refer to these species as 

non-framework Al, placing it in the same category as EFAl. This is consistent with 

previous studies indicating that signals in the 27Al MAS NMR spectra around  = 30 

ppm are extra-framework moieties,282, 289, 291 whereas resonances at higher chemical 
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shifts (ca. =40 ppm) are attributed to less-ordered (or distorted) FAl species.294 Chen 

et al.290 came to a similar conclusion when characterizing dealuminated zeolite omega 

and showed that distorted tetrahedral Al and penta-coordinated Al are generated by 

steam treatment at low and high temperature, respectively. Similar Al speciation was 

noted by Park et al.292 when synthesizing a CHA-type AlPO4 molecular sieve. 

Moreover, Pidko et al.291 investigated the catalytic role of extra-framework Al species 

in FAU zeolites, introduced by chemical vapor deposition of trimethylaluminum (TMA) 

followed by its decomposition. Their analysis of these samples by 27Al MAS NMR 

revealed both penta-coordinated and octahedral Al species in modified FAU catalysts, 

which reportedly exhibited a much higher propane cracking rate than commercial USY 

zeolite. 

 ZSM-5 synthesis at Higher Temperature. 

The synthesis conditions for Z50 that were adopted from a previous protocol283 

were also used in our previous study to generate nano-sized ZSM-5 crystals as seeds 

for the formation of ZSM-5@silicalite-1 coreshell particles.295 The epitaxial growth of 

purely siliceous MFI (silicalite-1) over Z50 seeds was accomplished by first annealing 

the ZSM-5 particles at high temperature to remove any residual amorphous material 

from the surface of zeolite particles, and also to remove EFAl or transform it to FAl. 

An unreported observation in this study was that ZSM-5 crystals without the high-

temperature annealing step performed poorly in catalytic studies. Motivated by this 

observation as well as a general survey of literature showing that ZSM-5 is commonly 

crystallized at higher temperatures, we investigated Al zoning as a function of synthesis 

temperature. There are numerous effects that temperature can impose on zeolite 

formation, such as altering the solubility of Si and Al sources as well as the 

crystallization kinetics. It is generally expected that elevated synthesis temperature 
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increases the rate of crystal growth. Moreover, it is anticipated that a higher temperature 

can facilitate Al incorporation in the MFI framework, thus resulting in a more 

homogeneous distribution of acid sites. This, in turn, would minimize Al zoning that is 

the byproduct of Al incorporation (or deposition) at later stages of crystallization or 

during sample quenching. To our knowledge, thermodynamic data of aluminosilicate 

speciation at synthesis conditions (100 – 170°C) is unknown, and thus the premise of a 

more homogeneous distribution of Al throughout the zeolite particle with increasing 

temperature is based on a hypothesis that barriers for Si-O-Al bond formation are 

lowered at these conditions, which would facilitate FAl formation. An additional point 

of concern when preparing ZSM-5 is its molar composition – notably disproportionate 

ratios of Na+/Al given that Na+ serves as an inorganic SDA and counterion to 

negatively-charged FAl sites. To offset the potential deleterious effects of low inorganic 

SDA concentration, we also tested modified synthesis mixtures containing additional 

Na+ (see the Experimental section for details). 

 

Figure 5.5. 27Al MAS NMR spectra of (i) H-Z50, (ii) H-Z50H, and (iii) H-Z50HT. 

Dashed lines highlight peaks corresponding to FAl (55 ppm), penta-

coordinated Al (31 ppm), and EFAl (0 ppm). 

To test the effect of higher temperature, we repeated the synthesis of Z50 at 

170C (referred to as sample Z50H) and compared its 27Al MAS NMR spectrum 
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(Figure 5.5ii) with the corresponding sample after mild acid treatment, Z50HT (Figure 

5.5iii). The higher temperature of ZSM-5 synthesis gives rise to sharper NMR peaks, 

counter to the broad and asymmetric peaks of Z50 synthesized at 100C (Figure 5.5i). 

It has been suggested282 that lower peak intensity for ZSM-5 prepared at low 

temperature may be attributed to so-called NMR invisible Al species, which broadens 

the signal and renders their detection more challenging (particularly for dehydrated Al 

sites).296-297 Deconvolution of the NMR data shows that the penta-coordinated Al ( = 

31 ppm) in Z50H is nearly one-third that of Z50 (Table 5.1), whereas the quantity of 

EFAl (0 ppm) is 36% less than its counterpart prepared at low temperature. Higher 

synthesis temperature, however, does not fully eliminate non-framework Al from the 

final product (consistent with the previous findings282). This is evident when comparing 

samples before (Z50H) and after (Z50HT) acid treatment, where the latter has the 

highest fraction of FAl (ca. 97%) and the lowest fraction of penta-coordinated Al (ca. 

0.1%) among all zeolites analyzed in Table 5.1. We also observed that higher synthesis 

temperature does not eliminate Al zoning. Moreover, acid treatment had little effect on 

the removal of exterior Al from Z50H, as verified by elemental analysis of samples 

before and after acid treatment that shows no difference in zoning, i.e., Al(surface)/Al(bulk) 

≈ 1.4 for both Z50H and Z50HT. 

 Methanol to Hydrocarbons Reaction 

Here we compare the catalytic performance of several as-made and acid-treated 

ZSM-5 samples in the methanol-to-hydrocarbons (MTH) reaction to assess differences 

in the lifetime and selectivity of catalysts with varying Al speciation and zoning. All 

zeolites were ion-exchanged to their acid form (HZSM-5) to introduce Brønsted acid 

sites. The catalysts were tested in a packed bed reactor with a fixed weight hourly space 

velocity (WHSV). MTH reactions were performed at sub-complete methanol 
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conversion to assess catalyst deactivation and selectivities to light olefins and aromatics. 

We first assessed the performance of H-Z30 (Figure 5.6, purple triangles), which has 

high amounts of EFAl and penta-coordinated Al, a low percentage of FAl, and no 

apparent Al zoning. The initial methanol conversion over this catalyst is relatively low 

(ca. 18%) and rapidly decreases to ca. 3 % in less than 1 h time on stream (TOS). We 

next tested the corresponding acid-treated sample, H-Z30T (Figure 5.6, red squares), 

which resulted in significant removal of Al, leading to a dramatic increase in FAl (from 

59 to 85%), a marked reduction in penta-coordinated Al (from 24 to 4%), and a more 

moderate reduction in EFAl (from 18 to 11%). The initial methanol conversion over H-

Z30T is 41% and it exhibits a slow rate of deactivation with TOS. Interestingly, the 

performance of H-Z30T is similar to that of H-Z75 (Figure 5.6, yellow circles), which 

has nearly identical percentages of FAl, EFAl, and penta-coordinated Al as well as 

similar bulk Si/Al ratio (measured by EDX). The primary difference between these two 

catalysts is that H-Z75 is slightly Al zoned, yet this does not appear to affect catalyst 

lifetime, but does have an appreciable impact on selectivity (as discussed below).       

 

Figure 5.6. Methanol conversion as a function of time-on-stream (TOS) for five H-

form ZSM-5 catalysts. Dashed lines are interpolated to guide the eye. 
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Palčić et al. recently reported that H-Z22-2 with an approximate size of 100 nm 

exhibits superior MTH performance relative to an industrial ZSM-5 catalyst (1 – 3 m 

in size) supplied by Süd-Chemie.282 The unique properties of H-Z22-2 were attributed 

in part to its synthesis at 100°C, which resulted in a 70% crystalline product with 

markedly lower Brønsted acidity (79 mol g-1) compared to the commercial catalyst 

(582 mol g-1). The conditions they selected for catalytic testing were WHSV = 1 h-1 

and 450°C, which resulted in H-Z22-2 having a longer lifetime at 100% methanol 

conversion, and also produced a 6.3-fold higher propene-to-ethene ratio (C3=/C2=) 

compared to commercial ZSM-5. Here, we performed catalytic testing at a different set 

of reaction conditions (WHSV = 9 h-1 and 350°C) to ensure sub-complete methanol 

conversion. As shown in Figure 5.6, we observe that H-Z22-2 exhibits a low methanol 

conversion (ca. 20%), nearly identical to H-Z30 with a much slower rate of deactivation. 

The lower reaction temperature and shorter contact time used in our experiments likely 

explain the disparity in catalyst performance. Indeed, the catalysts in Figure 5.6 that 

were prepared at low synthesis temperature all exhibit poor activity. It is apparent that 

the significant quantities of non-framework Al in ZSM-5 synthesized at 100°C has a 

negative impact on catalyst performance. Moreover, we show that acid treatment to 

remove a large percentage of non-framework Al leads to only marginal improvement 

in performance, suggesting there is something inherently defective in these materials 

that cannot easily be corrected with post-synthesis treatment. To test this hypothesis, 

we performed the MTH reaction using the sample prepared at 170°C after acid 

treatment, H-Z50HT (Figure 5.6, green diamonds). As previously noted, this sample 

had the highest percentage of FAl and lowest percentages of non-framework Al among 

all zeolites. As shown in Figure 5.6, the initial methanol conversion using this catalyst 

(ca. 80%) is nearly double those of the other catalysts, including H-Z75 (a material with 
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approximately the same bulk Si/Al ratio). This suggests that higher synthesis 

temperature produces ZSM-5 crystals with fewer defects; however, beyond the relative 

amounts of EFAl and penta-coordinated Al, or the degree of Al zoning, it is difficult to 

elucidate the exact cause of unexpectedly low catalyst activity. To this end, there may 

exist several factors beyond what is considered in this study that contributes to 

suboptimal catalytic performance, which would require more detailed characterization 

and modeling to fully rationalize these observations. 

In addition to probing catalyst activity, we also compared MTH selectivities for 

several ZSM-5 samples prepared at low temperature (Figure 5.7A). The catalysts 

selected for this study exhibit similar initial methanol conversion (20 – 40%); and the 

data presented here was taken from the initial time point in Figure 5.6. There are subtle 

differences in the product distribution among all catalysts studied; however, a signature 

feature of all samples is the relatively high percentage of methane (10 – 20%) in the 

effluent. We attribute this to the large percentages of non-framework Al species. For 

instance, Lercher and coworkers 298-300 have proposed that EFAl promotes the 

formation of formaldehyde and enhances the aromatics-based cycle of the hydrocarbon 

pool (HCP) mechanism for MTH reactions. 301-303 Moreover, Hwang et al. have 

proposed that formaldehyde and methane are generated simultaneously via methanol 

disproportionation.304 Arora et al.301 have investigated the effect of formaldehyde co-

feed with methanol on the C3=/C2= ratio. They found that the ratio decreases from 24.7 

in the absence of formaldehyde to 0.8 in the case of 20 Pa formaldehyde co-feed, thus 

indicating the presence of formaldehyde enhances the aromatics cycle. This is 

consistent with the higher EFAl content of untreated ZSM-5 catalysts, which exhibit 

relatively low C3=/C2= ratios (Figure 5.7B) compared to values for ZSM-5 reported in 

the literature. Comparison of as-made samples with the one subjected to acid treatment 
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reveals a noticeable difference in selectivity. The results for H-Z30T reveal that the 

removal of EFAl by mild acid treatment leads to a concomitant reduction in methane 

selectivity (ca. 5%). In addition, the acid-treated catalyst exhibits a higher C3=/C2= ratio 

(Figure 5.7B), which indicates the promotion of the olefins-based cycle of the HCP 

mechanism. Conversely, the lower C3=/C2= ratios for untreated samples are consistent 

with EFAl promotion of the aromatic-based cycle of the HCP mechanism. Additional 

evidence is gleaned from the reduced ethylene-to-2MBu ratio in Figure 5.7A (where 2-

MBu refers to the sum of 2-methylbutane and 2-methlyl-2-butene). This ratio is 

conventionally used in literature as an indicator of the relative propagation of the two 

cycles in the HCP mechanism.38, 53 

 

Figure 5.7. (A) Comparison of product selectivity in MTH reactions at sub-complete 

methanol conversion (left axis) and ethene-to-2MBu ratio (right axis) for 

each catalyst. (B) Comparison of the propene-to-ethene (C3=/C2=) ratio. 

Brønsted acidity can have a significant effect on product selectivity. This was 

highlighted in a review by Weckhuysen and coworkers who reported a linear 

relationship between propylene selectivity and Si/Al ratio (or reduced Brønsted 

acidity).305 As proof of concept, the same group also reported a study in which they 

showed that propylene yield can be increased as high as 53% over HZSM-5 by reducing 

Brønsted acid sites via calcium exchange.306 Another study of MTH over HZSM-5 by 

Khare et al.53 found that the ethylene-to-2MBu ratio increased from 0.8 to 2.4 with 
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decreasing Si/Al ratio (from 1580 to 55), suggesting that the propagation rate of 

aromatics-based cycle is enhanced with higher aluminum content. A study by Wang et 

al.287 characterized proton-exchanged tetrahedral and penta-coordinated Al in 

amorphous silica-alumina (ASA) and reported similar Brønsted acidity; however, the 

data in Figure 5.7B suggest that variations similar behavior does not apply to 

aluminosilicate zeolites given that the quantity of non-framework Al has little impact 

on the C3=/C2= ratio. Indeed, samples H-Z22-2, H-Z30, and H-Z75 all have varying 

quantities of Al species (and bulk Si/Al ratios), but similar activity and selectivities. 

The removal of non-framework Al species leads to improved lifetime and higher 

C3=/C2= ratio (e.g., sample H-Z30T), which is seemingly consistent with the trends 

reported in literature for changes in the Si/Al ratio; however, it is also evident that the 

presence of non-framework Al renders such trends among the entire set of samples 

convoluted. Thus, particular care should be taken when evaluating the performance of 

ZSM-5 catalysts containing high percentages of octahedral and penta-coordinated Al. 

The acid strength of each species (relative to FAl sites) in HZSM-5 and their putative 

role(s) in the catalytic reaction remain to be determined. 

5.4 Summary 

In summary, we have demonstrated that the incorporation of Al into ZSM-5 is 

often incomplete, leading to non-framework sites that result in poor catalytic 

performance. This is particularly true for low temperature syntheses, which are 

ostensibly necessary to prepare ZSM-5 materials with small crystal size (i.e., less than 

200 nm) and high Al content (i.e., Si/Al < 25). Our findings seem to indicate that higher 

synthesis temperature leads to improved catalyst performance, presumably by 

facilitating Al incorporation into framework sites; however, the materials prepared at 

high temperature in this study still possess defects, many of which may not be obvious 
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from common characterization techniques. In general, comparisons between zeolites of 

comparable physicochemical properties where the synthetic material of choice exhibits 

inferior catalytic performance to a benchmark (e.g., commercial catalyst) are rarely 

reported. While zeolites prepared in the laboratory may be prone to underperform 

relative to commercial catalysts, such outcomes are less likely to be found in the open 

literature. 

One intent of this study was to highlight the challenges of ZSM-5 synthesis that 

often get overlooked – particularly considering it is one of the most synthesized, 

characterized, tested, and commercially used materials among the ca. 248 known 

zeolites. While ZSM-5 is arguably much easier to synthesize compared to the vast 

majority of framework types, this does not necessarily imply the ease of preparing 

ZSM-5 with few defects. The presence of defects can be difficult to extract from 

published studies of ZSM-5 catalysis owing to the expectation that these studies only 

report materials with exceptional performance relative to either commercial catalysts 

or some high-performance reference material. Moreover, the variability in reaction 

conditions makes it difficult to draw comparisons among different studies, which is 

critical for the broader development of structure-performance relationships. In light of 

the growing impact of data analytics and machine learning, it would be beneficial to 

populate databases with information on synthesis failures, which is sparsely available, 

but can be equally important as data on successful syntheses.  

The library of ZSM-5 materials synthesized and tested here are a relatively small 

fraction of examples that highlight the impact of reaction conditions on the generation 

of defects. In this study, we focus solely on non-framework Al and the phenomenon of 

zoning; however, it is important to state that there are potentially other factors that 

contribute to the unexpectedly low activity of these zeolites in MTH reactions. 
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Examples may include (but are not limited to) the blocking of pores, the presence of 

silanol pockets, and/or residual amorphous material that is undetected in powder X-ray 

diffraction patterns. Moreover, it is evident from a survey of the literature that the 

presence of non-framework Al, under certain circumstances, can have a positive impact 

on catalyst performance depending on the reaction, zeolite framework type, and 

reaction conditions (e.g., temperature and space velocity). There is an increasing 

number of studies that report penta-coordinated Al, although it is not well understood 

how these species are incorporated in zeolites, and to what extent they influence 

catalytic performance. More detailed investigations, both experimental and 

computational, are needed to better understand the role of various Al species and their 

impact (either positive or negative) on catalytic reactions. 
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Chapter 6  

Summary and Future Outlook 

6.1 Current Research Summary 

In this dissertation, we explored methods of preparing 2D nanosheets via a one-

pot synthesis since prior studies of 2D zeolite catalysts demonstrate enhanced mass 

transport with a concomitant improvement in catalyst lifetime and selectivity. We 

selected a common layered zeolite, the MWW framework, and demonstrated a novel 

commercially-viable one-step synthesis approach to produce MWW-type nanosheets 

with an average thickness of 3.5 nm (ca. 1.5 unit cells). We observed that the surfactant 

cetyltrimethylammonium (CTA) can operate as a dual OSDA and exfoliating agent to 

affect Al siting and eliminate the need for post-synthesis delamination. A model 

reaction was also tested to assess external (surface) Brønsted acid sites. The catalytic 

performance of our 2D material showed a remarkable increase in the conversion 

relative to 3-dimensional MWW (MCM-22) and 2D layers prepared from post-

synthesis exfoliation (ITQ-2). Furthermore, we have developed structure-performance 

relationships of metal-containing zeolite catalysts in ethylene DHA reactions. Using a 

combination of experiments and DFT modeling (collaboration with Dr. Hari 

Thirumalai and Prof. Lars C. Grabow from the University of Houston) we first 

investigated the effect of Ag+ (Lewis acid) addition on DHA reactions. Our findings 

revealed that ethylene activation on H+ (Brønsted acid) sites is more energetically 

favorable, and likely constitutes the first mechanistic step in the DHA reaction. On the 

other hand, Ag+ sites could further promote dehydroaromatization with enhanced 

selectivity towards toluene and xylenes. We also investigated the roles of 

(extra)framework Ga species and explored the locations and structures of different Ga 

species prepared via distinct synthesis approaches. Using a combination of advanced 
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techniques, including X-ray absorption (XAS) and solid-state 27Al and 71Ga magic 

angle spinning (MAS) Nuclear Magnetic Resonance (NMR) spectroscopy and DFT 

calculations, we believe the most effective Lewis sites to promote aromatics are highly 

dispersed [Ga(X)2]+ (X = OH or H) species that can exchange with Brønsted acid sites. 

We further observed the presence of framework Ga can facilitate and stabilize strong 

Ga Lewis acid sites. Lastly, we studied the challenges associated with synthesizing 

ZSM-5 at low temperature (ca. 100°C), which is often necessary to generate small 

crystals (< 200 nm) with markedly reduced internal diffusion path length for enhanced 

catalyst stability. Our findings revealed that synthesis at low temperature results in the 

incomplete incorporation of Al (e.g., penta-coordinated Al species) in ZSM-5 that can 

be partially removed through post-synthesis mild acid treatment.  

6.2 Future Outlook 

 Zeolite Structure Performance 

One of my research projects aims to develop a fundamental understanding of 

elementary steps in both non-oxidative methane and ethylene upgrading over metal-

exchanged zeolite catalysts, as well as to optimize reaction performance by designing 

novel zeolites for these applications. Tuning zeolite framework compositions will be 

the future approach to enhance reaction performance (BTX selectivity and catalyst 

lifetime). As such, three routes, a) number and location of acid sites, b) metal-ZSM-

5/silicate-1 core-shell catalyst, and c) mesoporosity will be explored to improve the 

performance.  

Khare et al. recently argued that increasing aluminum content in ZSM-5 catalysts 

enhances the propagation of aromatics-based cycles for the methanol to hydrocarbon 

(MTH) reactions using ethylene selectivity as an indicator.53 They further related the 
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Al content effect with their previous finding on crystallite size and argued an average 

number of acid sites, a general parameter, strongly influences product selectivity. A 

similar trend is also found in our ethylene DHA reactions over ZSM-5 catalysts with 

different SARs. When time on stream is 10min, BTX selectivity over Ag25-ZSM-5 

(SAR = 12) is 15% higher than the one over Ag26-ZSM-5 (SAR = 23). In order to further 

investigate the effect of aluminum, we could synthesize ZSM-5 with different Al 

locations (channel and intersection) by using organic structure-directing agents.49 

Selectivity towards aromatics could be tuned with different Al amount and locations, 

and the results we obtained may also give us insights on dehydroaromatization 

mechanism. With the addition of Lewis acid sites, different metal ions may have 

different oxidation state and preferred locations in zeolite catalysts. Effects of Lewis 

acid amount and location are the other approach to tune product selectivity. Metal 

zoning (more metal on the exterior surface) was often observed during our ion exchange 

process. In order to investigate the effect of metal zoning on reaction performance, 

zoning degree needs to be controlled, which could be related to ion exchange solution 

concentration and zeolite size.  

In addition, Miyake et al. claimed that they have successfully designed Zn-

exchanged ZSM-5@silicate-1 catalysts, which show high para-xylene selectivity (99% 

based on xylene production, 40% based on total products) over MTH reaction.307 ZSM-

5 with the medium pore size is known for para-xylene production in the industrial level. 

Removing active sites on the exterior surface by coating silicate-1 can prevent further 

condensation among aromatics on the external surface, which increases selectivity to 

p-xylene and catalyst lifetime. Thus, core-shell catalysts with different metal promoters 

are another future approach to maximize desired product selectivity. 
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Current reaction results all indicate faster deactivation occurs with the addition of 

Lewis acid sites compared to the case of Brønsted sites only. Finding a solution that 

enhances lifetime without loss of aromatic selectivity is worth further investigation. 

Problem could be solved by elucidating the deactivation mechanism that has been 

typically attributed to the coke species (ca. 8 Å) at the channel intersections.308 However, 

using recent advanced in-situ single crystal UV-Vis and confocal fluorescence 

microspectroscopy, Weckhuysen argues that rapid deactivation for methanol to 

hydrocarbon reaction is due to the fast formation of aromatics at the exterior surface of 

zeolite catalysts.220 These aromatics are further transformed into heavy aromatic coke 

species, preventing the diffusion of hydrocarbons through catalysts. If the latter 

deactivation mechanism occurs in our case, metal-ZSM-5@silicate-1 core-shell zeolite 

mentioned earlier could impede the deactivation rate because of the inactive silicate-1 

shell.  

Due to the sinusoidal channels for the MFI framework, the diffusion path of 

aromatics could be more complicated than the one along the straight channel (MEL 

framework). Difficulties for aromatics to get out of the zeolite pores may cause rapid 

deactivation as well. Metal exchanged ZSM-11 could also be investigated and tested 

for the lifetime comparison. Creating mesopores or preparing hierarchical pore 

structures in microporous metal-ZSM-5 also can assist the incorporation and diffusion 

of aromatic molecules formed during DHA reaction.309-312 

 Lewis Acid Sites 

Lewis acid sites generally can both tune product selectivity and facilitate reactant 

activation. Investigation on different types of Lewis acid will be performed on ethylene 

DHA reaction. We found Lewis acid sites can improve aromatic selectivity than 

Brønsted acid sites for ethylene DHA reaction. Screening metal promoters that have the 
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best selectivity towards valuable aromatics, especially benzene, toluene, and xylenes 

(BTX), is another future objective of our research. As mentioned before, Epron and co-

workers found Zn-ZSM-5 shows the highest ethylene conversion (ca. 92%) and 

aromatics in yield (ca. 60%) at atmospheric pressure and 773K.147 But Qiu et al. 

observed aromatic selectivity over Ga-ZSM-5 can reach as high as 87% at the 

comparable ethylene conversion (95%) and the reaction conditions (1 atm and 

793K).106 This disparity may come from the different metal loading contents, 

preparation methods, and reactor setups. Thus, in order to improve selectivity towards 

aromatics, a systematic study to explore the selectivity distribution as a function of 

metal promoters and loading concentration at the same reaction conditions needs to be 

performed. On the other hand, methane activation is another interesting subject to 

explore over metal-containing zeolite catalysts. Based on literature search, while Mo-

ZSM-5 showed the highest methane conversion (9.5%), Zn showed the highest 

selectivity to aromatics (70%) at low methane conversion (1%).313-314 With a 

combination of Mo and Zn species in zeolite catalyst, Mo Lewis site is responsible for 

methane activation, and Zn Lewis site can facilitate to increase aromatic selectivity. 

Therefore, bimetallic zeolite catalyst (e.g., Mo-Zn-ZSM-5) theoretically is able to 

improve methane activity and aromatic selectivity at the same time.  

 Alternative reactions to tune selectivity towards valuable aromatic 

Besides yielding aromatic production from the ethylene DHA route, it is 

economically important to explore alternative pathways to produce aromatic, such as 

hydrocarbon cracking. Hydrocarbon cracking, i.e., converting heavy polyaromatics to 

valuable BTX, is a critical industrial process, where zeolite catalysts are commonly 

used. However, it is challenging for the high-molecular-weight feed to diffuse into the 

microporous channel of zeolite.27 2D layered zeolite (e.g., MWW) and nanosized 
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zeolite (e.g., MFI) can reduce the diffusion-related issue by providing more external 

acid sites on the surface. In Chapter 2, we reported a novel approach to synthesize 

disordered MWW-type material via a single step. Using the newly developed MWW 

material, cracking reaction from vacuum gas oil can be explored. With reduced 

diffusion path length, it is expected to exhibit a higher cracking rate and slower 

formation rate of coke species.  
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Appendix A Supplementary Information for Chapter 2 

Table A1. Physicochemical Properties of MWW materials 

samplea 
BET surface 

area (m2/g) 

External surface area 

(m2/g) 

Micropore 

volume (ml/g) 

MCM-22_15 634 149 0.19 

d-MWW4_15 566 183 0.16 

d-MWW5.5_15 558 164 0.16 

d-MWW6_15 585 259 0.14 

d-MWW7_15 592 348 0.11 

d-MWW8_15 557 359 0.09 

d-MWW9.5_15 345 350 0.00 

MCM-22_30 626 109 0.21 

d-MWW4_30 444 133 0.13 

d-MWW5_30 392 138 0.10 

d-MWW6_30 373 163 0.09 

d-MWW7_30 370 228 0.06 

d-MWW8_30 327 229 0.04 

MCM-22_45 565 76 0.19 

d-MWW4_45 251 144 0.06 

d-MWW5_45 195 111 0.04 

d-MWW6_45 171 131 0.02 

ITQ-2_15 662 519 0.07 

ITQ-2_45 612 506 0.06 

a. surface area and micropore volume calculated from N2 adsorption isotherms. 

Table A2. Elemental composition of as-synthesized MWW materials 

samplea Si/Al Na (wt%) Al (wt%) Si (wt%) 

MCM-22_15 13.6 0.1 2.5 34.2 

d-MWW5.5 13.7 0.4 2.5 34.2 

d-MWW8.0 16.7 0.4 1.8 30.0 

MCM-22_30 26.6 0.2 1.4 37.2 

MCM-22_45 35.4 0.1 0.8 28.3 

a. elemental composition determined by ICP elemental analysis. 
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Table A3. Solid-state 31P NMR peaks (±2 ppm) and fraction of adsorbed TMPO 

and TBPO on MWW zeolites 

 
Acid sites Mobile 

TMPO 

peak 
82 78 69 66 58 53 48 42 36 33 

0 wt 0.007 0.02 - 0.16 0.07 - - 0.72 - 0.02 

5.5 wt - - 0.006 0.04 - - 0.23 0.48 - 0.24 

8 wt - - - 0.04 0.02 0.01 - 0.85 0.01 0.06 

ITQ-2 - - 0.005 0.009 0.01 0.007 - 0.96 - 0.01 

TBPO 

peak 
75 62 - - - - 50 46 - - 

0 wt 0.037 0.005 - - - - - 0.96 - - 

5.5 wt 0.02 0.008 - - - - - 0.97 - - 

8 wt 0.03 - - - - - - 0.97 - - 

ITQ-2 0.03 - - - - - 0.19 0.78 - - 

Table A4. Catalytic results for the Friedel-Craft alkylation of benzene and benzyl 

alcohol 

Catalyst 
Conv.  

(%) 

Yield  

DPM (%) 

Yield  

DE (%) 

MCM-22  63 22 41 

d-MWW5.5 47 11 36 

d-MWW8.0 96 33 63 

ITQ-2_15 44±6 12±2 33±4 

ITQ-2_45 17 4 13 

a Reaction conditions: benzene: 8.32 g, benzyl alcohol: 

0.54 g, catalyst: 30 mg, 80 °C, 9 h 
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Figure A1. Powder XRD patterns of as-prepared MWW materials prepared with (i) 4, 

(ii) 5, (iii) 6, (iv) 7, (v). 8 wt%, (vi). 10wt% CTAB, and (vii). ITQ-2. MWW 

materials obtained in different gel Si/Al ratio: (A) 15, (B) 30, and (C) 45.  

 
Figure A2. Example of sample thickness measurement for d-MWW8.0 using Digital 

Micrograph. The line profile clearly shows the edge-on oriented MWW 

nanosheet is approximately 2 unit cells thick (~ 5 nm).  
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Figure A3. (A). Two-dimensional 27Al MQMAS NMR spectrum of ITQ-2_15 (B). 

One-dimensional 27Al MAS NMR spectrum of ITQ-2_15   
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Figure A4. Nitrogen adsorption and desorption isotherms of calcined MWW materials.  
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Figure A5. Thermogravimetric analysis (TGA) of as-synthesized MWW materials. 

 

 
Figure A6. Deconvolution solid-state 31P NMR spectra of TMPO adsorption on 

MWW-type zeolites: (A) MCM-22; (B) d-MWW5.5; (C) d-MWW8.0; (D) 

ITQ-2_15; and (E) ITQ-2_45. 
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Figure A7. Deconvolution solid-state 31P NMR spectra of TMPO adsorption on 

MWW-type zeolites: (A) MCM-22_15; (B) d-MWW5.5_15; (C) d-

MWW8.0_15; (D) ITQ-2_15 and (E) ITQ-2 _45. 
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Figure A8. (A) Benzyl alcohol conversion as a function of reaction time over MWW-

type catalysts. (B) Benzyl alcohol (BA) conversion (left axis) and turnover 

number (right axis). The results are shown for a single time point (9 h).  

 
Figure A9. Scanning electron micrographs of calcined MWW type materials: (A and 

B) H-ITQ-2 (gel Si/Al = 15); (C and D) H-ITQ-2 (gel Si/Al = 45), and H-

d-MWW5.5 (gel Si/Al = 15). All scale bars are equal to 2 μm. 
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Appendix B Supplementary Information for Chapter 3 

 

Figure B1. Solid-state UV-Vis spectrum of spent Ag25-ZSM-5 with an absorbance 

band at ca. 420 nm assigned to metallic Ag species. 

 

 

Figure B2. Product selectivity profile obtained in the NOC of methane and ethylene at 

over Ag25-ZSM-5. The space velocity was 2000 ml g-1 h-1 for both methane 

and ethylene.  
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Figure B3. Product selectivity profile obtained in the NOC of methane and ethylene at 

over H-ZSM-5. The space velocity was 2000 ml g-1 h-1 for both methane 

and ethylene.  

 

 

Figure B4. Performance of Ag25-ZSM-5 catalyst in NOC of methane. The space 

velocity was 2000 ml g-1 h-1 for methane. Dashed lines are interpolations 

for improved visualization. 
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Figure B5. Product selectivity profile obtained in the ETL reaction over Ag25-ZSM-5. 

The space velocity was 2000 ml g-1 h-1 for ethylene.  

 

 

Figure B6. Product selectivity profile obtained in the ETL reaction over H-ZSM-5. The 

space velocity was 2000 ml g-1 h-1 for ethylene.  
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Table B1. Chemical compositions of Ag-ZSM-5 prepared using different AgNO3(aq) 

concentrations 

Catalyst 
AgNO3 

concentration (mM) 
Ag/Al[a] 

Brønsted acid 

site density 

(μmol g-1)[b] 

Lewis acid 

site density 

(μmol g-1)[c] 

Ag25-ZSM-5 10 0.24 ± 0.07 494 184 

Ag15-ZSM-5 5 0.15 ± 0.01 552 125 

Ag8-ZSM-5 2 0.08 ± 0.01 598 80 

[a] Measured by EDX; [b] Estimated based on H-ZSM-5_23 (650 μmol g-1) from 

Mellmer et al.315; [c] Estimated by considering that the number of Lewis acid sites in 

H-ZSM_23 (28μmol g-1) from Mellmer et al.315 and assuming only Ag+ present as 

the Lewis acid site. 

 

Table B2. Comparison of aromatic selectivity in the ETL reaction over ZSM-5 

catalysts 

Catalyst 

Ethylene 

conversion 

(%) 

Benzene 

(%) 

Toluene 

(%) 

Xylene 

(%) 

Total aromatics 

(%) 

Ag25-ZSM-5 92.2 3.5 19.5 20.5 54.8 

Ag8-ZSM-5 84.9 1.9 11.9 15.2 39.6 

H-ZSM-5 89.9 1.2 5.8 7.1 20.4 
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Appendix C Supplementary Information for Chapter 4 

 

Figure C1. Powder X-ray diffraction (XRD) patterns of calcined H-form ZSM-5 

samples prepared with different methods (Ga-Z1, Ga-Z1H, Ga-Z2, Ga-

Z2H, and Ga-Z3) and calcined commercial ZSM-5 (Z-ref).  

 

Figure C2. Powder X-ray diffraction (XRD) patterns of ZSM-5 samples prepared by 

ion exchange using different Ga(NO3)3 concentrations: (i) 5 mM; (ii) 10 

mM; (iii) 20 mM; (iv) 30 mM; (v) 40 mM; and (vi) 50 mM. Peaks marked 

with asterisks refer to crystalline Ga2O3 species.254-255 
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Figure C3. Scanning electron micrographs of the following as-synthesized samples: 

(A) Ga-Z1 and (B) Ga-Z2. Scale bars equal 1 um. Insets scale bars equal 

500 nm. 

 

Figure C4. Magnitudes of k2-weighted Fourier-transformed Ga K-edge EXAFS spectra 

of the following ZSM-5 samples: (A) Ga-Z1 (direct synthesis) with k range 

= 2-12 Å-1; and (B) Ga-Z2 (ion exchange) with k-range = 2-13 Å-1.  
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Figure C5. 27Al MAS NMR spectra of hydrated ZSM-5 materials: (A) Ga-Z1, (B) Ga-

Z1H, (C) Ga-Z2, (D) Ga-Z2H, (E) Ga-Z3, (F) Z-ref, and (G) Z1 (obtained 

via the same approach of Ga-Z1 synthesis without the addition of Ga).  
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Figure C6. 71Ga MAS NMR spectra of hydrated ZSM-5 materials: Ga-Z1 (black), Ga-

Z1H (red), Ga-Z2H (green), and Ga-Z3 (orange).  

 

Figure C7. Illustration of ethylene dimerization to 2-butene at a Brønsted acid site 

located at the T-12 position of H-ZSM-5 (MFI framework).  
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Figure C8. (A) Potential energy diagram for ethylene dimerization at Ga+ and GaH2
+ 

Lewis acid sites (B) The corresponding atomic configurations 

Detailed description of  Figure C8: The corresponding atomic configurations of 

initial states (IS), transition states (TS) and final states (FS) on Ga+ (top) and GaH2
+ 

(bottom) sites. The pathway for GaH2
+ is discussed in the main text. On Ga+ two 

ethylene molecules can react exothermically to from a [C4H8-Ga]+ metallacycle (FS1). 

The barriers (TS1) are moderate and amount to 0.94 and 1.03 eV for H-(Al)- and H-

(Ga)-ZSM-5, respectively. The formation of 2-butene as product requires two hydrogen 

transfer steps, which are both kinetically hindered. In particular, the first hydrogen 

transfer (TS2, FS2) requires activation energies in excess of 2.8 eV for both Al and Ga 

as heteroatoms. Alternatively, the cyclobutane may desorb without the need for 
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hydrogen transfer steps, but still requires an activation energy of over 2 eV. Overall, no 

feasible mechanism for ethylene oligomerization was found on Ga+ sites. 

Table C1. Chemical compositions of Ga-ZSM-5 prepared using different 

Ga(NO3)3(aq) concentrations 

Ga(NO3)3 

concentration (mM) 
Si/Al[a] Ga/Al[a] 

50 19.4 ± 0.7 2.2 ± 0.3 

40 19.9 ± 1.1 1.6 ± 0.6 

30 20.0 ± 1.6 2.0 ± 1.2 

20 19.2 ± 1.2 1.4 ± 0.4 

10 21.0 ± 0.7 0.8 ± 0.3 

5 20.0 ± 1.3 0.6 ± 0.3 

[a] Measured by EDX 

Table C2. Electronic energies from DFT calculations for all considered mechanisms 

for ethylene activation.  
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Table C3. Binding energies in eV from DFT calculations  

 

 

 

 

 

 

Table C4. Lewis/Brønsted acid site redistribution energies across all 12 T-site 

combinations in ZSM-5  

 

 

 

 

Al Ga

H+ Ga+ GaH2
+ H+ Ga+ GaH2

+

ethylene -1.83 -1.99 -0.66 -1.88 -2.45 -0.89

propene -2.06 -1.89 -1.85 -2.12 -2.31 -2.14

1-butene -2.03 -2.11 -1.94 -2.12 -2.57 -2.28

2-butene -2.22 -2.37 -2.22 -2.28 -2.81 -2.56

1,3-butadiene -2.26 -2.42 -2.24 -2.33 -2.87 -2.58

cyclobutene -2.02 -2.26 -2.11 -2.07 -2.70 -2.44

cyclopentene -2.22 -2.03 -1.87 -2.28 -2.46 -2.26

1-hexene -2.38 -2.37 -2.31 -2.46 -2.80 -2.58

cyclohexene -2.42 -2.17 -2.02 -2.51 -2.57 -2.32

benzene -2.32 -2.22 -1.85 -2.39 -2.63 -2.30

T01 T02 T03 T04 T05 T06 T07 T08 T09 T10 T11 T12

T01 -0.64 -0.27 -0.5 0.66 -0.03 -0.27 -0.09 0.43 -0.24 -0.68 -0.61 -0.09

T02 -0.61 -0.24 -0.47 0.69 0 -0.24 -0.06 0.46 -0.21 -0.65 -0.58 -0.06

T03 -0.38 -0.01 -0.24 0.92 0.23 -0.01 0.17 0.69 0.02 -0.42 -0.35 0.17

T04 -1.43 -1.06 -1.29 -0.13 -0.82 -1.06 -0.88 -0.36 -1.03 -1.47 -1.4 -0.88

T05 -0.36 0.01 -0.22 0.94 0.25 0.01 0.19 0.71 0.04 -0.4 -0.33 0.19

T06 -0.72 -0.35 -0.58 0.58 -0.11 -0.35 -0.17 0.35 -0.32 -0.76 -0.69 -0.17

T07 -0.67 -0.3 -0.53 0.63 -0.06 -0.3 -0.12 0.4 -0.27 -0.71 -0.64 -0.12

T08 -0.62 -0.25 -0.48 0.68 -0.01 -0.25 -0.07 0.45 -0.22 -0.66 -0.59 -0.07

T09 -0.05 0.32 0.09 1.25 0.56 0.32 0.5 1.02 0.35 -0.09 -0.02 0.5

T10 0.38 0.75 0.52 1.68 0.99 0.75 0.93 1.45 0.78 0.34 0.41 0.93

T11 -0.67 -0.3 -0.53 0.63 -0.06 -0.3 -0.12 0.4 -0.27 -0.71 -0.64 -0.12

T12 -0.24 0.13 -0.1 1.06 0.37 0.13 0.31 0.83 0.16 -0.28 -0.21 0.31

Al at Tj

Ga 

at 

Ti
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Appendix D Supplementary Information for Chapter 5 

 

Figure D1. Powder X-ray diffraction (XRD) patterns of as-made ZSM-5 samples 

prepared with different sol gel Si/Al ratios: (A) Z20, (B) Z30, (C) Z50, (D) 

Z75, (E) Z100, (F) Z22-1, and (G) Z22-2.  

 

Figure D2. Nitrogen adsorption/desorption isotherms of calcined ZSM-5 samples. 
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Figure D3. The approximate mass (yield) of collected ZSM-5 solid products from 

syntheses of varying sol gel Si/Al ratio. The samples contain residual 

OSDA and water. 

 

Figure D4. Deconvolution curve fittings of the 27Al MAS NMR spectra of H-Z50, H-

Z75, H-Z100, H-30T, H-50T, H-75T, H-100T, H-50H, H-50HT, Z22-1, 

and Z22-2. Each sample is labeled above the respective NMR data. 

 


